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Templates of expected measurement uncertainties 
provide: 
• Listing of expected unc. for a specific measurement type: This can be used 

by experimentalists as a check-list before the release of their data, or by 
evaluators to counter-check whether all pertinent uncertainties were 
provided for various experiments.

• Recommended values of uncertainties if they are not provided for an 
experiments. These unc. values can be used for evaluations if they cannot 
be otherwise estimated.

• Estimates of correlation coefficient between unc. of the same and different 
experiments for evaluation purposes.

This effort was started in May 2019 by the CSEWG covariance and experiment 
sessions. It is expected to be finished in a few months.
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(n,tot) and (n,g) templates are in their last review 
stage. Lead: A. Lewis.Templates of Expected . . . D. Neudecker et al.

TABLE I. Uncertainty template for total cross-section measurements. The values are relative uncertainties on the parameter,
and given in percent. The important uncertainties that cannot be estimated as easily are counting statistics, uncertainty
on neutron-energy resolution, uncertainty in the room return correction (�) and other background neutrons (�

1

, �
2

, ⇣), the
resolution function and on FT .

Uncertainty source TOF Mono-energetic

Background (K) > 3 –

In-scattering correction – 20

Target-number density (metal) 0.1–1 0.1–1

Target-number density (powder) 2–5 2–5

Target-number density (liquid) 2–5 2–5

Flux normalization (NT ) < 1 –

TABLE II. Correlation template for total cross-section measurements. These are the correlations between di↵erent energy
points in the same experiment.

Uncertainty source TOF Mono-energetic

Counting statistics Uncorrelated Uncorrelated

Neutron-energy resolution Gaussian Strongly correlated

Resolution function Gaussian –

Background (K) Fully correlated –

Background (Calculated or measured) Strongly correlated –

In-scattering – Strongly correlated

Room return (�) – Fully correlated

Other background (�1, �2, ⇣) – Gaussian

Target-isotope-number density Fully correlated Fully correlated

Flux normalization (NT ) Fully correlated Uncorrelated

Fluctuation correction (FT ) Gaussian –

or scattered in the target walls can be assumed to have
a Gaussian-shaped correlation, as the energy of the in-
cident deuteron (or other charged particle) a↵ects this
background.

K, the systematic uncertainty in the background for
TOF measurements, will be correlated between experi-
ments using the same method and functional forms. Since
most experiments use the same functional form, Eq. (2),
it is likely that this uncertainty is at least weakly cor-
related between most experiments. Stronger correlations
can be assumed for experiments using the same saturated
resonances.

For mono-energetic neutron-source measurements, the
in-scattering correction uncertainties will be highly cor-
related between measurements of the same isotope, due

to the nuclear data used in the calculation of the correc-
tion. The other backgrounds (�, �1, �2, ⇣) will be highly
correlated if the geometry and materials in the neutron
source and/or facility are similar.
e. Sample Characteristics The uncertainty on the

number density of the sample can be estimated based
on the physical form of the sample. For example, metal
samples tend to have lower uncertainties on number den-
sity than powder or liquid. Additional caution must be
taken with powder samples, which can have an unknown
amount of moisture. The hydrogen in the absorbed water
can have a large impact on the transmission and a correc-
tion must be made for this with powder samples. This un-
certainty is fully correlated between neutron-energy data
points.
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points.
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TABLE III. Uncertainty template for resonance-region measurements using the “Total Absorption Spectroscopy” (TAS) and
“Total Energy Detection” (TED) methods. The values given are relative uncertainties on the parameter, and are all in percents.
The template uncertainties that cannot be estimated this way are: counting statistics, uncertainty on neutron energy and
resolution, nuclear-data uncertainty, impurity corrections, the multiple-scattering correction in the URR and the normalization-
standard cross-section uncertainty.

