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Evaluations of nuclear reaction data for the major uranium isotopes 238U and 235U were performed
within the scope of the CIELO Project on the initiative of the OECD/NEA Data Bank under Work-
ing Party on Evaluation Co-operation (WPEC) Subgroup 40 coordinated by the IAEA Nuclear
Data Section. Both the mean values and covariances are evaluated from 10−5 eV up to 30 MeV.
The resonance parameters of 238U and 235U were re-evaluated with the addition of newly available
data to the existing experimental database. The evaluations in the fast neutron range are based
on nuclear model calculations with the code EMPIRE–3.2 Malta above the resonance range up to
30 MeV. 235U(n,f), 238U(n,f), and 238U(n,γ) cross sections and 235U(nth,f) prompt fission neutron
spectrum (PFNS) were evaluated within the Neutron Standards project and are representative of the
experimental state-of-the-art measurements. The Standards cross sections were matched in model
calculations as closely as possible to guarantee a good predictive power for cross sections of competing
neutron scattering channels. 235U(n,γ) cross section includes fluctuations observed in recent exper-
iments. 235U(n,f) PFNS for incident neutron energies from 500 keV to 20 MeV were measured at
Los Alamos Chi-Nu facility and re-evaluated using all available experimental data. While respecting
the measured differential data, several compensating errors in previous evaluations were identified
and removed so that the performance in integral benchmarks was restored or improved. Covariance
matrices for 235U and 238U cross sections, angular distributions, spectra and neutron multiplicities
were evaluated using the GANDR system that combines experimental data with model uncertainties.
Unrecognized systematic uncertainties were considered in the uncertainty quantification for fission
and capture cross sections above the thermal range, and for neutron multiplicities. Evaluated files
were extensively benchmarked to ensure good performance in reactor calculations and fusion-related
systems. New comprehensive evaluations show excellent agreement with available differential data
and integral performance better than current evaluated data libraries, and represent a step forward
in a quest for better nuclear data for applications.
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I. INTRODUCTION

The Nuclear Energy Agency of the OECD started a
new international collaboration called CIELO (Collabora-
tive International Evaluated Library Organisation) with
the main goal to improve our understanding of neutron
reactions on key isotopes that are important in nuclear
applications [1–3]. A central role of this project is taken
by 238U and 235U nuclei. 238U constitutes more than 90%
of nuclear fuel in power reactors, being probably the most
important isotope for neutron transport calculations in
the active zone of a reactor, while 235U is the most impor-
tant fissioning isotope in the same active zone.
While existing uranium evaluations (e.g., ENDF/B-

VII.1 [4], JEFF-3.2 [5], JENDL-4.0 [6], and CENDL-3.1
[7]) perform very well for many applications, several dis-
crepancies have been highlighted between 235U integral
and differential data (e.g., for prompt fission neutron spec-
tra of thermal 235U(n,f) [8–10]), or between evaluated data
from different libraries (e.g., between 235U inelastic cross
sections [11]).

In the case of 238U, the fission cross section is the Neu-
tron Standard [12–14] and the capture cross section is
a reference cross section evaluated within the Standards
Project [12–14]. The total cross section is well known
(within 2-3% above 1 MeV), so this essentially leaves the
freedom to adjust only the ratio of the elastic and the
inelastic cross sections and their angular distributions.
In view of the discrepancies observed with experimen-

tal data and the differences in the cross sections between
existing libraries it is obvious that the good integral per-
formance of the above-mentioned libraries was achieved
by error compensation. The challenge of achieving con-
sistency with measured differential data and at the same
time retaining good performance in integral benchmarks
could only be solved by a new and comprehensive evalu-
ation of all neutron-induced reactions on 238U and 235U
targets. This is the subject of the current contribution.

II. EVALUATION METHODOLOGY

The methodology considers available differential (micro-
scopic) data as the primary constraint, supplemented by
a few selected simple integral benchmarks to provide guid-
ance on preferences in the case of discrepant differential
data, or to pin-down quantities for which no experimental
information is available and are not constrained other-
wise by the theoretical models. The aim is to constrain
model parameters, which are then used to calculate fi-
nal cross sections. The internal physical consistency of
evaluated data is, therefore, preserved. No least-squares
fitting of integral benchmarks is undertaken, as we do
not aim at producing an adjusted library. It is also clear
that evaluated uncertainties and covariances will lead to
large uncertainties of integral parameters as expected for
a general purpose evaluation.

An iterative procedure involving differential data calcu-
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lated with the advanced reaction models was implemented
in the evaluation system EMPIRE-3.2 [15, 16], and mod-
elling of selected integral benchmarks such as the collec-
tion from the Handbook of Criticality Safety Benchmark
Experiments [17] was followed to perform the present eval-
uation. Processing with the NJOY code system [18] was
done to prepare the corresponding ACE libraries for use
with the MCNP Monte Carlo transport code [19] in bench-
mark calculations.

Differences in integral benchmark performance of a few
selected benchmarks depending on nuclear data were used
as guidance to improve the reaction models and to fine-
tune the reaction model parameters iteratively. Following
this procedure, accurate model-based evaluations which
reproduce both differential data and selected integral mea-
surements have been obtained, which are used as a prior
information in a subsequent Bayesian update. Efforts have
been focused on calculating the optimal mean values for
physical quantities of interest in neutron transport. Ad-
ditional efforts to estimate uncertainties and correlations
of the evaluated quantities are described below.

An evaluator is free to tune model parameters to make
the calculated cross sections representative of differen-
tial experimental data as long as the changes remain
well within the estimated model parameter uncertainties.
Choosing parameters within these constraints that at the
same time improve performance in integral benchmarks is
a pragmatic choice by the evaluator in defining the prior
cross sections to be used in a subsequent Bayesian update.
The Bayesian update (GANDR [20]) defines evaluated nu-
clear data mean values and covariances. In authors’ opin-
ion such parameter tuning of the prior does not imply
that the integral experimental data were “used” in the
evaluation, since the tuning process does not affect the es-
timated prior nor the posterior nuclear data uncertainties.
The tuning just changes the prior mean value well within
assessed prior uncertainties. However, such statement may
be controversial due to implicit correlations, which a rigor-
ous Bayesian treatment of integral data would introduce..
Further investigation of such correlations is outside the
scope of the present work.
The evaluation method used in this work belongs to

the hybrid evaluation methods [21], and combines a prior
produced using Monte Carlo (MC) techniques with a de-
terministic generalized least-squares fit that produces eval-
uated mean values and covariances.
By random sampling of the model parameters within

their uncertainties assuming a normal distribution, the
covariance matrix prior was obtained. Additional non-
physical parameters that also feature uncertainties were
also used if needed to describe a deviation of calculations
from the experimental data, when the reaction model was
not capable of describing such behaviour (e.g., fluctuations
around 1 MeV in 235U(n,f) cross sections and fluctuations
from 2 keV up to 200 keV in 235U(n,γ) cross sections). The
non-physical (scaling) parameters could be interpreted as
a compensation of the model defects.

The MC calculated covariance prior was then fed to the

GANDR system [20] which is the generalised least-squares
code capable of adjusting the prior and constraining the
covariances using the experimental data from the EXFOR
database to produce the final evaluation. The same pro-
cedure was applied earlier in the evaluations of thorium,
manganese, and tungsten as explained in Refs. [22, 23],
where further details can be found.

III. EVALUATION OF NEUTRON-INDUCED
REACTIONS ON 235U TARGET

Two different energy ranges were considered, the reso-
nance range covering both resolved (RRR) and unresolved
(URR) resonances, and the fast neutron range. The RRR
extends up to 2.25 keV, the URR goes from 2.25 keV up
to 25 keV, and the fast range goes from there up to 30
MeV. A description of the evaluation and results in those
energy ranges are given below.

A. Resonance Range in n+235U

The computer code system SAMMY [24] was used to
analyze experimental data in the resolved resonance re-
gion (RRR) up to 2.25 keV using the multilevel multi
channel R-matrix representation of the neutron cross sec-
tions defined according to the Reich-Moore (RM) approx-
imation. Experimental conditions such as resolution func-
tion, finite size sample, nonuniform thickness, and nuclide
abundances of sample, multiple scattering, self-shielding,
normalization, background, and Doppler broadening were
taken into account in performing the fitting analysis [25].
Due to the small average level spacings of the 235U nucleus,
the entire resonance evaluation up to 2.25 keV includes a
large number of s-wave resonances with spin and parity,
3− and 4−, as displayed in Table I.

TABLE I. Neutron energy resonance range for the 235U evalu-
ation and the number of fitted levels for the two channel spins
related to s-wave neutrons.

Nucleus (Iπ) Emax (keV) Method J3− J4−
235U (7/2−) 2.25 Reich-Moore 1433 1731

The upper energy limit Emax = 2.25 keV of the current
evaluation was kept as in the resolved resonance evalua-
tion of the ENDF/B-VII.1 nuclear data library [4, 26], oth-
erwise a re-evaluation of the unresolved resonance range
below 2.25 keV would be needed.
Due to the limited resolution of the current measured

data and the increasing number of missing levels, the most
reasonable upper energy limit for determining rigorously
the resonance parameters should be set at 500 eV. How-
ever, an extended energy range of the evaluation from
500 eV up to 2.25 keV can be justified by the improved
description of the self-shielding effects obtained by recon-
structing the cross sections directly from the resonance
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parameters. In the neutron energy range between 100 eV
up to 1 keV, the resonance parameters were constrained
by the average fission cross-section integrals based on the
results obtained within the Standards 2017 evaluation [14].
Additional evaluation work and new capture data will be
needed to improve the evaluation of resolved/unresolved
resonances from 500 eV up to 2.25 keV.

1. Thermal Energy Region

In the thermal energy range, the IAEA CIELO eval-
uation of n+235U relies on the values of the fission and
capture cross sections and neutron multiplicity ν̄ obtained
within the standard evaluation of the Thermal Neutron
Constants (TNCs) [14, 27]. The new evaluated set of
TNCs is based on direct measurements in the neutron
thermal energy range and features a reduction of the neu-
tron thermal multiplicity ν̄ as well as an increase of the
fission cross section at the thermal energy compared to
previous evaluations.
A new evaluation of the PFNS [8–10] for thermal inci-

dent neutrons has determined a lower value (2.00 MeV) of
the average fission-neutron energy than that reported in
the existing evaluated nuclear data libraries (2.03 MeV).
Simulations on a number of thermal-solution benchmarks
has shown that the combined use of the new TNCs [14, 27]
and a softer prompt fission neutron spectrum at the ther-
mal energy yields keff values that are larger than measure-
ments by a margin that increases as the above-thermal-
leakage fraction (ATLF) increases. In view of these find-
ings, the new evaluated values of the TNCs were used in
our evaluation procedure to obtain the cross section val-
ues at thermal energy as reported in Table II, along with
the values of other derived quantities such as α = σγ/σf

and η = ν · (1+α)−1 (where ν is the normalization factor
related to the fission neutron multiplicity).

TABLE II. Thermal cross sections σf, σγ , and σel in barns
compared to the Neutron Standards 2017 [14] and CONRAD
values [27]. Derived non-dimensional quantities like α and η
(computed for ν = 1) are also reported.

Quantity IAEA CIELOa Standards [14] CONRAD [27]
σf 586.7 587.3±1.4 586.4±1.5
σγ 99.4 99.5±1.3 99.1±2.1
σel 14.11 14.09±0.22 14.05±0.22

ηb 0.8550 0.8550 0.8550
αb 0.1694 0.1694 0.1690

a
T=0 K.

b Calculated from σf and σγ for ν = 1.

2. Resolved Resonance Region (RRR)

As in the thermal energy region, the evaluation method-
ology in the neutron resolved resonance range used the
Bayesian method implemented in the R-matrix code

SAMMY to fit available experimental data and ultimately
to generate a set of resonance parameters with related co-
variance matrix. Table III presents an overview of the
experimental data sets used in the fitting procedure, as
well as some of their features, such as the energy range,
sample thickness, and the type of data (e.g., total cross
section) and the corresponding normalization factor (e.g.,
1.0).

TABLE III. n+235U experimental data overview in the re-
solved resonance region.

Sample
First author Energy rangea Type
Facility/Year Thickness(at/b) Normalization

235U(93%)
Spencer [28] 0.3 eV–20 keV Total
ORNL/1985 0.001468 1.0

235U(99%)
n TOF [29] 0.5–200 eV Fis./Cap.
CERN/2016 – 0.98/1.01

235U(93%)
RPI [30] 0.01–40 eV Fis./Cap.
RPI/2016 0.00054 0.99/1.01

235U(99%)
ORNL [31] 0.4–65 eV Fis./Cap.
ORNL/1966 – 1.0/0.97

235U(99%)
Jandel [32] 4 eV–0.8 MeV Capture

DANCE/2012 – 1.0

235U(99%)
Weigmann [33] 1.5 meV–0.15 eV η

Geel/1990 – 2.43

235U(99%)
Weigmann [33] 2 meV–0.5 eV η

Geel/1990 – 2.43

235U(93%)
Brooks [34] 18 meV–0.5 eV η

Harwell/1966 – 2.42

235U(99%)
Gwin [35] 1.5 meV–100 eV Fission

ORNL/1984 – 1.0

235U(99%)
Gwin [36] 4 meV–50 eV Fission

ORNL/1984 – 1.0

235U(%)
Weston [37] 13 eV–20 keV Fission

ORELA/1984 – 1.0

235U(99%)
Perez [38] 8 eV–200 eV Cap./Fis.

