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Abstract

Careful experimental uncertainty quantification (UQ) is key for developing trustworthy evaluated nuclear data. Templates to account for missing or under-reported experimental uncertainties were recently developed by the covariance committee of Cross Section Evaluation Working Group (CSEWG). In this work, we illustrate the practical application and limitations of these templates for selected neutron-induced reactions, including (n, tot), (n, γ), and (n, xn) in the fast energy range, to illustrate their use in data analyses for nuclear data evaluations. We show that while the templates provide consistent framework, proper implementation still requires detailed knowledge of experimental conditions and careful treatment of nonlinear effects in cross section derivation. Case studies highlight how template-assisted UQ improves consistency with previous evaluations such as ENDF/B and reveals open challenges in propagating uncertainties across different energy regimes. The main contribution of this paper is to connect formal template recommendations with their use in practical evaluation workflows, clarifying both their benefits and current limitations.


1. Introduction
In the last few decades, there have been significant efforts worldwide in the nuclear data community to provide trustworthy covariance matrices associated with evaluated nuclear data to the users [1, 2]. Since the accuracy and precision of the evaluated nuclear data are dependent on the input experimental data and their associated covariance matrices, proper quantification of the uncertainties and covariances is imperative. These covariance matrices not only provide bounds to the values of the evaluated data, but also provide weights to the individual datasets that influence the evaluation. Missing or under reported uncertainties could provide false confidence in the experimental data, and mis-characterization of the experimental correlation could lead to inaccurate evaluation [3]. As a part of such an effort to provide reliable nuclear data, the covariance committee of CSEWG (Cross Section Evaluation Working Group), a collaboration that releases the U.S. ENDF/B nuclear data libraries, has published templates [4] of expected uncertainties and correlations in measured quantities for neutron-induced total cross sections [5], neutron-induced capture and charged-particle cross sections [6], [image: Mathematical equation: $ \mathrm{(n, xn)} $] reaction cross sections [7], prompt fission neutron spectra (PFNS) [8], and average prompt and total fission neutron multiplicities [9]. The templates serve to provide recommendations for experimentalists to report all pertinent uncertainties and for data evaluators to estimate missing uncertainty sources.
Although these recommended templates serve as a good starting point and guideline for experimental uncertainty quantification (UQ), the process of curating experimental data, in practice, is strongly dependent on the quality of the experimental information supplied by the experimentalists. The use of these templates alone does not guarantee proper treatment of the uncertainties in the absence of basic understanding of the experimental setup, measurement type, underlying physics, uncertainty sources, sensitivities associated with those uncertainty sources, whether or not the assumptions made in the template recommendations are applicable for a specific scenario, etc. For example, the templates for total cross section measurements provide uncertainty recommendations with respect to the uncertainty source parameters as opposed to the total cross section; therefore, an additional step is required to propagate the individual sources of uncertainties to the observable of interest. The non-linear relationship between the derived total cross section with the measured transmission data and sources of error poses an additional complication in the propagation of error in the absence of adequate information about the experimental setup/sample.
Another example requiring careful attention to the assumptions in template-based uncertainty recommendations is the propagation of energy resolution uncertainty from measurements to cross sections. Cross sections exhibit distinct behavior across energy regimes: smooth variation in the fast region, rapid fluctuations in the resolved resonance region (RRR), and broader and statistically averaged fluctuations in the unresolved resonance region (URR). These regions are not defined by fixed energy boundaries and vary by isotope due to differences in nuclear structure and level density. Evaluated nuclear data libraries often combine cross sections modeled using fundamentally different theoretical approaches in each regime: for example, R-matrix formalism in the RRR  [10, 11] and Hauser-Feshbach statistical models [12–14] in the fast region. Consequently, experimental datasets that span multiple regimes may involve correlations across physically and theoretically distinct regions. Currently, no standard method exists to consistently propagate uncertainties or correlations across these regimes, making such treatments evaluator-dependent and sensitive to methodological choices [15].
While previous work have demonstrated the impact of applying templates for experimental UQ of fission observables [4, 16], specific examples have not yet been shown for [image: Mathematical equation: $ \mathrm{(n, tot)} $], [image: Mathematical equation: $ \mathrm (n, \gamma ) $]  and [image: Mathematical equation: $ \mathrm{(n, xn)} $] cross sections, which is the focus of this paper. We examine the applicability, limitations, and open questions surrounding the template-based UQ in nuclear data, supported by selected examples. These include detailed discussion of the sensitivities in connection to the propagation of template recommended uncertainties for [image: Mathematical equation: $ \mathrm{(n, tot)} $] cross section, an illustration of template-assisted UQ using [image: Mathematical equation: $ \mathrm {^{51}}V $]
[image: Mathematical equation: $ \mathrm{(n, el)} $] experimental data, a demonstration of potential issues when applying templates to data in the EXFOR database [17] using [image: Mathematical equation: $ \mathrm {^{239}}Pu $]
[image: Mathematical equation: $ \mathrm{(n, tot)} $] experimental data, and a discussion on energy resolution effects and correlation treatment across energy ranges using using [image: Mathematical equation: $ \mathrm {^{239}}Pu $]
[image: Mathematical equation: $ \mathrm (n, \gamma ) $] data. The structure of the paper is as follows. Section 2 outlines the observables, template recommendations, and associated uncertainties; Section 3 details the methodology; Section 4 presents example applications and discussion; and Section 5 provides conclusion. Additionally, Appendix contains lists of historical datasets on which experimental UQ was performed, following guidelines outlined in the templates.
2. Observables and uncertainty characterization
2.1. Total cross section
Experiments providing total cross sections are typically derived from transmission measurements by measuring the attenuation of neutrons through a sample of known properties [18]. The intensity, I, of the neutron beam follows the exponential attenuation law,
[image: Mathematical equation: $$ \begin{aligned} I = I_0 e^{-n \sigma _{tot}}, \end{aligned} $$](1)

where, I
0 is the original/un-attenuated beam intensity, σ

tot
 is the total cross section, and n is the target areal mass density expressed in the units of atoms/barns. The transmission, T
th, as a function of incident neutron energy is given by,
[image: Mathematical equation: $$ \begin{aligned} T_{\rm th} (E)= \mathrm{exp}^{\mathrm{-n} \sigma _{tot} (E)}. \end{aligned} $$](2)

