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1 Neutron Reaction Covariances

The covariance session ran three big, distinctive initiatives for this library release cycle: since the last
release of the library:

• A concerted effort was made to deliver covariances for ENDF/B-VIII.1 earlier in the β-release
phase than previously to allow for more stringent verification and validation. Also, CSEWG
member institutions stood up new codes for better testing of covariances.

• Templates of expected measurement uncertainties were developed to aid evaluators and experi-
menters in estimating or providing more complete experimental uncertainties.

• A discussion and vote was held on whether CSEWG wants to provide a library of formally
adjusted nuclear data mean values and covariances.

1.1 Improved Testing of Nuclear Data Covariances

It was discussed at WANDA2020 [RBB+20] that some issues were found by community and users in
ENDF/B-VIII.0 covariances after their release. It was mentioned that one issue in testing ENDF/B-
VIII.0 covariances was that they were provided by evaluators too late in the β-release phases that
insufficient time for thorough testing was available.

Therefore, the executive committee requested that first nuclear data covariances should already
be delivered for ENDF/B-VIII.1β1 in February 2023—about half a year earlier than was the case for
ENDF/B-VIII.0. This additional time allowed for more stringent testing with LANL’s ENDFtk [HCMG20]
and CovVal codes [Neu22], and ORNL’s AMPX code [DW16] during the release phases. The LLNL
covariance testing employed a combination of NJOY [MMB+17], empy tools from EMPIRE [HCC+07],
and x4i [Bro].

The following verification and validation tests were performed on covariances:

1. Is the formatting correct and can the data be processed by codes such as NJOY and AMPX [MMB+17,
DW16]?,

2. Are mathematical properties satisfied?

3. Are physics properties satisfied?

On item 2., we tested for symmetry, positive semi-definiteness, and if correlations were within ± 1,
and all covariance constraints. The checks for semi-definiteness and correlations often implicitly test for
the same thing–negative eigenvalues. Differences between the checks arise since different energy ranges
are emphasized in each of the tests (absolute covariances versus relative covariances, and correlations).
For example, a negative eigenvalue found in the relative covariances at energies where the associated
cross section is very small will not be very significant in the absolute covariances. The covariance
constraint tests check whether the zero-sum rule for MF=35 data is enforced [END12]. A related
constraint (though not explicitly documented in [END12]) is whether the total MF=33 covariances are
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Figure 1: 235U(n,f) ν uncertainties for ENDF/B-VIII.1β1 are compared to standard, 252Cf(sf) νtot,
uncertainties.

a sum of the partials covariances. For instance, MF=31, MT= 456 (covariances for the average prompt
fission neutron multiplicity, ν ) for 239Pu failed for ENDF/B-VIII.1β1 the test for positive definiteness.
This covariance matrix was assembled from several pieces from three different institutes and a mistake
had happened in the non-trivial assembly. This issue was found through testing for positive semi-
definiteness as it led to medium-sized negative eigenvalues. It was corrected for ENDF/B-VIII.1β2.

On item 3., we test whether uncertainties are within reasonable limits, (e.g., no >100% uncertainties
for mu-bar), uncertainties are larger than standard uncertainties of reaction most experimental data
used to evaluate the observable are usually measured relative to, and uncertainties are realistic com-
pared to template uncertainties [Neu21a, Smi21, NLMea23, LNCea23, Mat20, VHHea23, NDHea23,
NCCea23, Mea23, Mat21, NST+20, NHT+18]. Also, the previous covariance session chair, D.L. Smith
provided in Table 1 of Ref. [Smi21](repeated in Table I of Ref. [Neu21a]) reasonable lower bounds for
evaluated uncertainties of specific nuclear data observables. Another test was employing upper and
lower bounds obtained from the “Physical Uncertainty Bounds” [NWVS20] method for fission cross-
section, PFNS and ν uncertainties to cross-check whether evaluated uncertainties are realistic. While
testing mathematical properties is often unambiguous in that the mathematical property is either sat-
isfied or not, the tests of item 3. are less clear-cut but aim to provide some clues that uncertainties
are either over or underestimated. It is then the job of the evaluator to judge, after being pointed to
potential issues by these clues, whether uncertainties are indeed unrealistic given the evaluation input.
One example is given with Fig. 1 that drew attention to the fact that ENDF/B-VIII.1β1 235U(n,f) ν
uncertainties were smaller than the current standard, 252Cf(sf) νtot, uncertainties from approximately
1–100 keV. This uncertainty lower than the standard is implausible as many ν experimental data
are measured relative to 252Cf(sf) νtot and few data sets are available in that energy range. In fact,
235U(n,f) ν covariances were updated for thermal, resonance, and fast ranges but were carried over
unchanged from ENDF/B-VIII.0 for 1–100 keV. However, the previous, much lower, 252Cf(sf) νtot