ORELA/1973 – 1.0/1.0

235U(99%)
Wagemans [39] 2 meV–20 eV Fission

Geel/1988 – 0.98

235U(99%)
Schrack [40] 2 meV–20 eV Fission
RPI/1988 – 1.0

235U(99%)
Harvey [41] 4 eV–3.35 keV Trans.

ORELA/1988 .032938 1.0

235U(99%)
Harvey [41] 4 eV–3.35 keV Trans.

ORELA/1988 .002343349 1.0

235U(99%)
Harvey [41] 4 eV–3.35 keV Trans.

ORELA/1988 .0005771334 1.0

235U(99%)
Harvey [41] 4 eV–3.35 keV Trans.

ORELA/1988 .00234335 1.0

a Measured energy range. Not fitted.

The starting resonance-parameter file was a modifica-
tion of the ENDF/B-VII.1 evaluation fitted to reduce
capture by 30% near 1 keV by Leal [42], using new exper-
imental data by Jandel et al. [32] and Danon et al. [30]
as suggested by Japanese researchers [43, 44].
For energies below 100 eV, particular emphasis was

devoted to restore the ENDF/B-VII.1 benchmark perfor-
mance for 235U solutions by combining changes to the
prompt resonance ν̄p (as described in Sec. IIIA 4) and
the resonance parameters. In achieving this, the present
set of resonance parameters yields cross sections in rea-
sonable agreement with a more comprehensive suite of
experimental data than the one included in the previ-
ous resonance evaluations. In this respect, the set of η
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FIG. 1. (Color online) n+235U η measurements of Brooks [34],
Wartena and Weigmann [33] compared to ENDF/B-VII.1 [4]
and IAEA CIELO evaluations.

measurements performed by Brooks [34] in the mid-1960s
at the Atomic Energy Research Establishment (Harwell)
were analyzed and included in the fit for incident neu-
tron energies up to 20 eV. Fig. 1 displays multiple mea-
surements of Brooks [34] in the incident neutron energy
range up to 5 eV and also measured data of Wartena
and Weigmann [33] in the low-energy range up to 0.5 eV.
All measurements are normalized to the reported ν value.
The comparison of ENDF/B-VII.1 (in red) and IAEA
CIELO (in blue) η values is also shown. Although there
are large uncertainties above 2 eV, the (lower) η values
for IAEA CIELO are in better agreement with the ex-
perimental data than ENDF/B-VII.1 values. This was
achieved by increasing the capture cross sections mostly
in the valleys of the resonances while keeping their peak
values unchanged. The resonance at En=2 eV is a clear
example. The decreased neutron production suggested
by Brooks’ data also seems consistent with the use of a
softer PFNS in order to compensate the increased critical-
ity. Note that high-leakage solution benchmarks feature a
neutron spectra slightly harder than well-thermalized sys-
tems, therefore, an increase of capture in the region of the
first resonances as shown in Fig. 1 preferentially reduces
criticality of high-leakage benchmarks with minor impact
on well-thermalized systems. This type of information is
an example of how the integral experiments have been
used in this evaluation to select from different choices of
resonance parameters,

In addition to new experimental data sets, the values of
the resonance parameters were constrained by cross sec-
tion integrals, namely, the fission integral in the incident
energy range between 7.8–11 eV,

If =

∫ E=11 eV

E=7.8 eV

σf(E)dE=247.5 b·eV . (1)

The normalization of TOF fission experiments to the in-
tegral from 7.8 to 11 eV was recommended by Wage-
mans and Deruytter [45] in the mid-1980s with a value of
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FIG. 2. (Color online) Ratio of n+235U average fission cross
sections (in 100 eV bins) of ENDF/B-VII.1 [4] and IAEA
CIELO values to the Standards 2017 evaluation [14].

246.1 b·eV. The integral was evaluated to 246.4±1.2 b·eV
in the Standards 2006 evaluation [12, 13] in an excel-
lent agreement with Wagemans recommendation. Unfor-
tunately, the recommendation was disregarded in the reso-
nance evaluation in the ENDF/B-VII libraries. The Stan-
dards 2017 recommended the value of 247.5 ± 3.0 b·eV
which is also in good agreement with the Standards 2006
evaluation.

For incident neutron energies above 100 eV up to 1 keV,
a significant constraint on the resonance parameter eval-
uation was applied by matching the average fission cross
section values of the Standards 2017 evaluation [14] as
shown in Fig. 2. Average differences of about 3% in the
ENDF/B-VII.1 fission cross sections were reduced to less
than 1% in the IAEA CIELO resonance evaluation. In
doing this, due to the correlation between the (n,f) and
(n,γ) reaction channel, the resonance parameters were also
constrained by keeping constant the ratio between σγ and
σf average cross sections, i.e., keeping the average value
of α, comparable to the ENDF/B-VII.1 evaluation.

3. Unresolved Resonance Region (URR)

The evaluation in the URR from 2.25 keV up to 25 keV
was adopted from ENDF/B-VII.1. The average fission
cross section was adjusted to reproduce the low-resolution
fission cross sections derived within the Standards project
[14]. However, the existing URR evaluation does not repro-
duce fluctuations observed in high-resolution TOF experi-
ments which are consistent among themselves. Additional
evaluation work and new high-resolution capture data will
be needed to improve the evaluated fission and capture
cross sections in the energy region up to about 50 keV.
A good URR evaluation may allow restricting the RRR
up to 500 eV to mitigate problems related to the missing
higher angular momentum levels.
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4. Fission Neutron Multiplicities and Spectra in 235U(n,f)
Resonance Region

The quantity ν̄p represents the average value of the
prompt neutron emission multiplicity distribution, Pν ,
and correlates each fission event occurring in a nucleus
with the emission of prompt neutrons. In the past, high-
resolution measurements of the average number of prompt
neutrons, ν̄p, depending on the incident neutron energy
were performed for the most important fissile materials.
An example of these measured data for neutrons incident
on 235U target is given in Fig. 3. Here, several data sets
from different authors [46–49] are plotted normalized to
the ν̄p(Eth) at the thermal energy Eth=0.0253 eV.

One could describe these measured data by fluctuations
that can be roughly correlated with the energy of com-
pound nucleus resonances. Moreover, it is theoretically
possible to expect other processes involved in decreasing
the number of emitted neutrons; among these, the influ-
ence of the (n,γf) process for which a γ-ray is emitted prior
to the fission event. Here, the excitation energy available
for the fission reaction channel is diminished leading to
a lower neutron multiplicity. As displayed in Fig. 3, in
the JEFF-2.2 nuclear data library (solid cyan line), these
fluctuations were included in the evaluated data; however,
they have been neglected in all other modern libraries.

Fluctuations tend to reduce the average neutron multi-
plicity for HEU critical solutions having an average energy
above 1 eV, therefore, such fluctuations may compensate
for the observed increase in criticality of high-leakage as-
semblies. However, experimental ν̄p data are not consis-
tent, therefore, no least-squares evaluation was done. The
current evaluated shape of ν̄p(E) follows Reed data taken
from the EXFOR entry 10427003 [46] up to the maxi-
mum energy available of 26.4 eV. A good agreement with
Howe data (EXFOR 12870002 [47]) is also demonstrated
in Fig. 3 in this energy region. The data were normalized
to the prompt thermal value of 2.414 which agrees within
uncertainties with the Thermal Neutron Constant value
(ν̄tot = 2.425±0.01) [14]. Simon [49] and Frehaut [50] data
shapes (after normalization to thermal nubar) are iden-
tical; but show large uncertainties. These data sets are
not shown below 30 eV in Fig. 3 to avoid cluttering, but
Simon data [49] were used in the evaluation to fill the gap
between 30 eV and 75 eV. The energy grid used for nubar
tabulation was modified slightly by shifting the energies
at 1.135 eV to 1.5 eV and 2.370 eV to 2.25 eV without
changing the ν̄p values, thus narrowing the dip at 1 eV
in order to slightly increase the reactivity of thermal sys-
tems. In addition, the dip at 2.04 eV was made shallower
by 0.02, which is within the experimental uncertainty.

In summary, the current evaluation in the IAEA CIELO
nuclear data library restored the fluctuations of the av-
erage number of prompt neutrons as displayed by the
solid red line. Further details about the file assembly can
be found in Sec. V. To better understand the energy-
dependent behaviour of the prompt neutrons and to dis-
entangle the underlying physical processes that are re-

sponsible for their fluctuations, high-resolution TOF ν̄p
measurements in the incident neutron energy range up to
100 eV would be needed, and measurements up to 20 keV
are highly desirable. There are no ν̄p measurements avail-
able from 100 eV up to 20 keV of incident neutron energy.

,�

FIG. 3. (Color online) ν̄p(E) relative to ν̄p(Eth) calculated
at the thermal energy (0.0253 eV) for n+235U reactions. Sev-
eral experimental data sets are compared to ENDF/B-VII.1
(=JENDL-4=JEFF-3.3) and IAEA CIELO evaluations.

The 235U prompt fission neutron spectrum induced by
thermal neutrons was evaluated for Standards 2017 based
purely on experimental data using the GMA generalised
least-squares code below 10 MeV of outgoing neutron
energy combined with the measured spectrum-averaged
cross section of 90Zr(n,2n) reaction to pin down the PFNS
above 10 MeV. Further details are given in Sec. III B 3
and Refs. [8–10].

B. Fast Neutron Range in n+235U

Neutron-induced reactions on 235U have been cal-
culated following the reaction modelling reviewed in
Ref. [51]. A preliminary version of the evaluation of
n+235U reaction in the fast neutron range was published
in Ref. [52].
We have used the optical and direct reaction models,

pre-equilibrium exciton model, and a full featured Hauser-
Feshbach statistical model to calculate the observables for
neutron-induced reactions on 235U and 238U. The initial
model parameter values were those from the Reference
Input Parameter Library (RIPL) [53].
The ECIS06 code [54], integrated in the EMPIRE-3.2

code system, was employed to calculate the total, direct
elastic and inelastic cross sections as well as the transmis-
sion coefficients for the incident neutron channel, using
dispersive coupled-channel optical model potentials (e.g.,
see Ref. [55]). Dispersive integrals were calculated analyti-
cally [56–58]. These optical models are isospin-dependent
and approximately Lane consistent [59, 60] as shown in
Ref. [61].
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It has been shown [56] that the Rigid-rotor structure is
an excellent approximation for odd-mass actinides. As a
consequence, the rigid-rotor optical model optical model
potential of Capote et al. [62, 63] (RIPL 2408 [53]) was
used for neutron-induced reactions on 235U target. As rec-
ommended in Refs. [56, 64], 7 levels of the ground-state
rotational band were coupled. When compared with avail-
able “optical” experimental data, an excellent agreement
was achieved, including total and elastic cross sections
and angular distributions.
We employed DWBA calculations on un-coupled dis-

crete levels and pseudo-levels in the continuum to esti-
mate the “collective”direct cross sections. The collective
levels used were the same used in 238U calculations de-
scribed in Sec. IVC that includes those given by Young
et al. [65]. Calculated cross sections from these collective
states were spread in the continuum using a Gaussian
resolution function with σ=120 keV. These calculations
were combined with a compound nucleus contribution to
determine the inelastic scattering cross sections and the
corresponding angular distributions on low-lying discrete
states as well as the elastic cross section and correspond-
ing angular distribution.
An advanced implementation of the Hauser-Feshbach

theory [66] is behind the statistical model calculations
used in the EMPIRE system, which includes an an exact
angular momentum and parity coupling. Discrete level
schemes retrieved from RIPL [53] are considered up to a
pre-established cut-off energy, and level densities are used
above. The correlation between incident and exit channels
in elastic scattering (i.e., the width fluctuation correction),
was accounted for using the model proposed by Hofmann,
Richert, Tepel and Weidenmüller (HRTW) [67]. The im-
portance of considering the influence of direct reactions on
calculated neutron inelastic scattering for well-deformed
nuclei was recently highlighted [68, 69]. This effect in-
creases the neutron inelastic scattering cross section on
coupled levels and decreases the elastic cross section, ac-
cordingly [68]. The effect is important to increase the
inelastic scattering cross section of even-even targets at
incident neutron energies of 100-300 keV. This effect, how-
ever, is weaker for odd targets, due to a higher excited-
levels density, and it was not employed in the current
calculations for 235U.
The level densities, for both equilibrium deformation

and saddle points, are described with the Enhanced Gener-
alized Superfluid Model (EGSM) [15, 16, 53] with param-
eters appropriate for each deformation. The order of sym-
metry of the nuclear shape at saddles was incorporated by
multiplying the level density with specific enhancement
factors as given in Refs. [70, 71].