Uncertainty source TAS TED

Flux normalization (N�) 0.3 0.3

E�ciency (same isotope or validated) 2 2

E�ciency (other) �3 �3

Fit background (k� or B) 3 3

Target isotope number/density (metal) 0.1–1 0.1–1

Target isotope number/density (powder) 2–5 2–5

Target isotope number/density (liquid) 2–5 2–5

Sample composition (stable, common isotope) 0.1–0.3 0.1–0.3

Sample composition (radioactive, common isotope) 1–2 1–2

typically several percent themselves. If an AP neutron
source is used with a neutron-production reaction such
as 7Li(n,p)7Be, the uncertainty in the flux can be below
1%. The uncertainty is based on the counting statistics
of the activated charged particle, the decay intensity and
the e�ciency of the detector used. If the reaction prod-
uct is also measured by its decay gammas, the ratio of
gamma e�ciencies is all that is necessary, leading to un-
certainties that can be as small as 0.5% in the most ideal
cases. If all three uncertainty sources are not known, 1–
3% is recommended. If the reaction product is measured
by beta or alpha emission, the uncertainty should be at
least as large as the estimated gamma-detector e�ciency
at the appropriate energy. For thermal measurements,
there should be a correction for epithermal neutrons or
the use of a “thermal-equivalent” flux. This correction
increases the otherwise low flux uncertainty that can be
obtained at high-flux, static neutron sources like reactors,
and 2–5% is appropriate. A lower uncertainty can be esti-
mated if it is clearly stated that the epithermal correction
(and therefore uncertainty) was negligible. The correla-
tions between flux values is recommended to be treated
as Gaussian in neutron energy. If the information is avail-
able, the relative statistical uncertainties on the flux can
help to determine the strength of the correlation.

The flux uncertainties are strongly correlated between
experiments at the same facility, unless it is clear that dif-
ferent methods of flux characterization were used for the
two measurements. If reference materials were used to
determine the flux in both cases, the similar method and
equipment will impart a moderate correlation. For exper-
iments performed at di↵erent facilities, similar methods
will lead to weak correlations. The flux values can be as-
sumed to be uncorrelated for facilities with di↵erent neu-

tron sources and di↵erent methods of characterization.
d. E�ciency The detector e�ciency depends on the

type of detector and the energy of the measured par-
ticles or gammas. For gamma detectors, the absolute
e�ciency can be measured with calibration sources and
solid-angle calculations. For measurements of gammas
between 200 keV and 2.6MeV, typical uncertainty val-
ues are between 1 and 3%, and 2% is given in the tem-
plate. Above 2.6MeV, few commonly available calibra-
tion sources exist, and the calibration is either done with
standards created in-house, simulations, or by extrapolat-
ing from the lower energy standards. Uncertainty values
that are below 5% should be justified, and the uncertainty
analysis described. If no uncertainty value is given, or the
gamma-energy regions are not distinguished, a 5% uncer-
tainty is recommended in this region. Below 200 keV, the
intrinsic e�ciency of a typical HPGe detector turns over.
If the experiment includes calibration sources that can
constrain the turn and the lower energy portion, then
2% may be reasonable. However, if not enough infor-
mation is given to confirm this, a 4% uncertainty is rec-
ommended. If coincidence-summing corrections are men-
tioned or information about the setup indicates that cor-
rections should have been performed, a larger uncertainty
should be used for the e�ciency. Coincidence summing
can have a large e↵ect, or can be negligible, so the evalu-
ator is encouraged to use their knowledge of the reaction
being measured to estimate an uncertainty. For charged-
particle detectors, the absolute e�ciency uncertainty is
based on how well the solid angle is known, and the mag-
nitude of the correction for the lower level discriminator
(LLD). Unless there are specific issues with the LLD, an
e�ciency uncertainty of 1–2% is reasonable. If no infor-
mation is given, 2% is recommended. The correlations
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TABLE IV. Uncertainty template for thermal- and fast-region capture cross sections measured by “Partial Gamma” (PG),
“Activation Analysis” (AA) and “Accelerated Mass Spectrometry” (AMS). The values are relative uncertainties, given in
percent, on the parameter. The template uncertainties that cannot be estimated this way are: counting statistics and nuclear
data. Uncertainties that are typically negligible (but should be noted) are geometry corrections, background fitting, timing and
decay data. Uncertainties that are not applicable to the measurement method are denoted with “—”.