were applied for ENDF/B-VIII.0 235U(n,f) ν covariances and it was missed to update the 1–100 keV
range for ENDF/B-VIII.1β1 with the new standard uncertainties. This issue is being resolved for
ENDF/B-VIII.1β2.

Additionally, visual comparisons were made between cross section confidence bands and EXFOR-
data uncertainties [ODS+14], primarily looking for unjustifiably small or large uncertainties. For in-
stance, 234U(n,f) cross-section uncertainties improved significantly from ENDF/B-VIII.0 to ENDF/B-
VIII.1β1: the evaluated uncertainties at 2 MeV incident neutron energy represent now better the
existing experimental data. 234U(n,n’) cross-section uncertainties, on the other hand, were found to
have a smaller uncertainty at 4 MeV than any of the major actinides despite an absence of data as can
be seen from Fig. 2. Figure 3 shows a comparison of 234U cross section uncertainties for ENDF/B-VIII.0
and ENDF/B-VIII.1β1.

Finally, the covariances provided in ENDF/B-VIII.1β1 were processed through AMPX and com-
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Figure 2: 234U cross-section uncertainties for ENDF/B-VIII.1β1 are compared to EXFOR data to
assess whether the uncertainties are reasonable given the spread in the experimental data.

Figure 3: 234U cross-section uncertainties for ENDF/B-VIII.0 and ENDF/B-VIII.1β1.
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# Cases 〈C/E〉 〈Exp. Unc.〉 St. Dev.(C/E) VIII.0 σ VIII.1 σ
HMF 50 1.00002 193 467 979 950
HST 52 0.999 494 615 652 792
IMF 13 1.00132 269 362 1027 1003
LCT 140 0.99874 195 162 603 737
LST 19 0.9992 318 283 824 944
MCT 49 0.99244 400 313 973 758
MST 10 0.99177 452 384 1323 1019
PMF 12 0.99902 207 133 1022 1038
PST 81 0.99927 497 429 1344 937

Table 1: Average simulated uncertainties, σ, on keff values of ICSBEP due to ENDF/B-VIII.0 and
ENDF/B-VIII.1 covariances. All values except for # cases are in pcm.

bined with the SCALE 6.2 covariance library for any nuclides with no covariance data to generate a
complete library for testing. This combined library was used to determine the estimated uncertainty
in keff propagated from the nuclear data covariances for benchmarks in the VALID library maintained
at ORNL [MR13] and for spent fuel in a hypothetical storage cask [Wag01]. The majority of the data-
induced uncertainty in these systems comes from the major actinides, but the spent fuel system allows
for testing the covariance data changes in major fission product nuclides typically credited in spent
nuclear fuel (SNF) storage and transportation applications licensed by the US Nuclear Regulatory
Commission [Bea20]. The results of the data-induced uncertainty for the benchmarks are summa-
rized below in Table 1. The standard deviation of the C/E values within each benchmark category
is compared to the average data-induced uncertainty using the SCALE covariance library based on
ENDF/B-VIII.0 and the equivalent library based on ENDF/B-VIII.1 covariance data. In all 9 cate-
gories, including different uranium enrichments, plutonium, fast spectrum benchmarks, and thermal
spectrum systems, the observed variability is significantly lower than the predicted variation based on
the nuclear data covariance. The ENDF/B-VIII.1-based data has significantly lower overpredictions
compared to the ENDF/B-VIII.0 data for thermal spectrum Pu-fueled systems. The overall uncer-
tainty in these systems is reduced by 20–30%, with the change being driven by significant reductions in
the 239Pu PFNS, fission, and (n,γ) cross sections. The (n,γ) uncertainty dropped approximately 95%,
which maybe require further evaluation in future releases. Unfortunately, the data-induced uncertainty
increased for thermal spectrum U-fueled systems. This change was driven by increased uncertainty
in 235U ν. The reduction in 239Pu uncertainty and increase in 235U uncertainty for thermal systems
will induce a shift in similarity metrics such as ck for thermal SNF storage systems. Ck values will be
increased for LEU experiments and reduced for mixed systems. Most major fission product evaluations
remained unchanged, though 103Rh uncertainty increased almost 30%. This represents the k eff uncer-
tainty from 103Rh increasing from 21 pcm to 27 pcm in PWR fuel with a burnup of 40 GWd/MTU,
so it is only a minor impact.