The full γ-cascade in the compound and residual nuclei
included both continuum and discrete transitions, with
a maximum multipolarity equal to 2. Gamma-ray trans-
mission coefficients were obtained from γ-ray strength
functions computed using the Modified Lorentzian model
(MLO1 closed form) as detailed in Ref. [53], renormalized
to 2πΓγ/D0 determined from experimentally deduced val-

ues of Γγ and D0 [53].
The module PCROSS in EMPIRE was used to calculate

pre-equilibrium emission, incorporating a one-component
exciton model with gamma, nucleon and cluster emis-
sions [72].
Theoretical fission barriers have been used to calcu-

late neutron-induced fission cross sections, nevertheless,
an accurate prediction of fission cross sections remains elu-
sive [73–76]. Empirical triple-humped fission barriers with
shallow tertiary humps were employed for the compound
nucleus 236U and lighter uranium isotopes responsible for
the multiple fission chances [51, 77], as suggested by the-
oretical barrier studies [78]. The fission coefficients 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

Fig. 4 shows all major calculated cross sections, exclud-
ing total and elastic. Neutron capture is negligible above
2 MeV, the inelastic cross section is larger than fission’s
from 300 keV up to 5 MeV, and multiple neutron emission
is much lower than fission. We have considered emission
of up to four neutrons, one proton and one alpha particle.
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FIG. 4. (Color online) EMPIRE calculated cross sections for
major neutron-induced reactions on 235U used in IAEA CIELO
evaluation. Calculated fission cross section was replaced by the
Neutron Standard cross section in the evaluated file.

We will now review some of relevant reaction channels.
The calculated 235U(n,f) cross section is within 3% of the
IAEA library Standard cross section [12, 13] as shown
in Fig. 5. Such agreement allows for a proper calcula-
tion of competing neutron emission channels - (n,n’),
(n,2n), (n,3n) - and neutron capture. The calculated
235U(n,f) cross section was replaced by the Neutron Stan-
dard 235U(n,f) cross section [12, 13] in the IAEA CIELO
235U evaluated file.

EMPIRE calculations of 235U(n,n′) cross sections
adopted as the IAEA CIELO evaluation are compared
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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 differ-
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
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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,γ)
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,γ) 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 α 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,γ) cross section com-
pared to experimental data retrieved from Refs. [32, 80, 101–
113].

were recalculated from measured α 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 differences are reflected in the summed
total cross section.

2. Fission Neutron Multiplicities in 235U(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 ν̄p was reduced following the JENDL-4 evalua-
tion as shown in Fig. 10. Some difference 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 ν̄p, 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 ν̄d 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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FIG. 10. (Color online) Neutron multiplicity ν̄p(E) for
235U(n,f) reaction for incident neutron energies from 1 keV up
to 5 MeV. Several experimental data sets taken from EXFOR
[91] are compared to ENDF/B-VII.1, JENDL-4, JEFF-3.3, and
IAEA CIELO evaluations.
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3. Prompt Fission Neutron Spectrum in 235U(n,f) Fast
Neutron Range

The 235U prompt fission neutron spectrum (PFNS)
was studied in detail as part of the “Coordinated Re-
search Project on Prompt Fission Neutron Spectra of Ac-
tinides” [10], CIELO [1–3] and the Standards project [14].
As part of these projects, 235U experimental PFNS, their
uncertainties, the PFNS evaluation methodology and mod-
els describing PFNS were revisited in great detail in or-
der to give a more reliable estimate of the 235U PFNS,
thus contributing to the reduction of compensating er-
rors in the assembled evaluation. Complementary to the
thermal-neutron induced PFNS from the Standards 2017,
a model based evaluation [116] that did not consider the
experimental data by the Chi-Nu collaboration [117] was
adopted for incident neutron energies En =0.5–5 MeV;
a very similar evaluation, differing only by including the
Chi-Nu data, was incorporated for En =6–20 MeV.
All three partial PFNS evaluations were obtained via

the generalized least-squares algorithm. However, the in-
put for these evaluations differs. Only experimental data
at En=thermal, namely those of Refs. [118–125], were
used for the evaluation of PFNS in Standards 2017 [8–
10], while the experimental data shown in Table IV were
used for IAEA CIELO evaluation by Neudecker et al..
Note that Neudecker evaluation included the data mea-
sured at the thermal point [118–122] to help fixing the
energy-independent model parameters. The experimental
covariances of the latter evaluation were estimated in de-
tail following an approach recommended in Sec. III.M of
Ref. [10] and included covariances between different ex-
perimental data sets. Uncertainty sources were added to
these covariances to account for possible biases in the mea-
surements of Refs. [120–122, 126, 127, 130] uncovered in
Refs. [132, 133]. This experimental uncertainty estimate
and the evaluation itself were undertaken independently
from the Standards evaluation [8–10] atEn=thermal. Still,
both evaluations agree very well with each other and ex-
perimental data up to outgoing neutron energies of E =
8MeV as shown in the upper part of Fig. 11. Consequently,
the mean energies differ only little: the mean energy of the
evaluation of Standards 2017 [10] is 2.000 MeV and the
one of Ref. [116] is 1.995 MeV in perfect agreement within
the estimated 10 keV uncertainty [8–10]1. The evaluation
of Ref. [10] is higher at E > 8 because the spectrum av-
eraged cross section (SACS) of 90Zr(n,2n) was used to
fit the high-energy PFNS tail, where available differential
experimental data were considered discrepant. The use
of SACS of 90Zr(n,2n) allowed to reduce the estimated
uncertainty to around 7% in the high energy tail of the
spectrum from 9 up to 14 MeV. Only differential exper-

1 The uncertainty of the average energy derived from the GMA
fit was 5 keV [10]. The uncertainty was increased to 10 keV
to consider unrecognized shape uncertainties [14] by scaling the
whole PFNS covariance matrix by a factor of 4.8.

imental PFNS were used in the evaluation of Ref. [116]
leading to much larger uncertainties at 14 MeV outgoing
neutron energy and above.

TABLE IV. The experimental data sets used for evaluating
the 235U PFNS for incident neutron energies En=0.0253 eV–20
MeV are listed with their EXFOR number, first author, outgo-
ing energy range (E) and the range of estimated uncertainties
δ.

En (MeV) EXFOR # First Author E (MeV) δ (%)
thermal 41597002 Vorobyev [118] 0.2–10.9 1.9–27.9
thermal 31692006 Kornilov [119] 0.7–11.8 2.1–36.3
thermal 40871007 Nefedov [120] 0.1–1.9 4.2–36.5
thermal 40871012 Nefedov [121] 1.0–7.8 2.7–9.1
thermal 40872007 Starostov [122] 4.1–12.1 2.8–52.0

0.4 20385003 Islam [126] 0.6–6.9 8.7–54.8
0.53 20175003 Johansson [127] 0.6–14.5 3.6–31.6
1.5 – Lestone [128, 129] 1.5–9.5 2.5–66.8
1.5 20394008 Knitter [130] 1.8–7.0 16.4–124.6
2.9 41110009 Boikov [131] 0.2–11.9 2.9–35.2

0.5–1.0 – Chi-Nu [117] 0.1–2.1 9.3–11.8
1.0–1.5 0.1–2.1 9.2–42.0
1.0–1.5 0.01–2.1 9.2–164.3
1.5–2.0 0.01–2.1 9.1–51.9
2.0–3.0 0.01–2.1 9.1–98.0
3.0–4.0 0.01–2.1 9.2–65.2
4.0–5.0 0.01–2.1 9.3–126.6
5.0–5.5 0.01–2.1 9.7–157.8
5.5–6.0 0.01–2.1 9.6–127.2
6.0–7.0 0.01–2.1 9.2–360.8
7.0–8.0 0.01–2.1 9.2–42.2
8.0–9.0 0.01–2.1 9.3–128.0
9.0–10.0 0.01–2.1 9.3–70.7
10.0–11.0 0.01–2.1 9.4–143.5
11.0–11.5 0.01–2.1 9.6–177.7
11.5–12.0 0.01–2.1 9.8–129.4
12.0–13.0 0.01–2.1 9.4–204.6
13.0–14.0 0.01–2.1 9.4–233.5
14.0–15.0 0.01–2.1 9.4–56.5
15.0–17.5 0.01–2.1 9.2–65.9
17.5–20.0 0.01–2.1 9.2–112.4

The evaluations of Refs. [8–10] and Ref. [116] differ
also in the model used for the prior. A basis function
consisting of a linear combination of a Maxwellian and a
Watt function was used for the evaluation at En=thermal
only for scaling the experimental data and to extrapolate
to energy ranges without experimental data. In contrast to
that, the prior mean values and covariances underlying the
Neudecker evaluation were calculated with an extended
Los Alamos model (LAM) [116, 136, 137] and the exciton
model implemented in the code CoH-3.3.1-Titania [138].
A physics-motivated model is needed for evaluating the
235U PFNS at En ≥1.5 MeV as the few experimental data
sets used in the evaluations (see Table IV) cover only part
of the outgoing energy range needed for a complete PFNS
evaluation. For instance, the data provided by the Chi-
Nu collaboration [117] are the only ones considered for
En ≥3 MeV. These data cover an outgoing energy range
of E=0.01–2.1 MeV, while evaluated PFNS are usually
given for E=10 eV–30 MeV.
The simple basis function well-suited for the evalua-

tion at En =thermal cannot be used for extrapolating to
higher En, e.g., for evaluations at En =14 MeV, because
it cannot describe the structures in the PFNS around
(En − Vfis) MeV of outgoing neutron energy stemming
from the pre-equilibrium component, being Vfis the fis-
sion barrier of the corresponding fissioning nucleus. These
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FIG. 11. (Color online) IAEA CIELO evaluated 235U(n,f)
PFNS spectra are shown forEn =thermal–14 MeV in ratio to a
Maxwellian with temperature T=1.32 MeV. At En =thermal,
the IAEA CIELO evaluation is compared to experimental
data [118–122], the evaluation by Rising et al. [134, 135], and
the evaluation [116] using the Los Alamos Model without con-
sidering Chi-Nu data [117]. The latter evaluation was adopted
by IAEA CIELO for En =0.5–5 MeV. The evaluated data in
the bottom panel are shifted vertically for better visibility.

structures are modeled via the exciton model in the evalua-
tion of Ref. [116]. The structures are visible in the bottom
panel of Fig. 11 for incident neutron energies starting at
11 MeV as pre-equilibrium contribution to the inelastic
spectra becomes significant at those energies. On the other
hand, the contribution of very soft fission neutrons (outgo-
ing neutron energies lower than 1 MeV) from 235U fission-
ing compound nucleus (due to the 235U(n,n’f) reaction) is
clearly seen at En =6 MeV as soon as the second fission
chance is open.

Prior covariances for model values of the same and be-
tween different En were calculated via the extended LAM
and varying model parameters as described in detail in
Ref. [116]. These prior cross-correlations lead to a con-
sistent behaviour of PFNS across the different En: the
spectra become harder with increasing En in the middle
part of Fig. 11 and the structures stemming from pre-
equilibrium neutron emission move to higher values of E
with increasing En. The good agreement of the indepen-
dent evaluations at the thermal energy and the consistent
modelling of the PFNS should thus lead to an improved
evaluation compared to ENDF/B-VII.1 across different
incident neutron energies En.

C. Gamma Multiplicities and Spectra in n+235U

The γ-ray multiplicities and spectra for individual re-
actions are obtained from model calculations combined
with newer experimental data. The largest contribution
to gamma-emission in 235U target comes from the fis-
sion reaction, evaluated by I. Stetcu, P. Talou and M.B.
Chadwick, based on experimental data and prompt fis-
sion emission modelling [139]. A general description of
the evaluation procedure is available in the accompany-
ing paper [139]. An example of the total gamma-emission
spectrum induced by 14 MeV neutrons is shown in Fig. 12.
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FIG. 12. (Color online) Total γ-ray emission spectrum at 120
degrees induced by 14 MeV neutrons incident on 235U com-
pared with data by Drake et al. [140].