T is equation 1 for attenuated neutron beam through the sample to the un-attenuated neutron beam in a separate sample-out measurement. Transmission as a function of time t measured as;
[image: Mathematical equation: $$ \begin{aligned} T(t) = e^{-n \sigma _{tot}} = N \frac{{C_{in}} - B_{in}}{{C_{out}} - B_{out}} \frac{{C_{in}(t)} - B_{in}(t)}{{C_{out}(t)} - B_{out}(t)}, \end{aligned} $$](3)

where, N is the flux-normalization factor, C is the signal count, and B is the background correction. Subscripts in and out refer to the measured quantities in sample-in and sample-out measurements. The experimental and theoretical transmissions are related through additional corrections, such as the facility response function.
2.1.1. Uncertainty sources and template recommendations
The template for [image: Mathematical equation: $ \mathrm{(n, tot)} $] in reference [5] provides uncertainty recommendations for the following sources: (a) δn arising from the determination of the target areal mass density, (b) δN from the normalization of the neutron flux (not relevant for monoenergetic measurements), and (c) δB from various contributions to the background. The recommended type of correlation for (a)–(c) are fully-positive correlation. The template breaks down the background uncertainty in various components depending on whether it is a time of flight (TOF) or a monoenergetic measurement. In practice, however, background uncertainty values are seldom reported separately for different sources. δB is very rarely broken into a time dependent and a time independent component; but if this is the case, the time-dependent component is recommended to be best characterized by a Gaussian correlation matrix. Additionally, (d) δF uncertainty related to optional self-shielding [19] correction, (e) δc uncertainty related to the neutron counts (which are measured separately for sample-in and -out scenarios in Eq. (3)), and (f) δE uncertainty related to the incoming neutron energy determination or resolution are also recommended. Since differential cross sections are often measured as a function of incoming neutron energy, accurate knowledge of the neutron energy is critical for proper interpretation of experimental results. Neutron energy is typically determined using time-of-flight or reaction kinematics, both of which introduce energy-dependent uncertainties. Although the values for δE are not provided in the templates due to the expected large variability from one experiment to another, if adequate information on the facility and experiment are provided, this can be supplemented with expert judgment. The recommended correlation for these (d)–(f) sources are fully correlated, uncorrelated, and strong Gaussian correlation, respectively.
2.1.2. Sensitivities
To properly propagate uncertainties from each individual source to the final observable, the sensitivity of the cross section to the uncertainty component must be applied at both correlated energy points. The sensitivity coefficient, S

k, σ

tot

, quantifies the fractional change in the reported total uncertainty σ

tot
 due to a fractional change in the uncertainty contribution from source k, and is defined as,
[image: Mathematical equation: $$ \begin{aligned} S_{k, \sigma _{tot}} = \frac{k}{\sigma _{tot}} \frac{\partial \sigma _{tot}}{\partial k}\cdot \end{aligned} $$](4)

This first-order sensitivity treatment linearizes the relationship between the derived cross section and the underlying experimental parameters. In the fast-neutron region, where cross sections vary smoothly and the experimental resolution function is narrow relative to the energy scale of variation, this linear approximation is sufficient. In regions with strong resonances or significant Doppler broadening, the mapping between measured quantities and derived cross sections becomes highly nonlinear, and a full forward model, including convolution with the instrument resolution function, would be required before computing sensitivities.
Accordingly, the covariance matrix element between E

i
 and E

j
 becomes,
[image: Mathematical equation: $$ \begin{aligned} Cov(E_i, E_j)_{k, \sigma _{tot}}&=S_{k, \sigma _{\text{ tot}}}(E_i) \cdot \delta k(E_i) \cdot Cor(E_i, E_j)_{k, \sigma _{\text{ tot}}} \cdot \end{aligned} $$](5)

[image: Mathematical equation: $$ \begin{aligned}&\quad S_{k, \sigma _{\text{ tot}}}(E_j) \cdot \delta k (E_j) \end{aligned} $$](6)

[image: Mathematical equation: $$ \begin{aligned}&= {\delta \tilde{k}}(E_i) \cdot Cor(E_i, E_j)_{k, \sigma _{\text{ tot}}} \cdot \delta \tilde{k}(E_j) \end{aligned} $$](7)

 where, Cor(E

i
, E

j
)
k, σ

tot

 is the corresponding element in the correlation matrix and δk is the uncertainty associated with the parameter k. For simplicity, the uncertainty and sensitivity terms can be combined into a quantity represented as [image: Mathematical equation: $ \delta \tilde{k} $]. Based on equation (3), the sensitivities for n and N are 1 and 1/(nσ

tot
) respectively. The uncertainty related to B is often not reported separately for in and out scenarios. In the limit where the background to the total yield ratio is small, the sensitivity related to B approaches X/(nσ

tot
), where X is background fraction, defined as the ratio of background counts to the total measured counts. During the experimental UQ, the partial uncertainties [image: Mathematical equation: $ \delta N $] and [image: Mathematical equation: $ \delta B $] can be combined with their sensitivities as,
[image: Mathematical equation: $$ \begin{aligned} \delta \tilde{N} = \frac{\delta N}{(n \sigma _{tot})}, \end{aligned} $$](8)

and
[image: Mathematical equation: $$ \begin{aligned} \delta \tilde{b} = X \frac{\delta B}{(n \sigma _{tot})}\cdot \end{aligned} $$](9)

[image: Mathematical equation: $ \delta \tilde{N} $] and [image: Mathematical equation: $ \delta \tilde{b} $] can be applied to the respective correlation matrices to obtain the corresponding covariance matrices as with other partial uncertainties as shown in equation (7). Note that the computation of [image: Mathematical equation: $ \delta \tilde{N} $] and [image: Mathematical equation: $ \delta \tilde{b} $] requires information about the sample areal mass density. Computation of [image: Mathematical equation: $ \delta \tilde{b} $] from equation (9) also requires further information on the magnitude of background.
2.2. Capture and elastic cross section
Although the experimental details of capture [6] and elastic cross sections [7] are quite distinct, from the point of view of application of the recommended uncertainties, there are some common relevant features between these two types of measurements. As with [image: Mathematical equation: $ \mathrm{(n, tot)} $] measurements, these cross sections can be measured with white or mono-energetic neutron sources. However, unlike in the [image: Mathematical equation: $ \mathrm{(n, tot)} $] measurements, the measured quantities, i.e., experimental counts/yields, are linearly related to the observables of interest, i.e., the [image: Mathematical equation: $ \mathrm (n, \gamma ) $] and [image: Mathematical equation: $ \mathrm{(n, xn)} $] cross sections. In case of capture cross sections, the measured yields are photon yields, while in case of [image: Mathematical equation: $ \mathrm{(n, xn)} $] measurements, the measured quantity is yield of scattered neutrons at a particular angle. In both cases, various kinds of normalization factors, such as flux-normalization (N), background corrections (B), efficiency corrections (ε) and self-shielding normalization (F), may be relevant, all of which are independent variables that relate to the cross section in a multiplicative (or additive) way. A generic form of equation for measured [image: Mathematical equation: $ \mathrm (n, \gamma ) $] or [image: Mathematical equation: $ \mathrm{(n, xn)} $] cross section, σ(n, z), is of the form,
[image: Mathematical equation: $$ \begin{aligned} \sigma (n, z) = N F \frac{(C_z - B) }{n\varepsilon }\cdot \end{aligned} $$](10)