1.2 Templates of Expected Measurement Uncertainties

Templates of expected measurement uncertainties were established in Refs. [NLMea23, LNCea23,
Mat20, VHHea23, NDHea23, NCCea23, Mea23, Mat21]. This effort was started after fission cross
section templates [NST+20, NHT+18] and initial versions of total and capture templates were dis-
cussed at the fall CSEWG meeting of 2018. In spring 2019, a mini-CSEWG on that topic was held
and the scope was extended to encompass prompt fission neutron spectra, average prompt and total
fission neutron multiplicities, charged-particle cross sections, (n,xn) cross sections, and fission yield.

These provide listings of expected uncertainties for a specific measurement type related to one
nuclear-data observables. For instance, transmission for total cross sections or absolute liquid-scintillator
measurements for the average prompt fission neutron multiplicity. These listings can be used by ex-
perimenters as a check-list before the release of their data, or by evaluators to counter-check whether
all pertinent uncertainties were provided for experiments chosen for their evaluation input database.
Also, recommended values of many uncertainty sources are provided based on literature, EXFOR en-
tries, and expert judgment from experimenters. These uncertainty values can be used as a last resort
if they are not provided for a past experiments. These uncertainty values should only be used for
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evaluations in the absence of other information to estimate the uncertainty source. Estimates of corre-
lation coefficient between uncertainties of the same and different experiments for evaluation purposes
are also given. The long-term goal of these templates is to provide better experimental uncertainties
for evaluation purposes, be it either that experimenters use them as check-lists to provide data, or
by evaluators to fill in missing uncertainties for their evaluation database. Ultimately, having bet-
ter quantified experimental uncertainties for evaluation purpose will lead to more realistic evaluated
uncertainties for nuclear data libraries.

1.3 Decision Process of CSEWG to not Provide Mathematically Adjusted
Libraries for ENDF/B-VIII.1

Meeting records as far back as to the eighties of the last century show that CSEWG regularly had
discussions on whether evaluated mean values and covariances should be formallyadjusted by the
CSEWG community to trusted integral data. Formally adjusted means in this context that nuclear
data mean values and covariances are updated with integral mean values and uncertainties via a
mathematical algorithm such as generalized least squares. So far, this step has not been undertaken,
but been left for the application user to do with integral experiments of their choice. However, ENDF/B
nuclear data libraries do use information coming from integral data.

For instance, ENDF/B-VIII.0 nuclear data mean values were partially tweaked by hand or favor-
ably selected to reproduce keff values of selected ICBSEP critical assemblies [ICS19], LLNL pulsed
spheres [WAB+72], reaction rates, etc. [BCC+18]. Such changes were undertaken by computing inte-
gral data first with nuclear data obtained without integral information. Then a limited set of nuclear
data, usually one or two observables, were changed by hand until one reached the desired agreement
with integral data. Examples of such changes were documented for the thermal 239Pu prompt fis-
sion neutron spectrum or for the 235U average prompt fission neutron multiplicity in the resonance
range [BCC+18]. Such changes are usually undertaken within the bounds of differential experimental
data. In formal adjustment procedures, on the contrary, usually all nuclear data that are sensitive to
the particular integral data are adjusted simultaneously.

Another important difference of by-hand tweaking and formal adjustment is that in the former case
ENDF/B covariances remain unchanged. This leads to seemingly over-predicted keff uncertainties when
one forward-propagates nuclear data covariances to simulated keff bounds and compares them to the
spread in calculated over experimental keff values C/E [RBB+20]. As a consequence, some users don’t
use ENDF/B covariances because this tweaking renders covariances inconsistent with mean values.