Uncertainty source PG AA AMS

Neutron energy 1 1 1

Neutron flux (reference reaction) 2-5 2-5 2-5

Neutron flux (AP) 1-3 1-3 1-3

Neutron flux (direct) � 3 � 3 � 3

Gamma detector e�ciency (<0.2 MeV ) 4 4 4

Gamma detector e�ciency (0.2 - 2.6 MeV) 2 2 2

Gamma detector e�ciency (>2.6 MeV) 5 5 5

Charged-particle detector e�ciency — 2 —

Multiple-scattering correction (thick, well-known) 2-5 2-5 2-5

Multiple-scattering correction (thick, not well-known) 5-20 5-20 5-20

Target isotope number/density (metal) 0.1 - 1 0.1 - 1 —

Target isotope number/density (powder) 2-5 2-5 —

Target isotope number/density (liquid) 2-5 2-5 —

Sample composition (stable, common isotope) 0.1 - 0.3 0.1 - 0.3 0.1 - 0.3

Sample composition (radioactive, common isotope) 1-2 1-2 1-2

Sample composition (rare isotope) — — 3-5

AMS current — — 1

AMS “reproducibility” — — 1-3

TABLE V. Recommended correlation shapes for the uncertainties in TAS and TED measurements. These correlations are
between data points within a single experiment. Nuclear-data correlations should be taken from, or based on, the reference.

Uncertainty source TAS TED

Counting statistics Uncorrelated Uncorrelated

Neutron energy Gaussian Gaussian

Neutron flux Gaussian Gaussian

E�ciency Gaussian Gaussian

Multiple scattering in URR (F�) Gaussian Gaussian

Background Gaussian Gaussian

Target isotope number/density Fully Fully

Sample composition Fully Fully
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Currently being re-worked according to co-authors comments.
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PFNS and nu-bar templates are in their last 
review stage. Lead: D. Neudecker
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TABLE VII. Typical uncertainty sources encountered in PFNS measurements are listed dependent on their specific measurement
type. Also, estimates of typical uncertainty ranges are provided in case this information cannot be derived otherwise for
uncertainty-quantification purposes.

Unc. source Shape (%) Clean-ratio shape (%) Ratio-calibration shape (%)

�c Must be provided Must be provided (�cs & �cm) Must be provided (�cs & �cm)

�b 0.2–3 0.2–2 0.2-3 for both

�m 1–20 (not corrected) 0.1–5 (not corrected) 1–20 (not corrected, both)

0.1–3 (corrected) 0–0.8 (corrected) 1–3 (corrected, both)

�" 2–7 (e�ciency) Cancels Unc. in determining �m

0–10 (response not folded) - 0-10 both (response not folded)

�a 0.1 0.1 0.1

�⌧ 0.1 0.1 0.1 for both

Nuclear data 0.1–5 (simulations) 0–0.5 (simulations) 0.1–5 both (simulations)

- From libraries (reference) From libraries (reference)

�t 2.5 ns 2.5 ns both 2.5 ns both

�L 2 mm 2 mm both 2 mm both

�! Impurity-level dependent Both samples Both samples

TABLE VIII. Typical uncertainty sources encountered in PFNS measurements are tabulated with special emphasis on shapes
of correlations.

Unc. source Cor(Expi,Expi) Cor(Expi, Expj) i 6= j

�c Diagonal None

�b Gaussian Facility and method dependent

�m Gaussian anti-correlated Facility and method

around 2T dependent

�" Gaussian Depends on " determination

�a Gaussian Gaussian

�⌧ Full 0

Nuclear data From libraries From libraries

�t From TOF ! Eout transformation 0

�L From TOF ! Eout transformation 0

�! Dependent on shape di↵erence between main and impurity PFNS Sample/ method dependent

rected but �m is missing, �m could be estimated to be
10–20% of the correction factor which is given here with
0.1–3% for shape data. As the shapes changes with Einc,
so does m. However, these di↵erences are secondary ef-
fects leading to no incident-neutron dependent template
values.