Here, z represents the outgoing particle, which is photon for [image: Mathematical equation: $ \mathrm (n, \gamma ) $] and a neutron for [image: Mathematical equation: $ \mathrm{(n, el)} $] cross section measurements. The total cross section uncertainty can be estimated by combining the individual contributions from each variable, typically using relative uncertainties. Because of the linear structure of the measurement equation, this process does not require computation of sensitivities. As a result, uncertainties reported in the literature or the ones recommended in the templates can be applied directly to the correlation matrix as,
[image: Mathematical equation: $$ \begin{aligned} Cov(E_i, E_j)_{k} = {\delta k}(E_i) \cdot Cor(E_i, E_j)_{k} \cdot {\delta k}(E_j), \end{aligned} $$](11)

where the variables have a similar definition as in equation (7).
The elastic cross section measurement is done relative to well-known monitor/reference reactions. The capture cross section can be either an “absolute” measurement or “ratio”. Monitor/reference reactions may be used to monitor the neutron flux or to calibrate the efficiency of the experiment, where systematics due to many uncertainty sources cancel out or are simplified. In the former scenario, the monitor reaction that was used for flux-normalization is noted. However, in the latter case where the final observable is a ratio with a well-known cross section, we characterize those measurements as “absolute ratio” instead of “absolute” [16]. In the absolute ratio case, when evaluating the uncertainty of the cross section quantity, the uncertainty in the cross section of the monitor reaction needs to be propagated accordingly. Depending on what observable is reported by the experimentalists, uncertainties from monitor reactions may have already been propagated to the total uncertainty. In the example cases provided in this paper, we use latest ENDF/B-VIII.0 evaluations for monitor cross section, and, hence, substitute the experimentalists’ provided uncertainties for this source with the covariance information from ENDF files, as recommended in the template. To do so, if it is indicated that the reference cross section uncertainty is included in the total uncertainty reported in the EXFOR, we first assume that the total uncertainty includes this partial uncertainty added in quadrature and subtract it out from rest of the reported uncertainties. In some cases, even if the measurement was a “ratio” measurement, information on the reference reaction may not be available. In such case, the dataset is treated as “absolute” data.
The template recommended sources of uncertainty common for both capture [6] and elastic [7] are (a) δB, (b) δN, (c) δw, (d) δE, and (e) δc, related to the background contribution, flux-normalization, target areal density determination, sample composition, incoming neutron energy determination, and counting, respectively. Capture cross section has additional uncertainty recommendation for (f) δn related to the target areal mass density determination. Additional partial uncertainties (g) δg, (h) δa, (i) δε

n
, and (j) δy

e
 are recommended for [image: Mathematical equation: $ \mathrm{(n, xn)} $] cross section. These additional uncertainties are related to geometric effects, flux attenuation and multiple scattering, neutron detection efficiency, and yield extraction, respectively. Furthermore, for ratio measurements, (k) δR uncertainty associated to the reference reaction needs to be propagated to the total cross section uncertainty. If self-shielding effects are notable, (l) δF may also be specified. The suggested correlation matrix are fully positive correlation associated with δw, δg, and Gaussian for δa, δε

n
, δy

e
 and δF. All the other uncertainty sources defined earlier for [image: Mathematical equation: $ \mathrm{(n, tot)} $] have similar recommended correlation matrices associated with them. The covariance matrix for reference cross section is obtained from the evaluated nuclear data files similar to the mean values.
3. Methodology
We implemented the following general methodology for the UQ of the dataset provided in this paper. This can serve as a guideline for the steps to be followed by an evaluator to generate experimental covariances of the reactions discussed herein. All the work presented in this paper utilized a Python tool called ARIADNE [20], developed to provide evaluators with a consistent method for estimating detailed uncertainties and covariances in experimental data. It was originally designed for the UQ of Prompt Fission Neutron Spectra (PFNS) in the fast energy region, where cross sections exhibit relatively smooth behavior and the overall impact of effects such as Doppler broadening and detailed resolution-function folding is modest. These effects are, however, discussed in the context of total cross section measurements, where they enter the derivation of cross sections through the model connecting measured transmission data to the theoretical quantity. While the present work references such effects to maintain completeness, it does not explicitly model them, as their influence on the observables examined here is small in the fast-energy regime. The methodology has since been extended to additional observables and applied in the intermediate-energy region to explore its broader applicability. In that region, some of the simplifying assumptions used in the fast range, particularly those related to resolution treatment and cross-region correlations, become less accurate. The corresponding challenges are discussed in later sections. The current results therefore represent validated applications of the templates and propagation methods in the fast-energy region, along with a preliminary assessment of their limitations when extended toward intermediate energies.
3.1. Preparation of input data
As indicated in earlier sections, applying template-based uncertainty and correlation methods requires detailed knowledge of the experimental data, including hardware configuration, measurement methodology, applied corrections, and bibliographic references. In this work, the experimental UQ process began with a systematic review of the available data and supporting sources to identify the information necessary for constructing covariance matrices. This documentation step also ensured that corrections could be applied at a later time when required.
Often, additional sources of uncertainty not included in EXFOR entries were identified in the original publications or associated documentation. A common issue was that the total uncertainties listed in EXFOR did not match those reported in the literature, even when the authors provided a detailed breakdown of uncertainty components. The [image: Mathematical equation: $ \mathrm {^{239}}Pu $]
[image: Mathematical equation: $ \mathrm{(n, tot)} $] measurement from reference [21] is one such example. In this case, the EXFOR total uncertainty column reports values that range from approximately 1.25–2.5%, while the statistical uncertainties alone ranged from about 0.5–2.1%. The accompanying documentation further identified uncertainty contributions associated with sample properties, deadtime corrections, and self-shielding. When these documented contributions are combined in quadrature with the statistical uncertainties, the resulting total uncertainties are consistently larger across the incident-energy range. Figure 1 illustrates the impact of this conservative treatment by comparing the EXFOR-reported total uncertainties with those obtained by augmenting the statistical component using the documented systematic effects, as well as with totals derived from a more comprehensive UQ guided by the template recommendations. The latter treatment additionally incorporates effects such as flux normalization (1.2–2.5%) and energy uncertainty (0–3%), leading to visibly larger uncertainty estimates. These discrepancies suggest that certain systematic components documented by the experimentalist may not be fully reflected in EXFOR’s total uncertainty column. When the EXFOR entry lacked a clear breakdown of included uncertainty components (e.g., statistical, normalization, background), we incorporated additional systematic uncertainties based on published documentation. In such cases, a practical approach, albeit conservative, was to treat the EXFOR value as representing primarily counting uncertainty unless otherwise indicated. This enabled consistency with the more complete uncertainty descriptions available in the original sources.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Total uncertainties for 239Pu(n, tot) data from reference [21], shown using three treatments: EXFOR-reported total uncertainties (blue dots), combined uncertainties obtained by adding EXFOR statistical values and documented systematic uncertainties in quadrature (orange solid line), and total uncertainties derived from a comprehensive uncertainty quantification process aided with template recommendations (green dashed line).