It should also be mentioned that many of these changes and choices on nuclear data are not fully
documented and neither are the benchmarks used for this by-hand tweaking and the reasoning for
the choices. This lack of documentation also constitutes a problem for some user communities as it is
unclear which keff benchmarks can be used for formal adjustment [RBB+20] while others are already
incorporated in ENDF/B data. Of course, many of these tweaks are baked into ENDF/B libraries
since generations of scientists. Removing them means re-doing major parts of ENDF/B.

Given this situation and frequent criticism by users [RBB+20], discussions on whether CSEWG
should provide one true general-purpose library (i.e., without by-hand tweaking), and additional ad-
justed nuclear data libraries using formal mathematical algorithms came up regularly at CSEWG
meetings. To reach a decision for what to do for ENDF/B-VIII.1, a vote on two questions regarding
adjustment was held on August 19, 2021 at a mini-CSEWG session. These questions were:

1. Should CSEWG provide adjusted mean values and covariances in addition to our tweaked
(general-purpose) library?

2. Should CSEWG provide tools or link to tools for adjustment on the NNDC homepage to help
users do their own adjustment?

47 out of 55 participants cast a vote. Out of these, 68% voted against CSEWG providing adjusted
mean values and covariances for ENDF/B-VIII.1. Instead, CSEWG will provide one general-purpose
library with mean values tuned by hand to reproduce selected integral responses, while covariances
remain unchanged. It is up to the users to do their own adjustment. A slim majority (51%) voted in
favor to work towards providing links to tools for adjustment on the NNDC homepage.

Before the vote, the session was structured to enable participants to make an informed decision
on these questions. There was a summary talk by the covariance session chair (D. Neudecker) from
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a non-binding email survey on these questions within the covariance session before mini-CSEWG.
This was followed by talks on currently in the U.S. available adjustment tools such as SCALE and
Whisper [RWJ+11, BRA17]. Then, NNDC staff highlighted that they currently do not have the
capabilities and bandwidth to store those adjusted libraries. Then two talks, one in favor and one
opposed to adjustment, were provided, followed by a 20-minutes discussion and then the vote.

Concerns from people opposed and in favor of adjustment were documented in Ref. [Neu21b]. In
general, many people showed interest in learning about potential weaknesses in adjustment results.
However, a common concern in the discussion was that there are no tools applicable to integral re-
sponses catering to many subject areas, and that CSEWG is not yet ready to put out, and vet several
adjusted libraries. Given these concerns, the following recommendations were given for the future:

• Results from adjustment and tool development should be discussed in the covariance session. The
aim is to give recommendations to user how adjustment could be done and warn them about
potential caveats. Also, evaluators could learn from adjustment results where nuclear data could
be improved.

• If possible, evaluators should document some of their by-hand tweaks in ENDF/B-VIII.1 nuclear
data along with the integral experiments used,

• Work should be undertaken in the future with the validation session to agree on what bench-
marks/integral responses we use for tweaking. Integral responses used for tweaking should be
carefully vetted.

2 235U

2.1 (n,f) Prompt Fission Neutron Spectrum

The 235U PFNS at thermal energies was carried over from ENDF/B-VIII.0. PFNS at all other energies
were re-evaluated as described in Ref. [NK22]. This evaluation builds on PFNS work included in
ENDF/B-VIII.0 and documented in detail in Ref. [NTK+18]. The main difference is the inclusion of
final high-precision 235U PFNS measured by the Chi-Nu team of LANL and LLNL [KGD+22]. For
ENDF/B-VIII.0, preliminary Chi-Nu PFNS were included for PFNS above incident neutron energies,
Einc, of 5 MeV; these preliminary data were only going up to outgoing neutron energies, Eout, of
2 MeV. Now, the final Chi-Nu data are included for Einc = 2–10 MeV and up to Eout of 10 MeV.
Previously available data sets were measured at a limited incident neutron energy range or had larger
uncertainties.

The new evaluated PFNS shown in Figs. 4 (top) follow closely ENDF/B-VIII.0 for Einc < 6 MeV
except for a small decrease of the PFNS for Eout > 7 MeV which reflects Chi-Nu data’s shape. This
decrease leads to a modest reduction of Godiva, Flattop and BigTen keff values by 52(11), 40(13) and
31(13) pcm [NK22].
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Figure 4: Experimental and evaluated 235U PFNS for Einc=1.5 (top) and 14 MeV (bottom).