Note the unusual shape of the spectrum from the
ENDF/B-VII.1 library in the energy range 4–6 MeV: the
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evaluation followed incorrectly interpreted γ-ray emission
spectrum data by Drake et al. [140]. The data in EX-
FOR were consistent with the published values and were
declared as average spectrum integrals. At 4 MeV the
energy interval increases from 0.1 MeV to 0.5 MeV, but
in the reported average integrals the constant width of
0.1 MeV was used for all points, as can be seen from the
figure in the original publication. This was the root cause
for the incorrect interpretation of the data in the past,
where the wider bin width was assumed above 4 MeV to
reconstruct the average spectra from the integrals. Note
that the EXFOR entry was recently corrected after dis-
cussing it with Drake.

IV. EVALUATION OF NEUTRON-INDUCED
REACTIONS ON 238U TARGET

Two different energy ranges were considered, the reso-
nance range covering both resolved (RRR) and unresolved
(URR) resonances, and the fast neutron range. The RRR
extends up to 20 keV, the URR goes from 20 keV up to
150 keV, and the fast range goes from there up to 30 MeV.
Description of the evaluation and results in those energy
ranges are given below.

A. Thermal and Resolved Resonance Range

The status of the evaluated data files for neutron in-
teractions on 238U in the resonance region is discussed in
detail by Kopecky et al. [141]. This work reveals that in
the Resolved Resonance Region the basis of the present
evaluated data files is the work of Derrien et al. [142].
Results of recent capture cross section measurements re-
ported by Kim et al. [143] indicate that the description
of the total cross section using the resonance parameters
of Derrien et al. [142] in the low energy region can be im-
proved. Therefore, the IAEA CIELO file in the RRR was
constructed by replacing parameters proposed by Derrien
et al. [142] for energies below 1200 eV by the ones ob-
tained by Kim et al. [143]. The latter were obtained from
the least-squares fit to the experimental capture yields
derived by Kim et al. [143] and the transmission data of
Olsen et al. [144, 145]. The fission widths were adjusted
to reproduce the fission areas of Difilippo et al. [146]. For
the induced fission reaction a background cross section
increasing from 1 keV to the upper RRR boundary of
20 keV was added to conform to the average fission cross
section in the unresolved resonance region (URR) at this
boundary.
The capture experiments of Kim et al. [143] were car-

ried out at the 12.5 and 60 m measurement station of the
time-of-flight facility GELINA. The total energy detection
principle in combination with the pulse height weighting
technique was applied using C6D6 liquid scintillators as
prompt γ-ray detectors. The data were normalised to the
isolated and saturated 238U resonance at 6.67 eV. Special

TABLE V. 238U total, elastic and capture cross sections at the
neutron thermal energy and resonance integrals (RI) between
0.5 eV and 100 keV calculated from the resonance parameter
file recommended in this work.

Reaction Cross section (barn) RI (barn)
(n, tot) 11.924 593.20
(n, n) 9.240 318.35
(n, γ) 2.684 274.63

procedures were applied to reduce bias effects due to the
weighting function, normalization, dead time and back-
ground corrections, and corrections related to the sample
properties. The total uncertainty due to the weighting
function, normalization, neutron flux and sample charac-
teristics is ∼ 1.5%. The transmission data of Olsen et
al. [144, 145] resulted from time-of-flight experiments at
a 42 m and 150 m station of ORELA using 7 samples of
different areal density (from 0.0002 at/b to 0.175 at/b).

For the analysis in the RRR the resonance shape analy-
sis code REFIT [147], which is based on the Reich-Moore
[148] approximation of the R-matrix formalism [149], was
used. This code also accounts for various experimental
effects such as Doppler broadening, neutron self-shielding,
multiple interaction events and the response function of
the TOF-spectrometer [150]. Both transmission and cap-
ture data were analysed without applying any additional
background or normalisation correction [150]. The free gas
model with an effective temperature of 295 K was used
to account for the Doppler effect. The initial resonance
parameters, including parity spin and effective scattering
radius R’ = 9.48 fm, were taken from Derrien et al. [142].
To fit the transmission data of Olsen et al. [144, 145],

without applying a normalization factor, the contribution
of the two bound states at -7 eV and -33 eV were ad-
justed maintaining the thermal capture cross section of
(2.683 ± 0.012) b recommended by Trkov et al. [151]. The
result of this adjustment is shown in Fig. 13.

After the adjustment the elastic scattering cross section
at the thermal energy was reduced by about 0.5% com-
pared to the one in ENDF/B-VII.1. The corresponding
coherent scattering length bc = 8.57 fm is in agreement
with bc = (8.63 ± 0.04) fm determined by Koester
et al. [152]. The average total, elastic and capture cross
section at the thermal energy are listed in Table V. Kos et
al. [153] demonstrated that the adjustment of the bound
states has no substantial impact on the interpretation of
integral benchmark experiments that are sensitive to the
cross section data in the thermal energy region, such as
the LMT-006 integral criticality benchmark experiment,
included in the ICSBEP Handbook [154].

B. Unresolved Resonance Region in n+238U

Most of the data libraries refer to the work of Fröhner
[155, 156] for the cross sections in the Unresolved Reso-
nance Region (URR). Nevertheless, Kopecky et al. [141]
observed differences of more than 5% between the capture
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FIG. 13. (Color online) Comparison of the experimental Texp

and theoretical transmission TM . The experimental data result
from measurements at ORELA with a thick 238U sample (areal
number density of 0.175 at/b). The theoretical transmission
results from calculations with REFIT using the ENDF/B-VII.1
resonance parameters (top) and the IAEA CIELO file with the
parameters of the bound states at -7 eV and -33 eV adjusted
(bottom). The residuals are calculated considering only the
uncorrelated uncertainties due to counting statistics.

cross sections recommended in the main data libraries,
i.e., ENDF/B-VII.1, JEFF-3.2 and JENDL-4. Therefore,
a new evaluation of both the infinitely dilute cross sections
and average resonance parameters was performed in the
URR. The evaluation is based on the least-squares adjust-
ment to experimental total and capture cross section data
reported in the literature. A more detailed discussion on
this evaluation is given in Ref. [157]. The generalised least-
squares code GMA developed by Poenitz [158], which is
available at the IAEA [159], was used to determine an av-
erage total σtot and capture σγ cross section for neutron
energies between 5 keV and 150 keV. In the analysis the
total cross section data of Refs. [160–165] were included.
The data of Derrien et al. [165] result from the analy-
sis of the high resolution transmission measurements of
Harvey et al. [166] at the 200 m station of ORELA. The

experimental capture cross section data used in the Stan-
dards 2006 evaluation [12, 13] were complemented with
the capture data of Refs. [143, 167–169].

The results of the GMA analysis are shown in Figs. 14
and 15. Note that GMA cross sections for capture were
fitted in the whole energy range above the thermal point;
fitted results above 1 keV are shown in Fig. 15. They are
compared with the experimental data used in the analysis
and the cross sections recommended in the JEF-2.2 library.
The latter are based on the analysis of Moxon et al. [170]
in the RRR and the work of Fröhner [155, 156] in the URR.
The average capture cross section σγ obtained by Carlson
et al. [13] is also shown in Fig. 15. The GMA results are in
much better agreement with the experimental data below
10 keV than Carlson et al. [13]; moreover, the uncertainty
of the average capture cross section is reduced by about
25%.

As already noted by Sirakov et al. [157], differences with
the evaluation of Carlson et al. [13] are predominantly due
to the GELINA data of Kim et al. [143]. The uncertainty
of their data is substantially smaller compared to the ones
of Ullmann et al. [167], Mingrone et al. [168] andWright et
al. [169]. Moreover, there is a large deviation of these new
data sets from the Standards evaluated data above 80 keV,
even if declared uncertainties are large. Authors of those
publications should check missing corrections as their data
look very inconsistent with our current knowledge. Note
that the σtot and σγ cross sections resulting from the
present GMA analysis are in very good agreement with
those derived from the JEF-2.2 library in the whole energy
range up to 150 keV.
The average total and capture cross sections resulting

from the GMA analysis were parameterized in terms of av-
erage resonance parameters maintaining full consistency
with results of optical model calculations using a disper-
sive coupled channel potential. The average partial cross
sections have been expressed in terms of transmission
coefficients by applying the Hauser-Feshbach statistical
reaction theory including width-fluctuations. The general-
ized ENDF-6 model together with the standard boundary
conditions has been used (see Sirakov et al. [171]).
The coupled-channel OPTMAN code [172, 173] incor-

porated into the EMPIRE system [15, 16] was used for the
optical model calculations. The direct reaction contribu-
tion to the inelastic scattering was calculated by using the
Dispersive Coupled-Channel Optical Model (DCCOM) po-
tential of Quesada et al. [56, 174]. The hard-sphere po-
tential scattering radius R’ = 9.483 fm at zero energy,
which was adjusted on the results of the GMA average
total cross section, is fully consistent with the effective
scattering radius used for the analysis in the RRR. The
cross sections calculated from the average parameters are
compared with the results of the GMA analysis in Figs. 14
and 15.
The average total and capture cross section resulting

from the GMA analysis were adopted in File 3 with the
LSSF=1 option as infinitely dilute total and capture cross
sections, respectively. The inelastic neutron scattering
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FIG. 14. (Color online) Average total cross section σtot for
neutron interactions on 238U as a function of neutron energy.
The experimental data of Whalen et al. [160], Kononov et
al. [161], Poenitz et al. [162, 163], Tsubone et al. [164] and
Derrien et al. [165] are compared with the results of a GMA
analysis of these data and a description of the GMA data by
average resonance parameters. The cross section of JEF-2.2,
which is based on the Fröhner evaluation [155, 156], is also
shown.
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FIG. 15. (Color online) Average capture cross section σγ for
238U(n,γ) as a function of neutron energy. The experimental
data of Ullmann et al. [167], Kim et al. [143], Mingrone et
al. [168] and Wright et al. [169] are compared with the results
of a GMA analysis of these data combined with the data used
by Carlson et al. [13] and a description of the GMA data by av-
erage resonance parameters. The cross sections recommended
by Carlson et al. [13] and the one of JEF-2.2, which is based
on the Fröhner evaluation [155, 156], are also shown.

cross section data of Capote et al. [69, 175, 176], which
include compound-direct interference effects, were also
adopted for the present evaluation by modifying the cal-
culated infinitely dilute inelastic cross section.
At lower energies extending into the unresolved and

the resolved resonance region the information on the sub-
threshold fission resonance data is poor. The shape of
the cross sections in ENDF/B-VII.1 is un-physical. Back-
ground was added so that after resolution-broadening the
fission cross section matches the low-resolution experi-
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FIG. 16. (Color online) 238U(n,f) cross sections from ENDF/B-
VII.1 and ENDF/B-VIII.0 evaluations are compared with the
resolution-broadened ENDF/B-VIII.0 evaluation (dashed), the
low-resolution data of Slovacek et al.[177], and other data taken
from EXFOR [91].

mental data (some difference remain fom 2 to 5 keV),
particularly those of Slovacek [177], as shown in Fig. 16.
This estimation is very close to the fission cross section
in JEFF-3.2, but shows a more reasonable trend at the
URR boundaries. The boundary between RRR and URR
was kept at 20 keV. It should be noted that no substan-
tial difference was found in the interpretation of integral
benchmark experiments by reducing the upper level of
the RRR to 10 keV, which shows the consistency between
RRR and URR cross sections. More details on the ef-
fect of the upper boundary for the RRR can be found in
Ref. [141].

To construct the covariance matrix of the cross sections
in both the RRR and URR a covariance matrix of the res-
onance parameters is combined with one fully correlated
uncertainty cross section component. The covariance ma-
trix of the resonance parameters is derived by propagat-
ing mainly the uncorrelated uncertainties due to counting
statistics. For the elastic cross section a correlated com-
ponent due to a correction with an uncertainty of 0.05 b
is propagated, reflecting the uncertainty on the scattering
radius. For the capture cross section an additional uncer-
tainty of 1.5% due to a normalisation correction factor
is propagated. By this approach these correlated compo-
nents can be included over the full energy range from the
thermal energy region up to the continuum.

C. Fast Neutron Range in n+238U

The fast energy range of neutron scattering on 238U is
of particular interest to many nuclear applications. Given
the large uncertainty and scarcity of the available exper-
imental inelastic scattering data on 238U (especially of
the total inelastic), nuclear reaction modelling plays a
central role in the evaluation of neutron scattering cross
sections [11]. Therefore, improvement and benchmarks
of the modelling are crucial for better prediction of the
unknown inelastic scattering cross sections.
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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 different 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 σ=70 keV.

Double-humped fission barrier model was employed for
238U target [51, 69, 175, 176]. The fission coefficients 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 α
were considered. Let review calculated cross sections.

The effect 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

FIG. 17. (Color online) Neutron-induced reaction cross sec-
tions on 238U (top) and effect of the Engelbrecht-Weidenmüller
transformation [179] on elastic and inelastic scattering on the
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 effect 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 effects were carried
out by using the Engelbrecht-Weidenmüller transforma-
tion [179] as implemented within the ECIS code [54]. The
interference effect 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 effect 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 effect 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 differences 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 coefficients
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-differential 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-differential 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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rected PFNS taken from the JENDL-4 library [6]. Such
consistency is reassuring, but the ultimate solution of the
data discrepancy observed in Fig. 20 may require new
experimental efforts, and also revisiting theoretical calcu-
lations [180–182] to properly consider the effect of PFNS
on the comparison with measured data.