This issue was not limited to a single dataset. Among the 25 datasets analyzed in this work (see Appendix), 6 reported only statistical uncertainties. Of the remaining 19 that provide systematic uncertainties, only 10 provide relatively comprehensive information on the sources of these uncertainties and information on how they are reported. For instance, EXFOR entry 10280.007 for Schmidt et al. data [22] provided several partial uncertainties, yet the total reported value was smaller than the quadrature sum of even a few of them–again suggesting that only statistical uncertainty was included. A similar pattern was seen in Foster et al. data [23], where detailed breakdowns in the original publication did not appear in the EXFOR totals.
Accordingly, the data presented in the Appendix include both partial uncertainties derived using templates and any additional components drawn from literature that were not explicitly included in EXFOR. This approach ensured that database entries were consistent with the information available in the original source documentation, even in cases where the uncertainty classifications were ambiguous or incomplete.
During the course of this work, several recurring issues were identified when applying experimental UQ templates to the datasets under study. These issues are summarized below, based on both the information available in the published literature and the specific observations made in this analysis. While some points align with previously documented challenges, others arose directly from implementation in the present study.

	
For all types of measurements, counting or statistical uncertainties were explicitly extracted from the documentation and are a required input.



	
Experimental details on energy uncertainty/resolution, time-of-flight, flight path, and related parameters were noted. When these uncertainties were not explicitly provided, information on the facility and similar experiments in the literature was used to estimate their values.



	
For (n, tot) reactions, when relevant uncertainties were not reported directly, template-based estimates for partial uncertainties related to N and B were applied using the sensitivities documented in Section 2.1.2.



	
In the case of (n, γ) and  (n, xn) reactions, information was recorded to determine whether the measurement was “absolute” or “ratio.” For ratio measurements, if the reported observable was a cross section, the reference evaluation used to derive the cross section was documented.



	
Experimental publications and EXFOR entries very rarely provided explicit correlation information. When such information was available, it sometimes differed from the default assumptions in the templates due to experiment-specific effects. For example, in the Foster et al. [23] (n, tot) dataset, the authors reported a covariance matrix for the counting statistics arising from zero-time resolution. This leads to event migration between neighboring incident-energy bins, producing correlated statistical fluctuations. As a result, adjacent energy bins are positively correlated, while correlations at larger separations are weaker and may change sign due to compensating migration effects. By contrast, the template’s default treatment considers counting uncertainties to be uncorrelated between energy bins. In this work, the origin of this discrepancy was examined and, to remain consistent with the measurement, the correlation matrix terms in Figure 2, derived from reported covariance, were used for the counting component, with the total covariance construction adjusted accordingly.





	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Correlation terms associated with the counting uncertainty for the Foster et al. [image: Mathematical equation: $ \mathrm{(n, tot)} $] cross section dataset [23]. Blue (green) show off-diagonal terms one (two) energy bins away from the diagonal.




3.2. Evaluator considerations in data use
At LANL, internal databases of experimental data with detailed uncertainty quantification (UQ) were developed to support evaluation efforts, with a focus on [image: Mathematical equation: $ \mathrm {^{51}}V $] and [image: Mathematical equation: $ \mathrm {^{239}}Pu $]. The examples presented here are drawn from those efforts. For the [image: Mathematical equation: $ \mathrm {^{51}}V $]
[image: Mathematical equation: $ \mathrm{(n, xn)} $] evaluation, no prior covariance data were available, so a set of experimental datasets was assembled and categorized based on the completeness of their uncertainty information. Some [image: Mathematical equation: $ \mathrm{(n, el)} $] measurements, such as those by Brandenberger1975 [24], Cabe1972 [25], and Towle1965 [26], only reported statistical uncertainties (e.g., counting errors) and, in some cases, energy resolution. These datasets lacked detailed treatment of systematic effects such as detector efficiency, background subtraction, and normalization. However, since the experimental setup was sufficiently described, we applied the recommended [image: Mathematical equation: $ \mathrm{(n, xn)} $] templates to estimate missing systematic uncertainties. These datasets were included in the evaluation but classified as “low fidelity” due to their limited direct uncertainty reporting. This reflects a broader challenge in evaluation work, where many historical datasets lack detailed uncertainty breakdowns and must nevertheless be utilized because of the limited availability of higher-fidelity data. In contrast, high-confidence datasets, such as Schmidt1996 [22] and Harith1976 [27], provided comprehensive uncertainty breakdowns, including both statistical and systematic components.
Despite including datasets with incomplete information, applying the template-based uncertainty quantification process allowed for the construction of more realistic covariance matrices. This approach led to evaluated cross sections with meaningful uncertainty structure and correlated behavior across energy bins. In fact, correlations introduced by propagating experimental uncertainties influenced neighboring reaction channels and energy regions, improving the physical consistency of the evaluation even where direct uncertainty data were not available [28].
In contrast, [image: Mathematical equation: $ \mathrm{(n, tot)} $] cross section datasets required more detailed knowledge of the experimental setup, particularly the sample’s areal density n, to accurately estimate certain uncertainties. Unlike reaction channels like [image: Mathematical equation: $ \mathrm{(n, xn)} $], where the measured yield is directly proportional to the cross section, transmission measurements involve an exponential relationship. As a result, the sensitivity to uncertainties in flux normalization and background subtraction is non-linear (non-unitary), and the impact of missing or inaccurate information on n can be substantial. Since sample thickness varies widely depending on the target energy range, uncertainty estimates in [image: Mathematical equation: $ \mathrm{(n, tot)} $] measurements can differ by orders of magnitude without detailed sample information. Therefore, template-based estimates were not applied when this critical information is missing. As an example, the EXFOR documentation for Smith1973 [29] data does not clearly indicate if the data provided correspond to the sample with a thickness of 1.8 cm or that with 2.0 cm, both of which were used in the experiment. When the template-recommended uncertainty of 4.0% relative to the flux-normalization value is propagated to the cross section, the mere 2 mm difference in sample thickness leads to relative percentage difference of about 10% in the uncertainty value, as shown in Figure 3.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Template recommended uncertainty of 4% on the flux-normalization, when propagated to the Smith1973 (n, tot) cross section data, and accounting for the associated sensitivities, results in different values for flux-normalization uncertainties at different sample thicknesses.