The changes from ENDF/B-VIIII.0 at higher Einc are more pronounced as can be seen in the mean
energy of the PFNS (Fig. 5) and individual PFNS (Fig. 4, bottom). The distinct change around Einc

of 14 MeV led to improvements in predicting 235U LLNL pulsed sphere neutron leakage spectra in the
valley after the peak, Figs. 10 and 11 in Ref. [NK22], and sown in Fig. 23.
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Figure 5: Evaluated 239Pu PFNS mean energy.

Einc δ〈E〉 (keV)
Thermal 10
0.5–5 24
5–7 57
7–12 39
12–30 43

Table 2: The mean energy uncertainties, δ〈E〉, for the 235U PFNS are listed per incident-neutron
energy, Einc.

Evaluated PFNS covariances are provided for five Einc bins. Their mean energy uncertainties, δ〈E〉,
are lowest in Table 2 at thermal and from 0.5–5 MeV, where most experimental data are available. In
the Einc bin spanning 0.5–5 MeV, the low uncertainties are driven by Chi-Nu (Kelly) and Lestone data
at 1.5 MeV [KGD+22, LS14]. In fact, the too low uncertainties resulting from an evaluation with the
Los Alamos model were increased to match Lestone uncertainties from Eout = 5–8 MeV which have
the lowest 235U PFNS uncertainties (Fig. 6).
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Figure 6: Evaluated 235U PFNS uncertainties for Einc=0.5–5 MeV.

2.2 (n,f) Fission ν

The neutron-induced average prompt fission neutron multiplicity, ν, for 235U was re-evaluated from
scratch for ENDF/B-VIII.0 [NLT21, LNT22]. Uncertainties for all experimental data were re-evaluated
in detail using the literature of data sets as well as templates of expected ν measurement uncertain-
ties [NCCea23]. It was unclear what data were used for the previous evaluation, but all data currently
in EXFOR were re-vistited. Also, similar to the 239Pu ν evaluation, the CGMF fission-event genera-
tor [TSJ+21] was used as model to evaluate ν. Including that model into the evaluation made it possible
to employ evaluated model parameters to compute other fission quantities such as yields as a function
of mass, the average total kinetic energy of fission fragments, etc. It was shown in Ref. [LNT22] that
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most of these predicted fission quantities agree well with experimental data except for the PFNS—a
known model deficiency that is being investigated. This combined new information led to changes from
ENDF/B-VIII.0 (Fig. 7)—on the order of 0.5% up to 5 MeV. The changed ν resulted originally in an
increase in Godiva keff by 114(10) pcm. However, ν was tweaked from 2.5–5.5 MeV where the model
stiffness led to a departure from the evaluation with only experimental data [LNT22]. The tweaked ν
changes Godiva keff by 31(10) pcm.
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The ENDF/B-VIII.1 evaluated uncertainties in Fig. 8 are distinctly larger above 80 keV due to the
increased 252Cf(sf) standards uncertainties (0.42%). The correlation matrix is strongly correlated due
to the full correlation stemming from the dominant 252Cf(sf) standards uncertainties. It is likely that
this uncertainty will be revisited.
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Figure 8: Evaluated 235U ν correlation matrix.
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3 238U

3.1 (n,f) Fission ν

4 239Pu

4.1 (n,f) Prompt Fission Neutron Spectrum

The 239Pu PFNS at thermal energies
PFNS at all other energies were re-evaluated as described in Ref. [NLK+23, NKM22] and builds

on PFNS work included in ENDF/B-VIII.0 [NTK+18]. The main difference is the inclusion of high-
precision 239Pu PFNS measured by the CEA and Chi-Nu teams [KDO+20, KMT+21, MTL+20] at
Lestone data at Einc=2 MeV [LS14]. The evaluated PFNS differ distinctly at all incident-neutron
energies from ENDF/B-VIII.0 as can be seen in the change of mean energy in Fig. 9. However, in
changing distinctly they follow more closely the new experimental data sets as can be seen for Einc=1.5
and 14 MeV in Fig. 10.
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Figure 9: Evaluated 239Pu PFNS mean energy.
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Figure 10: Experimental and evaluated 239Pu PFNS for Einc=1.5 (top) and 14 MeV (bottom).