Outgoing neutron energy (eV)

d
σ

/d
E

 (
b
/e

V
)

4
.
106 6

.
106 8

.
106 10

.
106 12

.
106 14

.
106

10-7

10-6

2
.
10-8

5
.
10-8

2
.
10-7

5
.
10-7

2
.
10-6

5
.
10-6

10-7

10-6

2
.
10-8

5
.
10-8

2
.
10-7

5
.
10-7

2
.
10-6

5
.
10-6

4
.
106 6

.
106 8

.
106 10

.
106 12

.
106 14

.
106

IAEA CIELO
ENDF/B-VII.1

1972 Kammerdiener
1989 Baba
1999 Devkin
1976 Baryba

�+8-��.xn�

FIG. 20. (Color online) Evaluated neutron emission spectra on
238U target at 14.1 MeV incident neutron energy vs available
experimental data [98, 183–185].

D. Fission Neutron Multiplicities and Spectra in
238U(n,f)

The prompt fission neutron multiplicities ν̄p in the fast
region are shown in Fig. 21. The starting ν̄p values were
also taken from ENDF/B-VII.1, but modified slightly
based of the review of the available experimental data
and the performance in integral benchmarks as shown in
Fig. 21 for incident neutron energies from 500 keV up to
5 MeV. Resulting ν̄p energy dependence follows closely
the Frehaut data that includes an inflexion point near
3 MeV [50]. This behaviour is not shown by other data
sets and also disagrees with JENDL-4 and JEFF evalua-
tions, which show an almost linear dependence with the
incident neutron energy. The changes made due to the
matching of integral benchmarks were only a small frac-
tion of the spread in experimental data. The total ν̄tot
was the sum of the prompt and the delayed contributions.

Recently evaluated 238U PFNS by Rising et al. [134,
135] were adopted for IAEA CIELO for incident neutron
energies of En ≤ 5 MeV and are shown in Fig. 22.
The underlying evaluation provides not only 238U

PFNS but also consistent PFNS of 229−237U isotopes.
These consistent PFNS are obtained by fitting simultane-
ously Los Alamos model parameter systematics dependent
on the neutron number of the uranium isotope to differ-
ential experimental PFNS of 233,235,238U via the Kalman
filter. The resulting posterior observables are parameter
systematics for the average total kinetic energy of the
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fission fragments, the average energy released, the aver-
age level density parameter and the anisotropy parame-
ter for 229−238U isotopes. These parameter systematics
are then used to calculate corresponding evaluated PFNS
via the Los Alamos model. The resulting 235U PFNS at
thermal by Rising et al. [134, 135] agree very well with
evaluations adopted for IAEA CIELO [8, 116]. Thus the
IAEA CIELO 235U and 238U PFNS are consistent with
each other.
The IAEA CIELO 238U PFNS, similarly to the evalu-

ated 235U PFNS in the middle of Fig. 11, become system-
atically harder with increasing En up to 5 MeV as seen
in Fig. 22. This systematic hardening is caused by the
En-dependence of the Los Alamos model. However, the
parameter systematics of [134, 135] are only valid for the
first chance fission contribution to the PFNS and should
not be used to provide evaluated PFNS for En >5 MeV.
Hence, ENDF/B-VII.1 PFNS were adopted for the
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IAEA CIELO evaluation for En >5 MeV and JENDL-
4.0 PFNS above 8 MeV. There are compelling indications
that the adopted ENDF/B-VII.1 PFNS from 5 to 8 MeV
does not reproduce existing PFNS measurements showing
an onset of very soft 238U(n,n′f) neutrons above 5 MeV
as pointed out by Maslov. It could be a better solution to
follow JENDL-4 PFNS above 5 MeV, but extended test-
ing would be needed. Additional work will be needed to
reevaluate 238U(n,f) PFNS above 5 MeV; new experimen-
tal data (e.g., from a Chi-Nu LANL facility) are highly
desirable.

E. Gamma Multiplicities and Spectra in n+238U

As for 235U the γ-ray multiplicities and spectra for in-
dividual reactions, these are obtained from model calcu-
lations. The contribution from the fission reaction was
evaluated by I. Stetcu, P. Talou and M.B. Chadwick for
the ENDF/B-VIII.0 library, based on experimental data
and prompt fission emission modelling[139]. A general de-
scription of the evaluation procedure is available in the
accompanying paper [139].
An example of the total γ-ray emission spectrum in-

duced by 2 MeV neutrons is shown in Fig. 23. The bump
observed in the new evaluation from 1 MeV to 2 MeV of
emitted photon energy is due to the contribution from
neutron inelastic scattering, which is dominant in that
energy region as discussed in Sec. IVC.
ENDF/B-VII.1 evaluation lumped all gammas, while

a new ENDF/B-VIII.0 evaluation successfully combined
fission gammas with gammas produced by other reactions.
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FIG. 23. (Color online) Total γ-ray emission spectrum at 55
degrees induced by 2 MeV neutrons incident on 238U compared
with data by Nellis et al. [186].

V. EVALUATED DATA FILE ASSEMBLY AND
DATA UNCERTAINTIES

ENDF-formatting of the results of EMPIRE calcula-
tions is done with the EMPEND code, which is a stan-

dard module of the EMPIRE package. The non-threshold
absorption reactions which are non-zero at the first calcu-
lated point are extrapolated to thermal as 1/v. Elastic an-
gular distributions are extrapolated flat down to thermal
from the first calculated point. Nevertheless, the format-
ted file obtained in this way is incomplete since not all
quantities are calculated, or calculated accurately enough.
Additional data sources and utility codes are employed
in the file-assembly process. Specific features of the file
assembly are given below.
The resonance parameters are inserted with the EN-

DRES code of the EMPIRE package, taking care to match
consistently the energy boundaries between the resonance
and the fast energy range.
Covariance matrix prior is assembled by random sam-

pling of the model parameters. This affects all cross sec-
tions, including the differential and double differential
ones, which opens the door for constructing cross-reaction
correlations. In fact, all reactions have covariances, some
in the form of “lumped reactions”, e.g., inelastic covari-
ances are given in MT51 (first inelastic level) and MT851
(remaining inelastic levels+continuum). This feature is
extremely important because it allows the preservation of
unitarity. The covariance matrix of the total cross section
is the sum of all partial covariance cross sections, includ-
ing all cross correlations between the reactions, which is
consistent with the ENDF philosophy.

In addition to the cross sections, the global covariance
matrix prior also includes the covariances of the average
cosine of scattering μ̄el in the laboratory system (P1 Leg-
endre polynomial coefficient) and of the P2 coefficient at
several energy intervals, including cross-correlations. Note
that the covariances of P1 and P2 Legendre polynomial
coefficients with the elastic cross section (proportional to
P0) were usually not given. Therefore, very important cor-
relations between angular distributions and elastic cross
sections are missing in the existing evaluated files.

Although the main structures observed in the shape of
the capture and fission cross sections are modelled with
the use of tuning parameters within EMPIRE, the nu-
clear models are far from being perfect and cannot de-
scribe certain features that might be present in the data.
Additionally, models feature a relatively small number of
parameters describing many data points. Therefore, the
model covariance matrix is typically too stiff (too rigid).
To soften the correlations the variance of all quantities
in the prior was increased by adding a 3% statistical un-
certainty on the model-covariance matrix diagonal for all
energies in the evaluation grid.

The prior mean values and the covariances were fed to
the generalized least-squares code GANDR, after which ex-
perimental data are introduced in the Bayesian approach.
Since the prior is chosen such that it represents well the
experimental data, the cross sections are not expected to
change much. The main differences occur in the uncer-
tainties and correlations.

Details of the above procedures specific to each nuclide
are described below.
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A. 235U Target

The new resonance evaluation was produced at ORNL
as described in Sec. IIIA. In the unresolved reso-
nance range the average parameters were adopted from
ENDF/B-VII.1, but these are only used for self-shielding
calculations because the cross sections are tabulated ex-
plicitly. The existing resonance evaluation was merged
into the IAEA CIELO file.
The full covariance matrix of the resolved resonance

parameters is too big to be practically useful. Note that
the ideal solution could be to use the resonance parameter
covariance matrix (ENDF File 32) only up to 100 eV, the
remainder being given in group-wise form (ENDF File 33,
LB=5) on a suitable fine energy grid. However, implemen-
tation challenges and time constrains prevented the use
of such solution. Therefore, the cross section covariances
were generated on a fine energy grid and inserted into the
final ENDF file using ENDF File 33 format. The covari-
ances in the unresolved resonance region are evaluated
together with those for the fast energy range.

The fission cross section is the Standard at the thermal
energy, from 7.8 to 11 eV, and in the energy range from
0.15 MeV to 200 MeV, but it was evaluated at lower ener-
gies along with the Standards on a coarse energy grid as
bin-averaged values down to 100 eV. Above 150 keV, in
the region of the Standards, the matching of the current
evaluation is exact. At lower energies in the resolved res-
onance region there exist some minor deviations, which
may require a re-evaluation of the resonance parameters,
but this is left for future work.
In the unresolved resonance range the cross section

shape is taken from the ENDF/B-VII.1 library, rescaled
such that consistency with group-averaged values in Stan-
dards is preserved. Above the unresolved resonance range
up to 75 keV the shape is from a broad average of the lin-
earised Weston data, rescaled in a similar manner. Above
75 keV the data are taken from the Standards 2017 di-
rectly. There remain discrepancies from 5 keV up to
75 keV between the shape of fission cross section (that re-
flects a broad average) and measured high-resolution data
(e.g., by n TOF collaboration). Unfortunately, to address
such differences a new comprehensive evaluation of cap-
ture and fission yields in the URR is needed that would
describe measured data using the unresolved-resonance
formalism.
The matching of the capture cross section with exper-

imental data is done at the level of the nuclear model
calculation as described in the previous Section. No addi-
tional tuning was performed during the file assembly.
The evaluation of the average number of prompt neu-

trons per fission ν̄p(E) is described in Sec. III A 4.
The prompt-fission neutron spectra consist of the fol-

lowing:

• Standards 2017 for incident thermal neutrons.

• LANL evaluation (without Chi-Nu data [117]) below
5 MeV.

• LANL evaluation above 5 MeV using Chi-Nu exper-
imental data [117].

• The 20 MeV PFNS is duplicated at 30 MeV for
completeness; new evaluation of PFNS is required
above 20 MeV.

The prompt-fission gamma multiplicities and spectra
were provided by I. Stetcu ad M.B. Chadwick (LANL). A
detailed description of the evaluation process is included
in the accompanying paper describing the ENDF/B-
VIII.0 library [139].

The covariance matrix prior was generated using the
EMPIRE code by random sampling of the parameters
listed in Table VI. Parameter uncertainties are loosely
based on RIPL uncertainties [53]; their uncertainties have
been extended to cover the range of scaling of those pa-
rameters used to fit the experimental data. For a prior
calculation it is important that uncertainty bands of the
model cover all selected experimental data. In other words,
we enforce the least-squares requirement that model cal-
culations and data should be statistically consistent.

TABLE VI. Input nuclear reaction model parameters for the
235U calculation and their uncertainties used in EMPIRE for
random sampling to generate the covariance matrix prior.

EMPIRE input parameter Symbol Value Unc.(%) Nucleus

Preeq. mean-free path PCROSS 1.86 15
Preeq. level density normal. GTILNO 0.80 20 236U
Preeq. level density normal. GTILNO 0.98 5 235U
Preeq. Γn normal. TUNEPE 1.40 10 235U
Preeq. Γγ normal. TUNEPE 1.15 10 236U
Level density normalization ATILNO 0.99 5 236U
Level density normalization ATILNO 0.99 10 235U
Level density normalization ATILNO 0.99 10 234U
Level density normalization ATILNO 0.74 20 233U
Level density normalization ATILNO 0.80 20 232U
Γγ normalization TUNE 1.40 20 236U
Γn normalization TUNE 1.00 10 236U
Γn normalization TUNE 1.00 10 235U
Γn normalization TUNE 1.00 10 234U
Γp normalization TUNE 1.00 15 236U
Γα normalization TUNE 1.00 15 236U
Γf normalization TUNEFI 1.00 1–3 236U
Γf normalization TUNEFI 1.00 3 235U
Γf normalization TUNEFI 1.00 3 234U
σel model defect uncertainty ELARED 1.00 3
σabs model defect uncertainty FUSRED 1.00 3
Real vol. OMP depth normal. UOMPVV 1.0 2 235U
Imag.vol. OMP depth normal. UOMPWV 1.0 10 235U
Imag.surf. OMP depth normal. UOMPWS 1.0 10 235U
Vol. OMP diffuseness normal. UOMPAV 1.0 2.5 235U
Surf. OMP diffuseness normal. UOMPAS 1.0 2.5 235U
Dynamic-deformation normal. DEFDYN 1.0 5 235U
Static-deformation normal. DEFSTA 1.0 5 235U

Experimental data from EXFOR were used to constrain
the fit by the generalised least-squares method (GANDR
code). The list of selected total cross section measure-
ments on 235U target is shown in Table VII.