3.3. Application of template
If it was determined that the provided uncertainties and associated experimental details, such as sample properties, applied corrections, and measurement conditions, were sufficient to apply the templates, missing uncertainties were supplemented from the templates. Where applicable, sensitivities were used to propagate the recommended uncertainties for each source to the final observable of interest. For e.g., in the Foster1971 data, the sample thickness was given as 1.8 in the units of mean free path. The sensitivity associated with δN was then 1/1.8. However, in most scenarios, the sample thickness was provided either in the units of atoms/b or in other units that required conversion to atoms/b before being multiplied by the cross section in the units of b.
In the fast region, evaluations are typically performed on effective cross sections rather than on pointwise, instrument-resolution-corrected values. Experimental measurements are each reported on different and often nonuniform energy grids, reflecting the specific detector setup, resolution, and binning choices used in each experiment. As a result, horizontal (energy) uncertainty becomes an intrinsic component of the evaluation problem: each data point represents an effective value over a finite energy interval whose width is determined by the experimental TOF resolution, the analysis procedure, or the grid structure of the underlying model. The most rigorous treatment of TOF resolution represents the measured cross section, σ

meas
, at energy E
0 as a convolution,
[image: Mathematical equation: $$ \begin{aligned} \sigma _{meas}(E_0) = \int {\sigma (E^{\prime }) R_E (E^{\prime } - E_0) dE^{\prime },} \end{aligned} $$](12)

where R

E
 is the energy-resolution function obtained from the timing response R

t
 through the nonlinear mapping E = 1/2m

n
(d/t)2, d is the flight path, m

n
 is the neutron mass, and t is the measured time-of-flight. In practice, however, detailed timing-response functions are rarely available for fast neutron measurements, and experiments instead report a single timing resolution δt or an effective energy “resolution” δE. Under the usual fast-region assumption that δt is small and σ(E) varies slowly, one can approximate the finite resolution by a first-order uncertainty in the mean reconstructed energy,
[image: Mathematical equation: $$ \begin{aligned} \delta E \approx |\frac{dE}{dt}| \delta t, \end{aligned} $$](13)

leading to,
[image: Mathematical equation: $$ \begin{aligned} \frac{\delta E_i}{E_i} = 100 \sqrt{\frac{8 E_i f}{m_n}}\frac{ \delta t}{d}, \end{aligned} $$](14)

where, f = 1.6021 × 10−13 is an energy conversion factor from the units of MeV to Joules, and m

n
 is in units of kg. It should be noted that the timing resolution is energy dependent and arises from several experiment-specific contributions whose relative importance varies across the neutron energy range. Typically, the quantities that affect neutron time-of-flight resolution are the characteristics of the neutron source, such as the pulse width for pulsed sources, characteristics of the neutron moderators, and the timing resolution of the detector system, and δt is commonly approximated as the quadrature sum of these components,
[image: Mathematical equation: $$ \begin{aligned} \delta t = \sqrt{(\delta t_{pulse})^2 + (\delta t_{moderator})^2 + (\delta t_{detector})^2 + ...}, \end{aligned} $$](15)

where δt

pulse
 relates to the timing resolution of the source pulse width, δt

moderator
 is the term related to moderator time spread, and δt

detector
 is the detector timing resolution. At thermal energies, neutron flight times are long, but moderator time spread becomes dominant. At resonance regions, both the moderator response and source pulse width become substantial. While at fast energies, as the neutron flight time becomes short, the detector timing resolution becomes dominant.
Given these various contributions to the time-of-flight resolution, experiments in the fast-neutron region rarely report the full timing-response function or the corresponding energy-resolution kernel. Instead, most datasets provide only an effective timing width or an estimated uncertainty in the reconstructed energy of each point. In the absence of a reported resolution function, and because fast region cross sections vary smoothly with energy, it is common practice to treat the finite timing resolution as an uncertainty in the mean neutron energy rather than perform an explicit resolution convolution, or even ignore the contribution of these effects in the total uncertainty. For e.g., in the code GMApy [30] underlying the Neutron Data Standards evaluation [31], although one can provide both energy uncertainty (termed “energy error”) and energy resolution in dedicated columns as described in reference [32], no use of these provided data is made for the actual uncertainty estimate of total uncertainties. Approximating instrumental resolution as an uncertainty in the mean energy neglects the curvature-induced bias term 1/2σ′′(E
0)< (ΔE)2> , which is typically modest, but may not be negligible in all cases. This present work adopts this standard approximation, while the corresponding biases and their dependence on energy regime are examined in detail in a forthcoming study by the authors and collaborators, which extends the present methodology to intermediate energies, where the effects are expected to be more pronounced.
Upon the identification of all partial uncertainty sources k, correlation matrices associated with each uncertainty source were constructed. Separate Python classes in ARIADNE were used for constructing the covariance suitable for each observable and types of associated correlation matrices. Here, three major types of correlation matrices were considered: (1) Diagonal, (2) fully positively correlated, and (3) Gaussian-correlated. The correlation matrices for Diagonal have 0 for the cross-correlation terms and 1 for the diagonal terms, while fully positively correlated matrices have unitary correlation coefficient terms everywhere. The Gaussian-correlated matrix was constructed such that the correlation decreases exponentially with squared distance between the energy groups, and larger values of mean energy values in bin i or j, E

i
 or E

j
, lead to stronger correlations over the same distance compared to the smaller values. The correlation Cor(E

i
, E

j
) between E

i
 and E

j
 is mathematically given by,
[image: Mathematical equation: $$ \begin{aligned} Cor(E_i, E_j) = {\left\{ \begin{array}{ll} 1&\text{ for} \text{ i=j} \\ 0&\text{ for} \text{ i} \ne \text{ j} \end{array}\right.} \end{aligned} $$](16)

for Diagonal correlation;
[image: Mathematical equation: $$ \begin{aligned} Cor(E_i, E_j) = 1 \end{aligned} $$](17)

for fully positive correlation; and
[image: Mathematical equation: $$ \begin{aligned} Cor(E_i, E_j) = \exp \left[ - \left( \frac{E_i - E_j}{\max (E_i, E_j)} \right)^2 \right] \end{aligned} $$](18)

for Gaussian correlation. Once the correlation matrices were constructed for all the sources of uncertainties and their partial uncertainties were known, this information was used to construct the relevant covariance matrix for uncertainty source k using equation (11). The total covariance matrix was obtained by summing the individual covariance contributions:
[image: Mathematical equation: $$ \begin{aligned} Cov(E_i, E_j) = \sum _k Cov(E_i, E_j)_{k}. \end{aligned} $$](19)