This distinct change in the PFNS led to a significant decrease in Jezbel and Flattop-Pu keff values
by 128(1) and 114(1) pcm [NLK+23, NKM22]. It was counter-balanced by other changes in 239Pu,
such as in the average prompt fission neutron multiplicity. The changes in the prediction of the Pu
LLNL pulsed-sphere neutron-leakage spectra were modest [NLK+23, NKM22].

Evaluated PFNS covariances are provided for seven Einc bins. Their mean energy uncertainties,
δ〈E〉, are lowest in Table 3 at thermal and from 0.75–3 MeV, where most experimental data are
available. In the Einc bin spanning 0.75–3 MeV (Fig. 11) , the low uncertainties are driven by Marini,
Chi-Nu (Kelly) and Lestone data at 1.5 MeV [KDO+20, KMT+21, MTL+20, LS14].
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Einc δ〈E〉 (keV)
Thermal 16
0.25–0.75 37
0.75–3 15
3–5 33
5–6.5 33
6.5–13 34
13–30 40

Table 3: The mean energy uncertainties, δ〈E〉, for the 239Pu PFNS are listed per incident-neutron
energy, Einc.

10 5 10 4 10 3 10 2 10 1 100 101

Outgoing Neutron Energy (MeV)

100

101

102

Re
la

tiv
e 

Un
ce

rta
in

ty
 (%

)

239Pu, Einc=0.75-3 MeV

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

Figure 11: Evaluated 239Pu PFNS uncertainties for Einc=0.75–3 MeV.

4.2 (n,f) Fission ν

The neutron-induced average prompt fission neutron multiplicity, ν, for 239Pu was re-evaluated from
scratch for ENDF/B-VIII.0 [NLK+23, NLT21]. Uncertainties for all experimental data were re-
evaluated in detail using the literature of data sets as well as templates of expected ν measurement
uncertainties [NCCea23]. Also, the very recent high-precision data by Marini et al. [MTN+21] were in-
cluded in the new evaluation. Also, for the very first time, the CGMF fission-event generator [TSJ+21]
was used as model to evaluate ν. Including that model into the evaluation made it possible to employ
evaluated model parameters to compute other fission quantities such as yields as a function of mass,
the average total kinetic energy of fission fragments, etc. It was shown in Ref. [NLK+23] that most
of these predicted fission quantities agree well with experimental data except for the PFNS—a known
model deficiency that is being investigated. This combined new information led to distinct changes
from ENDF/B-VIII.0 in Fig. 12. The changed ν resulted in an increase in Jezebel keff by 139(1) pcm
that was counter-balanced by the new 239Pu PFNS.

The ENDF/B-VIII.1 evaluated uncertainties in Fig. 13 are larger from 80 keV to approximately 2
MeV due to the increased 252Cf(sf) standards uncertainties (0.42%), and smaller below 2 MeV due to
Marini et al. high-precision data. The correlation matrix in Fig. 14 is strongly correlated due to the
full correlation stemming from the dominant 252Cf(sf) standards uncertainties. It is likely that this
uncertainty will be revisited.

4.3 (n,f) Fission Cross Section

For ENDF/B-VIII.0, neutron-induced fission cross sections for 239Pu were reported by the Neutron
Data Standards committee [CPC+18] with covariances enlarged by a fully-correlated USU (unrec-
ognized sources of uncertainties [CBC+20]) component. This USU uncertainty should account for
known but missing uncertainty sources and correlations in the input to the evaluation as well as un-
known uncertainties. While the latter can only be assessed by the spread of data among experiments
employing different measurement techniques, the former were tackled by creating templates of ex-
pected fission cross-section uncertainties and applying them to 239Pu(n,f) cross-section data in the
database [NST+20, NHT+18]. In addition to that, fissionTPC 238U/235U and 239Pu/235U [SAB+21]
neutron induced fission cross-section shape ratios were included into the evaluation [NPS21]. The final
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Figure 12: Experimental and evaluated 239Pu ν.

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0.1  1  10

239Pu(n,f) -νp 

R
e
la
tiv
e

 U
n
c
e
rt
a
in
ty
(%
)

Incident Neutron Energy (MeV)

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

Figure 13: Evaluated 239Pu ν correlation matrix.

Figure 14: Evaluated 239Pu ν correlation matrix.