Systematic uncertainties of 2% were added to each mea-
surement to account for unknown errors. In addition, a
3% global systematic uncertainty was added to consider
possible unrecognized systematic uncertainties that intro-
duce correlations between experiments. The covariance
plot of the total cross section is shown on Fig. 24(a). Co-
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(a) 235U(n,tot) covariance matrix.
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(b) 235U(n,f) covariance matrix.
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(c) 235U(n,γ) covariance matrix.
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(e) 235U(n,2n) covariance matrix.
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(f) 235U(n,3n) covariance matrix.

FIG. 24. (Color online) Selected evaluated cross section covariance matrices for neutron-induced reactions on 235U plotted with
NJOY.

273



Evaluations of n+ 235,238U . . . NUCLEAR DATA SHEETS R. Capote et al.

    σ vs. E for 
235

U(n,el.)

10
-2

10
0

10
2

10
4

10
6

0

2

4

6

8

10

12

14

16

Δσ
/σ

 v
s
. 
E

 f
o

r 
2
3
5
U

(n
,e

l.
)

1
0

-2
1

0
0

1
0

2
1
0

4
1

0
6

01234567
O

rd
in

a
te

 s
c
a

le
s
 a

re
 %

 r
e

la
ti
v
e

s
ta

n
d

a
rd

 d
e

v
ia

ti
o

n
 a

n
d

 b
a

rn
s
.

A
b

s
c
is

s
a

 s
c
a

le
s
 a

re
 e

n
e

rg
y
 (

e
V

).

C
o

rr
e

la
ti
o

n
 M

a
tr

ix

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

0
.0

-0
.2

-0
.4

-0
.6

-0
.8

-1
.0

(a) 235U(n,el) covariance matrix.
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(b) μ̄el covariance matrix.

FIG. 25. (Color online) Cross section and μ̄el covariance matrices for elastic neutron scattering on 235U plotted with NJOY.
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(a) Cross-reaction 235U(n,γ)–235U(n,n’) covariance matrix.
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(b) Cross-reaction 235U(n,2n)–235U(n,3n) covariance matrix.

FIG. 26. (Color online) Selected evaluated cross-reaction covariance matrices for neutron-induced reactions on 235U plotted with
NJOY.

variance matrix of the total cross section is the sum of
the partials. This is possible because all reaction chan-
nels have covariances (some in the form of lumped reac-
tions, e.g., MT851=MT52+MT53+...+MT91 uncertain-
ties) and include cross-reaction components,many of them
anti-correlated; without these the uncertainty of the total
cross section would be grossly overestimated. Note that
the inelastic cross section with threshold at 77 eV gives
rise to weak correlations between the resonance and the
fast energy region, even though such correlations are not
present in the other resonant reaction channels.
The fission cross sections and covariances from Stan-

dards 2017 were input to GANDR. To avoid double-
counting, the variance of fission in the prior was increased
by 20% to make it non-informative. Then, the fission Stan-
dards evaluation was used in the Bayesian approach as a
pseudo-experimental data. An additional systematic un-
certainty of 1.2% was added to the covariance matrix of

TABLE VII. Experimental data taken from EXFOR [91] for
the total cross section of 235U used in the fitting procedure
within the GANDR system.

First author Year EXFOR Comment
J.M. Peterson [187] 1960 11108044
C.A. Uttley [188] 1966 21088004 25 < E < 960 keV
D.G. Foster jr [189] 1971 10047096
J. Cabe [190] 1973 20480017

20480016 (exclude)
20480018

F.L. Green [191, 192] 1973 10588002
R.B. Schwartz [193] 1974 10280005 every 2nd point
V.P. Vertebniy [102] 1980 40609002 E = 24.5 keV
W.P. Poenitz [162] 1981 10935006 E > 200 keV
W.P. Poenitz [163] 1983 12853054

the Standards 2017 to account for unrecognized system-
atic uncertainties (USU), as recommended in the Stan-
dards 2017 documentation [14]. The evaluated fission co-
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FIG. 27. (Color online) Evaluated ν̄tot and PFNS covariance matrices for neutron-induced fission on 235U plotted with NJOY.

variance plot is shown in Fig. 24(b). The uncertainty is
mostly determined by the Standards 2017 and amounts to
1.2–2% over most of the energy range, but is lower at ther-
mal because the cross section there is well known from the
Thermal Neutron Constant fit [14], and the experiments
are specific of the thermal region so the estimated USU
does not apply [14].

Only the radiative capture data of Jandel [32] (EXFOR
entry 14149003) in the energy range 2 < E < 60 keV were
considered for GANDR fitting. Other relevant measure-
ments in EXFOR involve measured cross section ratio
of capture to fission. These ratio measurements should
be added at a later time. The capture covariance plot is
shown in Fig. 24(c). The capture cross section has much
larger uncertainty than fission, being around 10% in the
fast neutron range. In the high-energy end, where the cross
section decreases, the uncertainty steadily increases. Cap-
ture experiments for incident energies of 14 MeV were not
considered in the present evaluation. Note that the USU
for capture on fissile materials was estimated at 2.4%.
Inelastic experimental data [92–95] have too large un-

certainties and are too sparse in energy to constrain
the evaluated cross sections (see Fig. 6) and were not
included in the fit. The uncertainties of the inelastic
cross sections are given separately for the first discrete
level (MT51), which has a very low threshold of 77 eV,
and for the remaining discrete levels and the continuum

(MT851=MT52+...+MT91). The evaluated covariance
plot of the first discrete level is shown in Fig. 24(d). The
uncertainty remains about 10% from 0.1 up to 6–7 MeV.
Note that the uncertainty of the first inelastic level gives
only a minor contribution to the overall inelastic uncer-
tainty (MT4 uncertainty). The total inelastic uncertainty
should be estimated as the sum of absolute covariances
for MT51 and MT851 contributions, correspondingly.
The two-neutron emission cross section measurement

by Frehaut [96] (revised in 2016, EXFOR entry 21568004)
was considered. It includes the normalisation correction
for the Standards 2006. However, the data points below
8.5 MeV were rejected because of experimental uncer-
tainties due to the difficulty in discriminating between
neutrons from the (n,2n) and the fission reaction. This
difficulty may lead to an underestimation of the measured
(n,2n) cross sections in many actinides as can be also seen
for the 238U target, where many other measurements are
available. The measurement of Mather [97] (EXFOR entry
20795010) was rejected due to unreasonably large discrep-
ancy with the Frehaut data and the shape, which looks
un-physical and was in contradiction with the model cal-
culation. The (n,2n) covariance plot is shown in Fig. 24(e).
A typical uncertainty shape (inverted bell) can be seen
with maxima near the threshold and at higher energies;
the minimum uncertainty of 9-10% corresponds to the
region of the maximum cross section from 9–12 MeV.
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There are only two data sets for the three-neutron emis-
sion cross sections in EXFOR. The data by Veeser [201]
(EXFOR entry 10795002) were used in the fit, while the
data by Mather [97] (EXFOR entry 20795011) were re-
jected by similar arguments as for the two-neutron emis-
sion reaction. The covariance plot is shown in Fig. 24(f).
A typical uncertainty around 20% can be seen from 16 up
to 24 MeV.
Fig. 25 shows the covariance matrix plot of the elastic

cross section and the average cosine of elastic scattering
μ̄el. Integrated elastic experimental data [198, 199] are
either discrepant or have too large uncertainties to con-
strain the evaluated cross sections and were not included
in the fit. The elastic covariance in Fig. 25(a) is clearly
split in two uncorrelated blocks: the RRR and the fast
neutron region. Uncertainties in elastic cross sections are
constrained by the optical model and the total cross sec-
tion data through correlations; uncertainties are from 2%
to 3% in the RRR, but reaches 7% in the URR, then
decreasing to less than 5% in the fast neutron range.
Covariance of the average cosine of elastic scattering

μ̄el (P1 Legendre polynomial coefficient) shows strong
anti-correlations in Fig. 25(b) probably due to normaliza-
tion constrains of the Legendre polynomial coefficients to
the elastic cross section. Unfortunately, NJOY does not
process the covariances of the higher-order Pn, n > 1 Leg-
endre polynomial coefficients and their cross-correlations
that were evaluated and are available in the IAEA CIELO
file.

Note that all cross section covariances include the cross-
reaction terms and the total is the sum of all individual
reaction contributions. As an example, the cross-reaction
covariances are shown between the capture and the inelas-
tic cross sections in Fig. 26(a) and between the (n,2n) and
(n,3n) cross sections in Fig. 26(b). Strong anti-correlations
between capture and the inelastic cross section on the first
(isomeric) level are observed in Fig. 26(a) below 1 keV,
where these are practically the only two reaction channels
open. Note that the upper panel of Fig. 26(b) should con-
tain the relative (n,2n) uncertainty, but there is a either
a processing problem or a NJOY problem that requires
further investigation. Finally, note again that failure to
consider cross-reaction covariances would lead to a gross
overestimation of the uncertainty of the total cross section,
and will also affect the proper redistribution of physical
quantities during subsequent data adjustments to produce
adjusted evaluated libraries for specific applications.

The covariance matrix of the average number of prompt
neutrons emitted per fission were prepared using the
ENDF/B-VII.1 evaluation as a starting point. The un-
certainties at the thermal energy were adjusted for consis-
tency with the Standards 2017. Above the thermal range
up to 75 eV the statistical uncertainties of the experimen-
tal data of Reed [46] and Simon [49] were used. Finally,
the total uncertainties were taken as a combination of
statistical uncertainties with the fully correlated USU of
0.4% covering the whole energy range. The covariance
matrix is shown in Fig. 27(a).

The covariance matrix of the PFNS at the thermal
point was evaluated by Trkov and Capote and is shown
in Fig. 27(b). Uncertainties were scaled2 to consider the
unrecognized shape uncertainty [14], the minimum uncer-
tainty (about 1.8%) is reached around 2 MeV of outgo-
ing neutron energy. The uncertainties for outgoing neu-
tron energies from 9 up to 14 MeV are about 7%, which
were estimated from the uncertainty of the measured
90Zr(n,2n) spectrum-average cross section used in the fit-
ting of the PFNS high-energy tail. Uncertainties increase
above 15 MeV of outgoing neutron energy up to 30% as
no data are available at those high energies. However,
the number of emitted neutrons with energy larger than
15 MeV are well below 0.1% of the total number of emitted
neutrons.
The uncertainties in the number of delayed neutrons

per fission were adopted from the work by Keepin [114]
as tabulated by Tuttle [115]. The uncertainties are given
for the thermal and the fast incident neutron energies.
The uncertainties of the total number of neutrons emitted
per fission are the sum of the prompt and the delayed
contribution.
Cross-material covariances between 235U, 238U and

239Pu are also available from the Neutron Standards fit of
differential cross section measurements [14], with positive
correlations particularly strong between corresponding fis-
sion channels due to ratio measurements.

B. 238U Target

The average resonance parameters in the unresolved res-
onance range are only used for self-shielding calculations.
As in the case of 235U, the resonance parameter covariance
matrix is too big to be practically useful. Since the res-
onance parameters in the JEFF-3.3 library are based on
the same resonance analysis, the cross section covariance
matrix in group representation was adopted from this li-
brary. The covariances in the unresolved resonance region
were evaluated together with those for the fast energy
range.
The fission cross section of 238U is the Standard from

2 MeV to 200 MeV and was evaluated with the Standards
down to 500 keV [14] using a denser energy grid from
500 keV up to 2 MeV to describe the below-threshold
fission resonances. It was adopted in full for the energy
range of the evaluation. This is justified because the model
calculation is very close to the Standards 2017 (within
3%), so the replacement does not destroy the internal
consistency of the competing reaction channels in the
model calculation. The small average fission cross section
in the unresolved resonance range of the order of 0.1 mb
has been adopted from an estimate by Trkov as described

2 A PFNS covariance matrix was multiplied by a factor of 4.8 so
that the uncertainty of the PFNS average energy was increased
up to 10 keV.
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in Sec. IVA, based on available broad average fission cross
section data in EXFOR.
The capture cross sections were evaluated within the

Standards up to 2 MeV and included in the analy-
sis the most recent high-accuracy measurement at JRC-
Geel [143]. The cross sections from Standards 2017 [14]
were adopted in full above the resonance range from
20 keV up. This is again justified because the model pa-
rameters were tuned such that the calculated capture cross
section closely agree with the Standards. The comparison
of IAEA CIELO capture cross sections with the Standards
2017 is shown in Fig. 28, which shows complete agreement,
except for the resonance range below 20 keV, where minor
differences remain.
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FIG. 28. (Color online) Comparison of the capture cross sec-
tion of 238U and the Standards 2017 evaluation in group-wise
representation. In the reference region (20 keV up to 2.2 MeV)
the matching is exact.