The total uncertainty in the i energy bin, δ

i
, represents the standard deviation and is given by the square root of the corresponding diagonal element of the covariance matrix,
[image: Mathematical equation: $$ \begin{aligned} \delta _{i} = \sqrt{Cov(E_i, E_i)}. \end{aligned} $$](20)

Finally, all the relevant features, total uncertainty computed, as well as the total covariance matrix were stored in a consistent manner in json formatted files.
4. Examples and discussion
Some examples of experimental UQ using the recommended templates and the problems encountered, as well as the solutions, are presented below. Supplementary details for each example are included in tables in Appendix.
4.1. Schmidt1996
This dataset by Schmidt et al. [22] on [image: Mathematical equation: $ \mathrm {^{51}}V $]
[image: Mathematical equation: $ \mathrm{(n, el)} $] cross section does not have any associated documentation other than what is provided in the EXFOR database. This measurement was made in 1996 using the Turnable CV-28 Compact Cyclotron and multi-angle neutron time-of-flight spectrometer at the Physikalisch-Technische Bundesanstalt in Germany. NE213 neutron detectors were used to detect neutrons at different angles as well as for monitoring of the neutron fluence using the [image: Mathematical equation: $ \mathrm {^{1}}H $]
[image: Mathematical equation: $ \mathrm{(n, el)} $] reaction.
4.1.1. Information for UQ
The information provided in EXFOR entry 22409.008 is rich in experimental uncertainty information, with characterization and quantification of partial uncertainties from major sources. Partial uncertainties related to the detector efficiency, angle determination, monitor, multiple scattering correction, and energy center were available, although not explicitly included in the EXFOR total uncertainty estimate. As noted in Section 3.2, EXFOR often reports total uncertainties without fully accounting for systematic contributions. This is evident in the Schmidt1996 entry where the reported total uncertainty is smaller than the quadrature sum of just a few of the individual components reported. In the absence of additional documentation clarifying this discrepancy, we conservatively interpreted the EXFOR total as reflecting only the statistical component.
To supplement the missing components, we applied the recommended [image: Mathematical equation: $ \mathrm{(n, el)} $] template. Figure 4 shows the resulting partial uncertainty breakdown.
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Partial uncertainty for the Schmidt1996 data, with the uncertainties provided in either EXFOR or a separate documentation by authors designated by an asterisk, ‘*’, next to the source. The remaining partial uncertainties are filled in from the templates. Note that the energy uncertainty is relative to the centroid value of the incoming neutron energy bin.




4.1.2. Impact of results
As shown on Figure 5, detailed UQ of Schmidt1996 dataset for [image: Mathematical equation: $ \mathrm {^{51}}V $]
[image: Mathematical equation: $ \mathrm{(n, el)} $] cross section using the template method increased the total uncertainty estimate across the incoming neutron energy range. Without detailed UQ, the experimental data appear to be in disagreement with the ENDF/B-VIII.0 evaluation. However, after thorough experimental UQ, the evaluation curve is closer to the 1σ uncertainty in the experimental data, indicating no significant discrepancy.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Cross section for Schmidt1996 data as shown with uncertainties reported on EXFOR (purple) and after detailed UQ using templates of expected experimental uncertainties (orange).




4.2. Schwartz1974
The Schwartz1974 data [33, 34] on [image: Mathematical equation: $ \mathrm {^{239}}Pu $]
[image: Mathematical equation: $ \mathrm{(n, tot)} $] cross section measurement were taken by Schwartz et al. in 1974 using an electron linear accelerator at U.S. National Bureau of Standards as a pulsed neutron source. The measurement spanned incoming neutron energy in the range of 0.496–15.17 MeV. A liquid scintillator detector of thickness 12.7 cm and diameter 33.02 cm was used together with a sample of 0.2207 atoms/b thickness.
4.2.1. Information for UQ
The supporting documentation for this dataset has a thorough discussion on information relevant for uncertainty sources, although only [image: Mathematical equation: $ \delta c $] is explicitly stated in the EXFOR. [image: Mathematical equation: $ \delta n $] is inferred from the documentation. The sample type is unknown; however, most [image: Mathematical equation: $ \mathrm {^{239}}Pu $] samples in the literature have been found to be metallic. The recommended partial uncertainty for a metallic sample is in line with the 1% uncertainty reported in the documentation. Figure 6 shows the provided partial uncertainty values, designated by an “*” after the uncertainty source. These data have a reported total uncertainty of ≈1%, which is contradictory to the observation that simply adding the EXFOR statistical uncertainty and the reported sample uncertainty in quadrature results in larger total uncertainty. Although not uncommon for [image: Mathematical equation: $ \mathrm{(n, tot)} $] experiments, considering all the sources of the template recommendation, it is expected that the total uncertainty should be at least at the level of 2–3%.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Same as Figure 4 for Schwartz1974 data.