239Pu(n,f) cross section cross section implemented in ENDF/B-VIII.1 was presented in Ref. [NLK+23]
and is compared to fissionTPC data in Fig. 15 as a ratio to 235U(n,f) cross sections. Inclusion of
the high-precision fissionTPC data reduced the cross section above 10 MeV. In this energy region,
discrepant data sets led to questions on the shape of the cross section [CPC+18]; potential biases were
suspected in quantifying the detector efficiency, especially, the effect of angular distribution on the
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efficiency. FissionTPC data were measured with a time-projection chamber, another type of fission
detector than the discrepant data used. This detector has a more fine-grained view of the angular
distribution of fission fragments [SAB+21]. Hence, these new data lead to more trust in the new shape
of the fission cross section at higher incident-neutron energies.
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Figure 15: Evaluated 239Pu/235U cross section ratios compared to selected experimental data.

Finally, work was done to update the USU uncertainty component to have energy-dependent corre-
lations rather than being fully correlated. This work was necessary as adjustment with the 239Pu(n,f)
ENDF/B-VIII.0 covariances with respect to Pu LLNL pulsed-spheres neutron-leakage spectra resulted
in adjusting the fission cross sections with a nearly constant percentage factor down to a few 100
keV [NGA+23]. However, nearly the same percentage adjustments down to a few 100 keV is un-
realistic as the Pu pulsed sphere is mostly sensitive to these data from 12–15 MeV [NCC+21] and
multiple-chance fission effects should weaken the impact of adjustment considerably below 5 MeV.

5 Validation with LLNL Pulsed Spheres

LLNL pulsed-spheres neutron-leakage spectra provide neutron spectra over time of flight pulsed by
a 14-MeV neutron source in the center of the sphere [WAB+72]. They allow us to validate nuclear
data from 15 MeV down to several MeV dependent on the thickness and the level scheme of the nuclei
at hand [NCC+21, ACC+22]. Below validation results with ENDF/B-VIII.0 and ENDF/B-VIII.1β1
are given. Also, hints are provided how predictions of neutron-leakage spectra can be improved by
nuclear-data changes based on sensitivity profiles computed as part of the LANL EUCLID LDRD-DR
project [NCC+21, ACC+22].

6Li LLNL pulsed-sphere neutron-leakage spectra change distinctly in Fig. 16 when simulated with
ENDF/B-VIII.0 and ENDF/B-VIII.1β1. The spheres are thin (0.5 mean free path and 1.6 mean free
path); so little multiple scattering of neutrons will happen and most neutrons will be induced in the
sphere by the incident-neutron beam with energies of 12–15 MeV. In this energy range, one major
change happened for the 6Li(n,n’)dα cross sections; the reaction was changed from the laboratory to
the center-of-mass-frame. system. To be clear, both evaluations are leading to large biases in simulating
pulsed-sphere spectra. While the new evaluation get closer at later times, it produces structures in
the simulated data close to the peak that are not supported by experimental data. One could study
changing MF = {3, 4} MT=53 for better predicting 6Li LLNL pulsed-sphere neutron-leakage spectra.

The 9Be LLNL pulsed-sphere neutron-leakage spectra in Fig. 17 are described worse around the
elastic peak with ENDF/B-VIII.1β1 compared to ENDF/B-VIII.0. One should, however, keep in mind
that the pulsed spheres are not formal benchmarks and they are more uncertain than keff values. All
spheres are less in size than one mean free path. Thus, one should investigate nuclear data for incident-
neutron energies of 12–15 MeV to increase the predictive power of 9Be nuclear data for simulating 9Be
pulsed spheres. One could investigate (n,2n) cross sections and angular distributions, elastic angular
distributions, or the new (n,inl) cross sections and angular distribution. The latter likely only have a
small effect on the simulation of 9Be pulsed spheres.

There are only small changes observed in the simulations of pulsed spheres containing 16O to a
non-negligible amount (Light water in Fig. 20, “pure” 16O and heavy water in Fig. 19 and concrete in
Fig. 18) if one uses ENDF/B-VIII.0 and ENDF/B-VIII.1β1 nuclear data. If one would like to improve
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Figure 16: LLNL pulsed-sphere neutron-leakage spectra simulated with ENDF/B-VIII.0 and ENDF/B-
VIII.1β1 for 6Li compared to experimental data.
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Figure 17: LLNL pulsed-sphere neutron-leakage spectra simulated with ENDF/B-VIII.0 and ENDF/B-
VIII.1β1 for 8Be compared to experimental data.

agreement of simulations right after the peak, one could investigate MF=4, MT2, and MF={3, 4},
MT=52, as these 16O observables matter most in the simulations of the spheres shown.