Various quantities related to fission were evaluated sepa-
rately or borrowed from other sources, namely the delayed
average number of neutrons per fission ν̄d, delayed neu-
tron spectra and prompt fission gamma multiplicities and
spectra. The delayed neutron constants were taken from
the ENDF/B-VII.1 library.

The covariance matrix prior was generated by random
sampling of the parameters listed in Table VIII. Parame-
ter uncertainties are loosely based on RIPL uncertainties
[53]; their uncertainties have been extended to cover the
range of scaling of those parameters used to fit the exper-
imental data. As mentioned before, for a prior calculation
it is important that uncertainty bands of the model cover
all selected experimental data.
In order to evaluate the covariances the experimental

data from EXFOR was fed to the generalised least-squares
code GANDR using the model calculated covariance as a
prior. The list of selected total cross section measurements
is shown in Table IX.

Systematic uncertainties of 2% were added to each mea-
surement to account for unknown errors. In addition, a
3% global systematic uncertainty was added to consider
possible unrecognized systematic uncertainties that intro-
duce correlations between experiments. The covariance

TABLE VIII. Input nuclear model parameters for the
n+238U calculation and their uncertainties used in EMPIRE
for random sampling to generate the covariance matrix prior.

EMPIRE input parameter Symbol Value Unc.(%) Nucleus

Preeq. mean-free path PCROSS 1.82 20
Level density normalization ATILNO 0.960 5 239U
Level density normalization ATILNO 0.970 10 238U
Level density normalization ATILNO 0.807 20 237U
Level density normalization ATILNO 0.980 10 236U
Level density normalization ATILNO 1.05 10 235U
Preeq. level density normal. GTILNO 1.00 10 238U
Γγ normalization TUNE 3.1 5 239U
Γn normalization TUNE 1.00 10 239U
Γn normalization TUNE 1.00 10 238U
Γn normalization TUNE 1.00 10 237U
Γp normalization TUNE 1.00 15 239U
Γα normalization TUNE 1.00 15 239U
Γf normalization TUNEFI 1.00 3 239U
Γf normalization TUNEFI 1.00 3 238U
Γf normalization TUNEFI 1.00 3 237U

σtot model defect uncertainty TOTRED 0.995 5

Real vol. OMP depth normal. UOMPVV 1.0 2 238U
Imag.vol. OMP depth normal. UOMPWV 1.0 10 238U
Imag.surf. OMP depth normal. UOMPWS 1.0 10 238U
Vol. OMP diffuseness normal. UOMPAV 1.0 2.5 238U
Surf. OMP diffuseness normal. UOMPAS 1.0 2.5 238U
Dynamic-deformation normal. DEFDYN 1.0 5 238U
Static-deformation normal. DEFSTA 1.0 5 238U

TABLE IX. Experimental data taken from EXFOR [91] for
the total cross section of 238U used in the fitting procedure
within the GANDR system.

First author Year EXFOR Comment
R. Batchelor [194] 1965 21019013
D.G. Foster Jr [189] 1971 10047099
M. Baba [195] 1973 21092002
R.B. Schwartz [193] 1974 10280006 (every 2-nd point)
W.P. Poenitz [158] 1981 10935007
I. Tsubone [164] 1984 21813002
Yu.V. Grigoriev [196] 1990 41154002 (E > 15 keV)
W.P. Abfalterer [197] 2001 13753030

plot of the total cross section is shown on Fig. 29(a). The
uncertainties are small in the thermal, raising then to
around 3% in the fast energy region, where the total cross
section is well-defined from existing experimental data.
The fission cross sections are Standards or (below

2 MeV) evaluated with the Standards, therefore, the sta-
tistical uncertainty in the prior covariance matrix was
increased by 20% to diminish the constraints imposed
from the model-parameter based prior. The fission cross
sections and the corresponding covariances were fed to
GANDR in the Bayesian approach to be combined consis-
tently with the covariances for the other reactions. The
evaluated covariance matrix is shown in Fig. 29(b). Uncer-
tainties below the fission threshold are 20% on average.

The capture cross sections were also evaluated with the
Standards up to 2.1 MeV. The covariances below 20 keV
were evaluated as part of the resonance analysis, so only
the cross sections and the corresponding covariance matrix
in the range 20 keV< E <2.1 MeV were fed to GANDR.
The evaluated covariance matrix is shown in Fig. 29(c).

As in the case of 235U, inelastic experimental data were
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(a) 238U(n,tot) covariance matrix.
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(b) 238U(n,f) covariance matrix.
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(c) 238U(n,γ) covariance matrix.
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(d) 238U(n,n’) covariance matrix.
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(e) 238U(n,2n) covariance matrix.
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(f) 238U(n,3n) covariance matrix.

FIG. 29. (Color online) Selected evaluated cross section covariance matrices for neutron-induced reactions on 238U plotted with
NJOY.
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(a) 238U(n,el) covariance matrix.
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(b) μ̄el covariance matrix.

FIG. 30. (Color online) Cross section and μ̄el covariance matrices for elastic neutron scattering on 238U plotted with NJOY.
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(a) Cross-reaction 238U(n,f)–238U(n,n’) covariance matrix.

Δσ/σ vs. E for 
238

U(n,el.)

10
7

0

1

2

3

4

5

Δσ
/σ

 v
s
. 
E

 f
o

r 
2
3
8
U

(n
,2

n
)

1
0

7

02468

1
0

1
2

1
4

O
rd

in
a

te
 s

c
a

le
 i
s
 %

re
la

ti
v
e

 s
ta

n
d

a
rd

 d
e

v
ia

ti
o

n
.

A
b

s
c
is

s
a

 s
c
a

le
s
 a

re
 e

n
e

rg
y
 (

e
V

).

C
o

rr
e

la
ti
o

n
 M

a
tr

ix

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

0
.0

-0
.2

-0
.4

-0
.6

-0
.8

-1
.0

(b) Cross-reaction 238U(n,2n)–238U(n,el) covariance matrix.

FIG. 31. (Color online) Selected evaluated cross-reaction covariance matrices for neutron-induced reactions on 238U plotted with
NJOY.

considered too scattered to constrain the evaluated cross
sections. The uncertainties of the inelastic cross sections
are given separately for the first discrete level (MT51),
and for the remaining discrete levels and the continuum
(MT851=MT52+...+MT91). The evaluated covariance
plot of the first discrete level is shown in Fig. 29(d). The
uncertainty minimum is about 6% in the region of the max-
imum cross section. Note that for 238U the uncertainty of
the first inelastic level gives a major contribution to the
overall inelastic uncertainty (MT4 uncertainty). The total
inelastic uncertainty should be estimated as the sum of
absolute covariances for MT51 and MT851 contributions,
correspondingly.

Several consistent data sets for the (n,2n) reaction are
available in EXFOR and are listed in Table X. New ex-
perimental data by Krishichayan et al. [209] helped in
reducing the evaluated uncertainty to about 6% in the
region of the maximum of the excitation function. The

evaluated covariance matrix plot is shown in Fig. 29(e).

TABLE X. Experimental data for 238U(n,2n) fitting procedure
with GANDR. The asterisk * indicates renormalized data to
the current dosimetry standards [202, 203].

First author Year EXFOR Comment
J.D. Knight* [204] 1958 12459021 renorm. STD 2006
L.R. Veeser [201] 1978 10795004
H. Karius [205] 1979 20499002
J. Frehaut* [96] 1980 20416021 renorm. STD 2006
N.V. Kornilov [206] 1980 30561002
C. Konno [207] 1993 22637090
X. Wang [208] 2010 32677002
Krishichayan* [209] 2015 99999001 renorm. IRDFF
A.A. Filatenkov [210] 2016 41614240

Three data sets for the three-neutron emission reaction
are available in EXFOR and are listed in Table XI. The
evaluated covariance matrix plot is shown in Fig. 29(f).
Fig. 30 shows the covariance matrix plot of the elastic
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(a) ν̄tot covariance matrix for 238U(n,f) reaction.
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(b) 238U(n,f) PFNS covariance matrix in the fast range.

FIG. 32. (Color online) Evaluated ν̄tot and PFNS covariance matrices for neutron-induced fission on 238U plotted with NJOY.

TABLE XI. Experimental data for 238U(n,3n) fitting procedure
with GANDR.

First author Year EXFOR
J. Frehaut [96] 2016 20416022
X. Wang [211] 2013 32709002
A. Wallner [212] 2014 20499022

cross section and the average cosine of elastic scattering
μ̄el. Again it was considered that the integrated elastic
experimental data are either discrepant or have too large
uncertainties to constrain the evaluated cross sections
and were not included in the fit. The elastic covariance
in Fig. 30(a) is split in three uncorrelated blocks: the
RRR, a region around 10 keV, and the fast neutron region.
Uncertainties in elastic cross sections are constrained by
the optical model and the total cross section data through
correlations; uncertainties are around 4% above 1 eV.

Covariance of the average cosine of elastic scattering μ̄el

(P1 Legendre polynomial coefficient) shows strong anti-
correlations in Fig. 30(b) probably due to normalization
constrains of the Legendre polynomial coefficients to the
elastic cross section. Evaluated uncertainties are relatively
large.
As in the case of 235U, all cross section covariances in-

clude the cross-reaction terms and the total is the sum
of all individual reaction contributions. As an example,
the cross-reaction covariances are shown between the fis-
sion and the first discrete level inelastic cross sections
in Fig. 31(a) and between the (n,2n) and the elastic
cross sections in Fig. 31(b). Later plot shows strong anti-
correlations between 6–12 MeV probably due to unitarity
constrains. Failure to consider cross-reaction covariances
would lead to a gross overestimation of the uncertainty of
the total cross section.

The starting value for the covariance matrix of the aver-
age number of prompt neutrons emitted per fission was the
ENDF/B-VII.1 library. The uncertainty below 0.5 MeV
of incident neutron energy was assigned arbitrarily as 2%.
Fission in this energy region is practically negligible, so

the precise value of the uncertainty estimate is not im-
portant. The covariance matrix is shown in Fig. 32(a).
Above 2 MeV the prompt ν̄p-uncertainty is about 1.5%,
reflecting the spread in measured data (see Fig. 21). The
uncertainties in the number of delayed neutrons per fission
ν̄d were again adopted from the work by Keepin [114] as
tabulated by Tuttle [115]. The uncertainties are given for
the thermal and the fast incident neutron energies. The
uncertainties of the total number of neutrons emitted per
fission ν̄tot are the sum of the prompt and the delayed
contribution.
The covariance matrix of the PFNS was evaluated

within the IAEA CRP on the Prompt-Fission Neutron
Spectra of Actinides [10] and is shown in Fig. 32(b). A
minimum uncertainty of about 1% reflects the evaluation
method based on model data with small variability of
possible model shapes.

VI. RPI QUASI-DIFFERENTIAL BENCHMARK
FOR n+238U

The RPI quasi-differential experiment was described
in Ref. [213] and used in the evaluation process to verify
the calculated double differential scattering cross sections.
In this experiment the neutron beam that, incident on
the 238U sample, scattered or caused fission; the resulting
neutrons were detected by an array of neutron detectors
surrounding the sample. The effective energies covered
the range from 0.5 to 20 MeV. The measured data were
compared with detailed simulations of the experiment per-
formed with different evaluations of 238U.

An important aspect of this experiment is that all emit-
ted neutrons are detected, including those from elastic and
inelastic scattering, fission neutrons and multiple scatter-
ing contribution. Comprehensive neutron detection avoids
typical uncertainties introduced by splitting the neutron
yield into elastic, inelastic and fission neutron contribu-
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FIG. 33. (Color online) The measured time of flight of neutrons detected at 156 deg (left) and 27 deg (right) relative to the
neutron beam incident on 238U. The upper x-axis approximately corresponds to the incident neutron energy, see Ref. [213] for
more details.