The EXFOR database provides 1680 data points for this measurement. Based on the information in the documentation, the energy resolution/uncertainties below 750 keV have a contribution from effects due to neutron transit time in the scintillator, whereas at higher energies, the main contributor is from neutron time-of-flight uncertainty. This information was utilized to compute the energy uncertainty for the measurement. Although dead-time correction and correction for in-scattering and background are made, they are mentioned to be negligible, and the associated partial uncertainties are not provided. This magnitude of the background/in-scattering correction was utilized to estimate the template recommendation for associated uncertainties. No information was found on beam cycling, which resulted in relatively conservative estimate for [image: Mathematical equation: $ \delta N $]. The partial uncertainties from the templates using information available in the documentation are provided in Figure 6.
4.2.2. Problems encountered
With the information mentioned in Section 4.2.1, the computed energy resolution for the provided dataset is many factors bigger than the binning of this data, particularly at higher energies. Figure 7 shows the estimated bin width given the centroid of adjacent mean neutron energy values in the EXFOR as well as the computed neutron energy resolution. Naturally, any information that is within the energy resolution of the experiment is smeared due to detector effects. Choosing an energy bin width that is smaller than the energy resolution may result in large sensitivity to random fluctuations and sharp features within the bin and also “migration” of counts between adjacent bins. In terms of correlation, this will cause large anti-correlations between the neighboring bins since counts that should have been recorded in bin i, for instance, may be recorded in bin i − 2, i − 1, i, i + 1, i + 2, etc. Therefore, in such a scenario, the simple assumption that the correlation matrix associated with counting uncertainty being diagonal is no longer valid, as was presented for the Foster1971 dataset in Section 3. Indeed, the impact was seen in the adjustment of nuclear data for the PARADIGM (PARallel Approach of Differential and InteGral Measurements) [35] project that is currently being pursued at the Los Alamos National Laboratory (LANL). An example Figure 8 (top) shows the impact of an adjustment using only this data to a theory prior given by the [image: Mathematical equation: $ \mathrm{CoH_3} $] [12] model. Despite the dataset being statistically consistent with the theory curve, well within its prior uncertainty band, the adjusted evaluation deviates significantly in high energy region. This unexpected behavior arises because the data are finely binned and highly correlated, and in the absence of other constraining datasets in those energy regions, the adjustment algorithm interprets the correlated structure as physically meaningful variation. As a result, the evaluation is pulled away from both the theory and the experimental data. While adding other datasets would likely stabilize the evaluation by providing constraints in broader phase space, isolating this dataset in the adjustment helped reveal a deeper issue: the binning was too fine relative to the resolution and physics content of the measurement, resulting in artificial correlations that dominated the fit.
	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Comparison of the estimated bin width for the incoming neutron energy and the energy uncertainty/resolution, δE, of the measurement.




	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. Evaluation of nuclear data using [image: Mathematical equation: $ \mathrm{CoH_3} $] theory model as a prior and only using Schwartz1974 unbinned data (top) and binned data (bottom).




4.2.3. Solutions
The problem encountered with the Schwartz1974 dataset prompted further investigation into whether the structure of the dataset itself, such as its fine energy binning, was contributing to the artificial correlations in the covariance matrix. Ideally, one would reconstruct the true distribution from the measured data using detailed resolution unfolding techniques. This class of inverse problems to uncover the underlying true distribution from measurements distorted by finite resolution and acceptance effects has been extensively explored in fields such as image reconstruction, particle physics, and nuclear physics [36–38]. If the resolution function is well known via detailed simulations using MCNP [39] or GEANT [40] and the detector geometry and conditions are well characterized, one can construct a forward model to map true counts to observed counts. This mapping can then be used to infer the true distribution. However, in the absence of this information for this dataset, as is frequently the case for historical measurements, this level of transport-based unfolding could not be undertaken here.
We addressed the problem of too finely binned data in EXFOR entry 10280.007 for [image: Mathematical equation: $ \mathrm {^{239}}Pu $]
[image: Mathematical equation: $ \mathrm{(n, tot)} $] in the unresolved resonance region (URR) by grouping adjacent bins in sets of 10, such that the rebinned bin width exceeded the energy resolution of the experiment. Cross sections were averaged and statistical uncertainties recalculated by grouping adjacent energy bins. A simple arithmetic (non-flux-weighted) average was used, as detailed flux information was not available for the original experiment. While total cross sections derived from transmission measurements are nonlinearly related to counts through an exponential relationship, the narrow energy width within each rebinned group justifies this approximation: both the flux and the transmission are assumed to vary slowly enough that a constant-flux and locally linear behavior of the cross section is reasonable. Under this assumption, unweighted averaging introduces minimal bias. This rebinning effectively suppressed spurious experimental correlations arising from oversampling. After rebinning, the covariance matrix was constructed directly on the new energy grid using the rebinned uncertainties and the template-recommended correlation structures. In this way, the influence of the experimental energy resolution is retained through the δE component and its associated correlation model, even though the coarse-bin width exceeds the original instrument resolution. Using these rebinned experimental data and covariances as input for the evaluation produced a more stable and physically consistent posterior evaluated mean value, as shown in the bottom panel of Figure 8.
4.3. Mosby2018
The measurement for Mosby2018 [41] on [image: Mathematical equation: $ \mathrm {^{239}}Pu $]
[image: Mathematical equation: $ \mathrm (n, \gamma ) $] cross sections was made at the Los Alamos Neutron Science Center (LANSCE) using the “Detector for Advanced Neutron Capture Experiments” (DANCE). This measurement covers an energy range of 0.00106–1.335 MeV. It makes use of BaF
2 scintillators for photon detection, and a Parallel Plate Avalanche Counter (PPAC) detector for characterizing coincident photons from fission events.
4.3.1. Information for UQ
The EXFOR database for this data includes asymmetric uncertainty on data with origins from PPAC efficiency, scattered background scaling, cross section normalization, reference [image: Mathematical equation: $ \mathrm{(n, f)} $] cross section, and counting, as detailed in the supporting document from 2014 [42]. Based on the type of the sample, the other missing information on sample related uncertainties, such as [image: Mathematical equation: $ \delta n $] and [image: Mathematical equation: $ \delta w $]  are filled in from the templates. Furthermore, the energy uncertainty is estimated using the known pulse shape and flight path information from the DANCE experiment, applying the relevant equation (14).
This is a ratio measurement with respect to the [image: Mathematical equation: $ \mathrm {^{239}}Pu $]
[image: Mathematical equation: $ \mathrm{(n, f)} $] cross section; however, the data provided in EXFOR are already converted into [image: Mathematical equation: $ \mathrm {^{239}}Pu $] cross sections using ENDF/B-VII.1 cross sections for [image: Mathematical equation: $ \mathrm {^{239}}Pu $]
[image: Mathematical equation: $ \mathrm{(n, f)} $]. For accurately accounting and propagating the covariance from reference cross section, and to perform the UQ directly on the ratio measurement data, the EXFOR data were converted to ratio data prior to the UQ after direct communication with the author on how the derived cross section values were obtained. Furthermore, the flat uncertainty of 1.0% provided by the authors associated with reference cross section was replaced by full ENDF/B-VIII.0 covariances in order to convert the ratio data to cross section data after the detailed UQ using templates. The uncertainty sources accounted for are provided in Figure 9.
	[image: Thumbnail: Fig. 9. Refer to the following caption and surrounding text.]	Fig. 9. Same as Figure 4 for Mosby2018 data.