Small improvements can be observed in simulations of Teflon LLNL pulsed-sphere neutron-leakage
spectra in Fig. 21 if ENDF/B-VIII.1β1 nuclear data are used. The overall agreement is poor which
could be either due to carbon or 19F nuclear data given the fact that the predictions of carbon pulsed
spheres is also poor. If one would like to try to improve predictions of Teflon pulsed-sphere spectra
via 19F nuclear data, one could investigate MF=4, MT2 and MF={3, 4}, MT=51,55 nuclear data.

The updates in Fe ENDF/B-VIII.1β1 nuclear data compared to ENF/B-VIII.0 led to only small
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Figure 18: LLNL pulsed-sphere neutron-leakage spectra simulated with ENDF/B-VIII.0 and ENDF/B-
VIII.1β1 for concrete compared to experimental data.

changes in the simulated Fe LLNL pulsed-sphere neutron-leakage spectra. It can be seen in Fig. 22
that the changes are a bit larger for thicker spheres than thinner ones. The thicker the sphere, the more
multiple scattering of neutrons happens and one uses lower-energy nuclear data (4–10 MeV) for the
spectra’s simulations. Hence, changes inelastic data (MF={3, 4, 6}) is likely an important contributor
to differences in simulated spectra. If one would like to improve agreement between simulations and
experiments at later times, one could investigate at MF=6, MT=91 iron nuclear data.

The 235U LLNL pulsed-sphere neutron-leakage spectra in Fig. 23 are noticeably better described
with ENDF/B-VIII.1β1 data than ENDF/B-VIII.0 in the valley after the elastic peak. This improved
agreement has already been observed for ENDF/B-VIII.1β0. It was attributed to the new 235U PFNS
evaluation that changed significantly from 12–15 MeV due to inclusion of high-precision Chi-Nu ex-
perimental data [NK22].

Large changes can be observed for 239Pu LLNL pulsed-sphere neutron-leakage spectra in Fig. 24
among predictions using four different evaluations:

• ENDF/B-VIII.0,

• ENDF/B-VIII.1β0 from the INDEN project,

• A LANL Oct. 2022 file,

• ENDF/B-VIII.1β1 that includes (n,2n) and (n,gamma) reaction cross sections from the INDEN
ENDF/B-VIII.1β0 file, but also (n,inl) and (n,el) cross sections from the LANL October 2022
file. The fission-source term is the same across all files except ENDF/B-VIII.0.

The main difference between the INDEN and ENDF/B-VIII.1β1 simulation is caused by LANL’s file
(n,inl) and (n,el) cross sections and angular distributions. INDEN performs better, but the pulsed
spheres are not accurate enough to make a firm enough statement which nuclear data is closer to
truth.

Negligible changes were observed between 7Li, 12,13C, Pb and 238U LLNL pulsed-sphere neutron-
leakage spectra simulated with ENDF/B-VIII.0 and ENDF/B-VIII.1β1 despite changes in the nuclear
data.
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Figure 19: LLNL pulsed-sphere neutron-leakage spectra simulated with ENDF/B-VIII.0 and ENDF/B-
VIII.1β1 for 16O and heavy water compared to experimental data.
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Figure 20: LLNL pulsed-sphere neutron-leakage spectra simulated with ENDF/B-VIII.0 and ENDF/B-
VIII.1β1 for light water compared to experimental data.
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Figure 21: LLNL pulsed-sphere neutron-leakage spectra simulated with ENDF/B-VIII.0 and ENDF/B-
VIII.1β1 for teflon compared to experimental data.
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Figure 22: LLNL pulsed-sphere neutron-leakage spectra simulated with ENDF/B-VIII.0 and ENDF/B-
VIII.1β1 for teflon compared to experimental data.
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Figure 23: LLNL pulsed-sphere neutron-leakage spectra simulated with ENDF/B-VIII.0 and ENDF/B-
VIII.1β1 for 235U compared to experimental data.
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Figure 24: LLNL pulsed-sphere neutron-leakage spectra simulated with ENDF/B-VIII.0 and ENDF/B-
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