In clean-ratio shape measurements, m reduces to the
di↵erent response of �s compared to �m to this e↵ect.
If �s and �m are very similar, m and, hence, �m can

become small [169, 170, 190]. If �s and �m di↵er signifi-
cantly, a systematic bias can amount to a value of a few
per-cent [190]. If this systematic error is not corrected
for �m would assume this value. This is, for instance,
the case for a PFNS measured with incident neutrons
of an energy right at the second-chance-fission threshold
as a ratio to the 252Cf(sf) spectrum. The 252Cf spec-
trum is smooth, while clear structure in PFN spectra
at the second chance fission thresholds have been ob-
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TABLE X. Typical uncertainty sources encountered in absolute and ratio liquid-scintillator measurements of ⌫p and ⌫t are
listed along with realistic ranges of estimates if none are provided for a particular measurement. Also, o↵-diagonal correlation
coe�cients for each uncertainty source (for the same and di↵erent experiments) are roughly estimated.

Unc. source Absolute (%) Ratio (%) Cor(Expi,Expi) Cor(Expi,Expj)

�c Must be provided Must be provided (�c & �cm ) Diagonal None

�cDG 0.1 0.12% Full Full

�b 0.15 0.5% Gaussian 0.2 for same n source

0 otherwise

�cff - 0.22% (high ↵-activity sample) Gaussian 0.2

- 0.15% (low ↵-activity sample)

�cFE 0.1% - Gaussian 0.2

�! see Table XII see Table XII 0.9 0.9 (same method & isotope)

0.1 (di↵erent isotope)

�⌧ 0.1% 0.08% Full Low (⇠ 0.2)

�"� & �"c 0.2 N/A Gaussian Gaussian

�� 0.23 0.16% Gaussian Full (same Einc)

0.5% (2nd-chance fission) Gaussian (di↵erent Einc)

�Ln 0.2 N/A Full 0.5

�a N/A (isotropic) 0.01–0.3% 0.8–1.0 0.6

0.5% at 2nd c.f. and > 10 MeV

�⌫m N/A From libraries/reference Full Full

�d N/A (point source) 0.1%–0.3% Full 0.8–0.9 (not corrected)

�ds/m N/A 0.05 % Full None

�Einc - Estimate from similar facilities Full in Einc space 0

at the same Einc

Refs. [266, 269, 273, 280, 281, 284] spanning from 0.08–
3.5% with a median of 0.5% that is suggested as a value
for �b if nothing else is known about the measurement.
A Gaussian correlation is suggested for �b across the
same experiment given that b is often measured. Zero
correlation is suggested for �b across experiments unless
the same neutron-beam type was used (common second-
energy groups). In this case, a correlation of 0.2 is sug-
gested.

The delayed and incident-beam neutrons can also
lead to b for absolute liquid-scintillator experiments
which might be surprising as most of them are mea-
suring spontaneously-fissioning sources. Even then, the
neutron-detector e�ciency is often measured with a neu-
tron beam [257, 268]. In these two experiments, a com-
bination of shielding and filters reduced this background
and measurements with random gates quantified b. The
size of b is often reduced as a triple coincidence (fission
fragments in the fission detector, prompt-fission �s in the

scintillator and fission neutrons in a proton-recoil detec-
tor) is used to open the gate. In addition to these above-
mentioned contributions to b, the proton-recoil back-
ground may need to be quantified [256]. Asplund-Nilsson
et al. addressed this background by pulse-shape discrim-
ination [276]. Uncertainties of 0.1–0.2% are mentioned
in Ref. [256], where we adopt the mean due to lack of
statistics.

No b needs to be corrected for in Mn-bath measure-
ments of 252Cf(sf) ⌫t as no neutron beam is used for these
measurements and there is no need to correct for delayed
neutrons. However, if this technique is used for neutron-
induced measurements of ⌫p, these uncertainty sources
should be considered.

d. False-fission Uncertainties False-fission uncer-
tainties, �cff , are related to a random-coincidence back-
ground in ratio and absolute liquid-scintillator measure-
ments that leads to an incorrect opening of the neutron-
counting gate. As no gate is opened in Mn-bath measure-
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Multiplicity 

Special thanks to: Chi-Nu, A. Carlson,  
P. Marini, J. Taieb
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(n,xn) template by J. Vanhoy and R.C. Haight 
in last review stage.
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MeV, the residual nucleus formed after binary emission
may contain so much excitation energy that the presence
of further fast particles inside the nucleus becomes possi-
ble. These can be imagined as strongly excited particle-
hole pairs resulting from the first binary interaction with
the projectile. The residual system is then clearly non-
equilibrated and the excited particle that is high in the
continuum may, in addition to the first emitted particle,
also be emitted on a short time scale. This so-called mul-
tiple pre-equilibrium emission forms an alternative theo-
retical picture of the classical intra-nuclear cascade pro-
cess.