�+8-(n,neutron yield)

(a) Detected En in the range from 0.5 to 1.5 MeV

�+8-(n,neutron yield)

(b) Detected En in the range from 1.5 to 5 MeV

FIG. 34. (Color online) The C/E for n+238U as a function of the angle of the emitted neutrons. The contributions to the first
energy range (left) come mostly from the scattering, while the contributions to the second energy range (right) come from the
scattering and fission neutrons. The uncertainty bars are dominated by the normalization uncertainty of the experiment.

tions. The disadvantage is that the cross sections cannot
be inferred from the measurements directly, but this is
compensated by the high sensitivity of measured data
to the neutron production cross sections. In many ex-
periments neutron production is swamped by the elastic
component. In the present case the elastic contribution be-
comes very low at certain angles, raising the importance
of other minor channels, including the inelastic scatter-
ing. This experiment could be seen as a quasi-differential
benchmark for validating nuclear data, where experimen-
tal set-up is simple and very well documented. This allows
for an accurate Monte Carlo simulation directly in the
time domain.
As was previously shown [213], one of the issues ob-

served with the ENDF/B-VII.1 library was the low scat-
tering cross section at back angles in the energy range
of 0.5-1.5 MeV. Simulations with the IAEA CIELO data

shown in Fig. 33(left) for back scattering to 156 deg in-
dicate that the agreement with the experiment was im-
proved. The comparison for the forward angle of 27 deg
in Fig. 33(right) shows good agreement between the ex-
periment and simulation. The total counts observed in-
dicate the dominance of the forward scattering. Details
of the new physics introduced to the EMPIRE code were
described in Refs. [68, 69]. The C/E as a function of
the angle was calculated by integrating the experimen-
tal data (E) and simulation (C) with respect to time-of-
flight; C/E in the energy range of 0.5–1.5 MeV is shown
in Fig. 34(left) and in the energy range from 1.5–5 MeV
in Fig. 34(right). The improvement at back angles relative
to ENDF/B-VII.1 is noticeable, while at other angles the
new evaluation performs similar to other evaluations and
performs well considering the systematic uncertainties of
the experiment.

281



Evaluations of n+ 235,238U . . . NUCLEAR DATA SHEETS R. Capote et al.

VII. INTEGRAL BENCHMARKS:
CRITICALITY AND FUSION

Nuclear power applications have traditionally relied
heavily on computational means to optimize designs, en-
sure safety and determine quantities of interest that are
difficult to measure directly. Accurate nuclear data that
reproduce integral observables are of utmost importance
in evaluated libraries for specific applications.

Requirements for criticality safety gave rise to an inter-
national project aimed at collecting detailed and verified
information about reactor experiments performed in differ-
ent worldwide laboratories over several decades. This in-
formation can be used for the validation of computational
methods, as well as nuclear data. The latest issue of the
Handbook of International Criticality Safety Benchmarks
Evaluation Project (ICSBEP) [17] contains 558 evalua-
tions spanning 4798 critical, near-critical or subcritical
configurations. The current scope of testing was limited
to selected critical benchmark cases from the ICSBEP col-
lection. Preliminary results with an earlier version of the
IAEA CIELO evaluations were reported at the ND2016
Conference [52]. The calculations were repeated with the
current ENDF/B-VIII.0 library that includes the IAEA
CIELO evaluations.

A. 235U Bare Fast Assemblies

There were fourteen bare highly-enriched uranium
benchmarks in ICSBEP that were found potentially suit-
able for the testing. The list is given in Table XII.

TABLE XII. List of highly-enriched uranium (HEU) fuel bare
assemblies from the ICSBEP Handbook [17].

No. ICSBEP Label Short name Common name
1 HEU-MET-FAST-001 hmf001 Godiva
2 HEU-MET-FAST-008 hmf008 VNIIEF bare
3 HEU-MET-FAST-015 hmf015 VNIIEF UnrCy1
4 HEU-MET-FAST-065 hmf065 VNIIEF UnrCy2
5 HEU-MET-FAST-018 hmf018 VNIIEF Sphere
6 HEU-MET-FAST-051 hmf051-01 ORCEF-01
7 HEU-MET-FAST-051 hmf051-02 ORCEF-02
8 HEU-MET-FAST-051 hmf051-03 ORCEF-03
9 HEU-MET-FAST-051 hmf051-15 ORCEF-15

10 HEU-MET-FAST-051 hmf051-16 ORCEF-16
11 HEU-MET-FAST-051 hmf051-17 ORCEF-17
12 HEU-MET-FAST-100 hmf100-1 ORSphere-1
13 HEU-MET-FAST-100 hmf100-2 ORSphere-2
14 HEU-MET-FAST-080 hmf080 Caliban

Differences Δkeff between the calculated multiplica-
tion factors and the reference benchmark values in the
pcm units (parts per 100,000) are shown in Fig. 35 for
ENDF/B-VII.1 [4] and JEFF-3.2 [5] evaluations, together
with the IAEA CIELO results documented in this work.

Godiva (HEU-MET-FAST-001) is the only benchmark
from Los Alamos National Laboratory included in this ex-
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FIG. 35. (Color online) Benchmark results for highly-enriched
uranium (HEU) bare assemblies from ICSBEP benchmarks
[17]. Symbols linked by lines show the calculated Δkeff values
using different libraries.

ercise . Many libraries were tuned to Godiva and its calcu-
lated Δkeff lies somewhere in the middle of the calculated
results for all fourteen benchmarks. Godiva Δkeff is in
excellent agreement with the calculated one for the equiv-
alent Russian spherical benchmark HEU-MET-FAST-018
from VNIIEF, Sarov, Russia. It should be noted that such
level of Δkeff agreement is achieved in the libraries by final
tuning of the prompt 235U ν̄p in the 1–2 MeV region by
about 0.05%. Such tuning is not reflected in the evaluated
uncertainties and is well within the uncertainties of mea-
sured differential data (see Fig. 10). Unfortunately, the
situation is highly unsatisfactory for the remaining bench-
marks. They are all extremely sensitive to the 235U nuclear
data. The sensitivity profiles available in the NEA Data
Bank’s DICE package for the cross sections are very simi-
lar. The sensitivities to angular distributions are currently
not available for all benchmarks, so a test was performed
by a direct perturbation of the P1 elastic scattering coef-
ficient. The effect on the predicted reactivity was strong,
but practically equal for all benchmarks. Sensitivities to
higher threshold reaction cross sections are small, so the
differences in the emission spectra are not expected to
affect criticality selectively for specific benchmarks. In
short, any change in the 235U data affects all benchmarks
about equally. Therefore, it is not possible to explain large
discrepancies (well beyond quoted uncertainties and espe-
cially a large spread in the calculated Δkeff) by nuclear
data deficiencies.
An action would be appreciated by the ICSBEP cu-

rators requesting the benchmark evaluators to identify
possible reasons for such large discrepancies and to revise
benchmark specifications, quoted benchmark uncertain-
ties, or the corresponding MCNP computational models,
if needed. Particularly:

• The Russian bare cylinders and spheres HEU-
MET-FAST-008, HEU-MET-FAST-015, HEU-
MET-FAST-065, and HEU-MET-FAST-018 show a
spread of more than 500 pcm with a bias to a lower
reactivity using exactly the same nuclear data as
the benchmarks mentioned above that showed good
agreement. Therefore, HEU-MET-FAST-008, HEU-
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MET-FAST-015, HEU-MET-FAST-065 benchmark
specifications or computational models require
attention if we assume that HEU-MET-FAST-001
and HEU-MET-FAST-018 are acceptable.

• The Oak Ridge cylinders HEU-MET-FAST-051
have a relatively small spread, but they are calcu-
lated lower compared to Godiva (HEU-MET-FAST-
001) by about 250 pcm. The HEU-MET-FAST-051
suite actually includes 17 cases. Since they all show
similar trends, only six are included in the analysis.
Some of them show unreasonably small uncertain-
ties. On the other hand, the Oak Ridge sphere HEU-
MET-FAST-100 cases are high when compared to
Godiva by about 200 pcm. Overall, the Oak Ridge
benchmarks also have a spread of nearly 500 pcm.
Therefore, these ORNL’s benchmark specifications
or computational models may require some atten-
tion.

• The French Caliban cylindrical assembly HEU-
MET-FAST-080 is by far the highest, differing by
nearly 1000 pcm from the average. A quick review
of the input model and the benchmark specifica-
tions (O. Cabellos, Private communication, Decem-
ber 2016) reveals that the fissile material mass cal-
culated from the volumes and the densities is 0.5%
higher than specified in the benchmark description.
This would account for about 400 pcm, which would
still leave a discrepancy of about 500 pcm. There-
fore, it is our opinion that this benchmark needs a
complete review.

From the above it seems necessary to assess the unrec-
ognized systematic uncertainty of 235U benchmarks. Such
approach may lead to additional benchmark uncertainties,
which could be important for those cases with unreason-
able low-declared uncertainties.

The reactivity prediction of the current 235U evaluation
has been slightly tuned (by less than ±50 pcm compared
to the original Young least-squares adjustment [65]) to
match the benchmark reactivity value of Godiva, which
is somewhere in the middle of predicted reactivities of all
benchmarks. This seems to counteract the nubar adjust-
ment made in the ENDF/B-VII.1 library, but unfortu-
nately precise details of that adjustment are not available.
Assuming that Godiva is representative of the highly en-
riched bare assemblies, we think that the present 235U eval-
uation represents the best knowledge of the nuclear prop-
erties of 235U in the fast energy range in terms of integral
performance as well as in terms of measured differential
data, consistent with the 235U(n,f) standards cross sec-
tions [14].

B. Other Selected Fast Assemblies Containing
235U and 238U

A short list of fast-neutron benchmarks was selected,
which are traditionally used to test the performance of

uranium nuclear data including both 235U and 238U iso-
topes. The IAEA CIELO 235U evaluated data file was
complemented by the IAEA CIELO evaluated 238U file
[69, 175, 176] for this exercise. All other relevant isotopes
(mainly 234U) were kept fixed to the ENDF/B-VIII.0 eval-
uations [139]. The benchmark list is given in Table XIII
and includes different types of fast assemblies with re-
gard to fuel material, reflectors, enrichment and spectral
characteristics. From our experience, these benchmarks
are considered to be fairly reliable, since they have been
analyzed by many authors and reported in a variety of
publications. We also included Godiva (HEU-MET-FAST-
001) results as a reference.

TABLE XIII. List of main benchmarks for 235U and 238U data
validation.

No. ICSBEP label Short name Common name
1 HEU-MET-FAST-001 hmf001 Godiva
2 HEU-MET-FAST-028 hmf028 Flattop-25
3 IEU-MET-FAST-007 imf007d Big Ten(d)
4 IEU-MET-FAST-001 imf001-001 Jemima-1
5 IEU-MET-FAST-001 imf001-002 Jemima-2
6 IEU-MET-FAST-001 imf001-003 Jemima-3
7 IEU-MET-FAST-001 imf001-004 Jemima-4

The calculated Δkeff is plotted in Fig. 36 as a function
of parameter Eα, which is defined as the energy of the
average neutron lethargy causing fission. Eα works as a
spectral parameter, weighted by the fission cross section at
a given energy, and is easily retrievable from MCNP out-
puts. From independent studies we know that the softest
neutron spectrum in this list corresponds to the Big Ten
assembly which is very sensitive to neutron energies from
10 keV to 50 keV. On the other end, the hardest neutron
spectrum corresponds to the Godiva assembly which is
very sensitive to neutron energies above 100 keV with a
mean neutron energy around 700 keV. The Flattop-25
and Jemima assemblies are between those two extreme
cases.
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FIG. 36. (Color online) Selected fast 235U cores with 238U con-
tents from ICSBEP benchmarks [17]. Symbols show the cal-
culated values using different libraries; lines show the derived
trends for Δkeff as a function of Eα.
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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 affecting 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 Δkeff vs Eα 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 effect 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 different neutron cross section li-
braries were performed: ENDF/B-VII.1, IAEA CIELO
β4, and IAEA CIELO β5 (adopted as the final IAEA
CIELO evaluation). The difference between the IAEA
CIELO versions is that in the β5 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 β4 library. Deviations between measure-
ments and calculations can be observed; among different
evaluations the IAEA CIELO β5 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 (β5) 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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VIII. CONCLUSIONS

New evaluations of neutron-induced reactions on
235U and 238U up to 30 MeV incident energy range have
been produced under the IAEA coordination within the
CIELO project [1–3]. Theory based calculations - per-
formed with the code EMPIRE–3.2 Malta - combined
with the latest experimental data for the capture channel,
with newly measured and evaluated PFNS, and with non-
model evaluation of experimental data from the Neutron
Standards, accurately reproduce both differential and in-
tegral measured data. This was possible by improving the
reaction modelling, by using the latest nuclear structure in-
formation provided by experiments and microscopic stud-
ies, by using the newest and more accurate experimental
differential data, and by constraining model parameters
using the feedback from criticality calculations of care-
fully selected benchmark experiments. These aspects are
of great importance for the ongoing international projects
dedicated to the nuclear data development and nuclear
data evaluation.
The present IAEA CIELO 235U and 238U evaluated

data files represent an excellent starting point towards a
significantly improved evaluated data for major uranium
isotopes. These evaluated files have been adopted by the
ENDF project to become part of the new ENDF/B-VIII.0
library [139].
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