The above models generally described (n,xn) reactions
well. The subtleties are often found in parameter vari-
ation. It depends on the optical-model, level-density
and pre-equilibrium parameters how the multiple emis-
sion channels compete which each other, and whether,
e.g., the (n,3n) channel rises faster with incident energy
at the expense of the (n,2n) channel.

For evaluations of (n,2n), (n,3n), etc., the cross-section
is needed at energies from its threshold (the neutron-
removal energy) up to energies when each cross section
becomes small again. The values somewhat above thresh-
old, and also at the energy giving the maximum cross
section, should be the ones measured most accurately, in
order to fix competitive channels. Evaluations are best
defined by a clear understanding of the number of neu-
trons being emitted (2, 3, etc.). This number is most
accurately measured by distinctive gamma-decay lines
in the residual nucleus (by either prompt measurements
or delayed-chain radiochemistry), or (if stable) by mass
spectrometry after a long beam run. If the exit neutron
multiplicities are not measured, then the reaction will be
taken as an (n,X) neutron production measurement that
is still useful to evaluators as it will be fit by the sum
of (n,n’), (n,2n), (n,3n). The sum conveys valuable in-
formation especially when there are competitive fission
channels to be determined.

Most of the exit neutrons in these reactions come
from compound-nucleus emission, so their energy and
almost-isotropic angular distributions are well-predicted
by Hauser-Feshbach models. The first emitted neutron,
however, if from pre-equilibrium mechanisms, is more
forward peaked and higher in energy than for the later
neutrons, so it would be very useful for evaluators if
those di↵erent distributions could be experimentally mea-
sured. There are unfortunately very few groups per-
forming neutron-production double-di↵erential (with re-
spect to outgoing energy and angle) cross-section mea-

surements. Only five new EXFOR entries have been
added in the past five years for double-di↵erential (n,xn)
measurements.

The sources of uncertainties listed in Table IX should
be provided as input for an evaluation. It would be
helpful to know how incident neutrons were produced
(neutron-producing reaction, accelerator type, etc.) and
monitored. Details on the sample, geometry, detectors
and monitors used in a measurement should be stored
along with a description of corrections undertaken to re-
port the final data. This information can aid evaluators
in understanding possible shortcomings in the data and
maybe even correct data to a very limited extent.

C. Template

The following items should be discussed in a
manuscript:

• Accelerator type and timing-spread concerns,

• Neutron-production technique,

• How the neutron production was monitored,

• The scattering sample,

• Geometric e↵ects,

• Techniques used to address attenuation and multi-
ple scattering,

• Reference cross sections,

• Detector e�ciency,

• Methods used to extract yields from spectra.

For each of these items, typical experimental details
along with representative uncertainty values are briefly
summarized in Table IX, separated out for monoenergic-
neutron-beam and white-source facilities. Some of the
items are explicitly treated in uncertainty and covariance
analyses, while others influence the quality of the data
but are not easily quantified. Concise discussions of the
various items follow the table, where uncertainty values
are given in the table. These uncertainty values were esti-
mated based on the expertise of experimenters executing
such measurements throughout the years, templates of
other observables and the literature cited in this section.

TABLE IX: Typical uncertainty sources encountered in (n,xn) measure-
ments at monoenergetic and white-neutron-source (WNS) facilities are
listed with estimates of typical uncertainty ranges.

Unc. source Monoenergetic WNS

Timing-spread concerns

Accelerator-beam-pulse width < 1 ns < 1 ns

Spread induced by neutron-production target ⇠ 1 ns ⇠ 1 ns
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Spread due to sample size << 1 ns << 1 ns

Spread due to n/�-transit time through detector 30–200 ns 30–200 ns

Response time due to detector size ⇠ 1 ns ⇠ 1 ns

Response time due to amplification stages ⇠ 1 ns ⇠ 1 ns

Digitization times ⇠ 1 ns ⇠ 1 ns

Deadtimes Varies Varies

Neutron-production target

Overall (need full descrip. includ. cooling) 1% ⇠ 1%

Neutron-flux monitoring

Fission chambers: deposit thickn. & uniform. ⇠ 1% (see [2]) ⇠ 1% (see [2])

Fission chambers: �U (n,f) ⇠ 1% (see [6]) ⇠ 1% (see [6])

Long counters 1–2%

Liquid scintillators (For mono.) 1% N/A

Scintillators (e.g., Li-glass) N/A < 1%

Sample

Isotopic enrichment ⇠ 1% ⇠ 1%

Contaminants / Secondary contents ⇠ 1% ⇠ 1%

Chemical/Mechanical form and shape ⇠ 1% ⇠ 1%

Mass <<1% <<1%

Material uniformity ⇠ 1% ⇠ 1%

Dimensional measurements 0.3% 0.3%

Geometric e↵ects

Source-sample geometry << 1% << 1%

Sample-detector geometry ⇠ 2% ⇠ 2%

Detector size & positioning ⇠ 2% ⇠ 2%

Incident-neutron energy spread 7Li(p,n) ⇠ 1%, 3H(p,n) 2–5%, << 1%
2H(d,n) 2–6%

Attenuation & multiple scattering

Method used to perform corrections <5% <5%

n� (number density ⇥ cross section) 0.3% 0.3%

MC unc. (statistics & methods) ⇠ 1% ⇠ 1%

Atomic data unc. ⇠ 1% ⇠ 1%

Nuclear data unc. Varies Varies

Standard or reference cross sections

1H(n,n), 56Fe(n,n’�) (jitter), 48Ti(n,n’�) from nuclear- from nuclear-
7Li(n,n’�), 12C(n,n), 235U(n,f), 252Cf (sf) data libraries data libraries

Detector e�ciency (neutrons)

Scintillators, via direct-measurement methods ⇠ 3% ⇠ 3%

Scintillators, via simulations ⇠ 3% ⇠ 3%

Detector e�ciency (� rays)

Scintillators & HPGe ses Table IV see Table IV

Ability to extract yields from spectra

49
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FY (lead E. Matthews) and (x,cp) (“lead” D. 
Neudecker) in progress.

• FY: see separate talk by Eric Matthews.
• (x,cp): thanks to A.D. Carlson, R.C. Haight, M. Paris, D. Smith for their help 

to start this. I welcome any further help on this.
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The templates are already being used in the field:

• It was discussed during the last Neutron Data Standards meeting that 
the templates will be used for counter-checking whether all pertinent 
uncertainties are considered for data in GMA and, if necessary, filling in 
missing uncertainties → see talk by R. Capote in covariance session.

• Used for PFNS and nu-bar evaluations of 239Pu shown by D. 
Neudecker in the evaluation session. 

• Will be used as input for NEA WPEC SG-50 on developing an 
automatically readable, comprehensive and curated experimental 
reaction database starting from EXFOR:
§ to formulate what uncertainty sources should be stored in the 

database,
§ flag missing uncertainty sources for data exported from EXFOR into 

the database,
§ fill in missing uncertainty source for subjective corrections in the 

database.
→ see talk by A. Lewis in covariance session.
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Summary:
• The template effort is well underway. The journal publication will be 

finished before spring. Once the templates are submitted, they will be 
published on the NNDC homepage for use by the community.

• The templates are already being used for various evaluation efforts 
(standards, LANL evaluations, etc.) and will be used for SG-50 to 
identify which uncertainty sources should be stored in the SG50 
experimental database derived from EXFOR, to flag missing 
uncertainties in past measurements and to add these missing 
uncertainties back into the subjective layer of the database. 

Thank you for your attention!

We gratefully acknowledge the support of the Advanced Simulation and 
Computing (ASC) program at Los Alamos National Laboratory. 