4.3.2. Propagation of energy uncertainty to cross section
As previously mentioned, the UQ is based on ARIADNE code that was originally developed for UQ in the fast energy range. In the fast energy range, the [image: Mathematical equation: $ \mathrm (n, \gamma ) $] cross sections show smooth behavior due to overlapping and broadening of resonances. Due in part to this behavior, the experimentally measured cross sections in the i
th energy bin, σ

i
, are average values weighted by the flux as,
[image: Mathematical equation: $$ \begin{aligned} \sigma _i = \langle \sigma \rangle = \frac{\int _{E_{\text{ min}}}^{E_{\text{ max}}} \sigma (E) \phi (E) \, dE}{\int _{E_{\text{ min}}}^{E_{\text{ max}}} \phi (E) \, dE}, \end{aligned} $$](21)

where σ(E) is the energy-dependent cross section, ϕ(E) is the neutron flux as a function of energy, E
min and E
max define the energy range.
Due to the smoothly varying nature of cross section with respect to energy, the [image: Mathematical equation: $ \delta E $] uncertainty can be propagated to uncertainty in cross section using slope, [image: Mathematical equation: $ \left|\frac{d\sigma}{dE}\right| $], of the cross section,
[image: Mathematical equation: $$ \begin{aligned} \delta \sigma = \left|\frac{d\sigma }{dE}\right| \delta E. \end{aligned} $$](22)

The same energy uncertainty propagation procedure is applied to all observables discussed in this paper. The cross section slope with respect to energy, |dσ/dE|, is determined numerically using past ENDF/B evaluations. This slope quantifies how sensitive the observable is to small energy shifts. Where the slope is steep, even a small uncertainty in energy leads to a disproportionately large uncertainty in the cross section, amplifying the effect. This behavior is particularly relevant in regions of rapid cross section variation, such as near resonance structures or thresholds.
4.3.3. Problems encountered
It was observed that the detailed UQ of the Mosby2018 data resulted in uncertainty values that are similar in magnitude to the EXFOR reported values for most energy bins as shown in Figure 10. This is not entirely unexpected since the EXFOR total uncertainty included contributions from systematic sources, along with counting uncertainties. The detailed UQ process was, nevertheless, useful in propagating correlations from experimental sources and to account for the missing uncertainties related to the sample used and energy determination. As indicated in various examples earlier, EXFOR dataset very rarely has stored correlation information, and guessing the total correlation, in particular for (n, tot) cross section, can be highly challenging given the dependence of the cross section on experimental parameters and sensitivities. Educated guesses on correlation structures based on template guidelines enables building the total correlation from a ground-up approach where only the missing information is supplemented with templates.
	[image: Thumbnail: Fig. 10. Refer to the following caption and surrounding text.]	Fig. 10. Derived [image: Mathematical equation: $ \mathrm {^{239}}Pu $]
[image: Mathematical equation: $ \mathrm (n, \gamma ) $] cross section for the Mosby2018 data as shown with uncertainties reported on EXFOR (purple) and after detailed UQ using templates of expected experimental uncertainties (orange). The ENDF/B-VIII.0 evaluation (blue) exhibits resonance-driven structure. These rapid variations amplify the sensitivity to experimental inputs and produce localized spikes in the propagated cross section uncertainty.




Despite the usefulness of the templates, the detailed UQ produces several pronounced spikes in the 1–3 keV region of Figure 11. These arise because the relative energy uncertainty δE/E, derived from the time-of-flight resolution, shown in Figure 9, is propagated to the cross section through the slope |dσ/dE| as expressed in equation (22). This slope-based treatment is well suited for the fast-energy region where σ(E) varies smoothly and the flux-weighted averages lead to small |dσ/dE| values. However, in the 1–3 keV range, the cross section exhibits rapid resonance-driven structure, resulting in large slopes. Even a modest δE is therefore amplified into a large δσ, producing the spikes. This behavior do not represent physical features of the cross section but instead arise from methodological limitations of extending a fast-region UQ treatment into an adjacent energy region with substantial structure.
	[image: Thumbnail: Fig. 11. Refer to the following caption and surrounding text.]	Fig. 11. Partial uncertainty for the Mosby2018 data after propagating to cross section uncertainty. The origin of the spikes are same as in Figure 10.




4.3.4. Current limitations and path forward
ENDF/B evaluations consist of region-specific modeling approaches tailored to different energy regimes. At low energies, where nuclear structure effects dominate, cross sections fluctuate rapidly. In the resolved resonance region (RRR), codes such as SAMMY [10] use R-matrix formalism to fit resonance parameters to datasets like transmission, capture yield, and fission yield, explicitly incorporating experimental effects such as resolution functions and Doppler broadening during the fitting process. In the unresolved resonance region (URR), where resonances are too closely spaced to resolve individually, evaluations use statistical models based on average resonance parameters and generate probability tables. These tables encode the distribution of cross sections within each bin, and are preprocessed to account for resolution effects, self-shielding, and other experimental artifacts.
In contrast, evaluations in the fast energy region typically rely on the optical model to describe neutron-nucleus interactions and the Hauser-Feshbach formalism to model compound nucleus decay. These approaches assume smooth cross section behavior and generally do not fold in experimental resolution during fitting, treating measured cross sections as approximations of the true value.
The ARIADNE code propagates experimental energy uncertainty to the measured cross section using the same approach applied to other sources of uncertainty, as described in Sections 3 and  4.3.2. However, the application of equation (22) to estimate δσ corresponding to a small [image: Mathematical equation: $ \delta E $] in URR and RRR could result in large contribution to δσ, as shown in this example. And, yet, it remains essential to account for energy uncertainty, as each experiment features different resolution characteristics. A potential solution is to compute the slope dσ/dE on an energy grid that matches the binning used in the experiment, rather than on the typically finer evaluation grid. Since the experimental binning implicitly reflects the instrument’s energy resolution, this approach better represents the smearing effect present in the measured data and avoids artificially inflating the slope in regions where structure exists at finer scales than the resolution. However, for total cross sections derived from transmission measurements, this approach is less straightforward. The reported cross section values are not direct measurements, but are inferred from transmission, which is itself an exponential function of cross section and integrated over the energy-dependent flux and resolution function. As a result, the reported data already embody averaging effects, and computing dσ/dE without access to the underlying transmission spectrum and resolution model may not faithfully reflect the sensitivity to energy uncertainty. Therefore, applying slope-based energy uncertainty propagation requires additional experimental information or modeling to be used reliably.
In the absence of proper characterization of this energy uncertainty, it is easy to get false confidence in the precision of the reported data. Furthermore, issues as observed in the example in Section 4.2.1 can go unnoticed, where choices by the experimentalists, such as choice in neutron energy bin width, can have impact in the experimental covariances. As mentioned, the evaluation processes in RRR and URR differ significantly from evaluation process in fast regions, with different ways of treating different sources of uncertainties. Since the treatment of energy uncertainty in RRR is embedded in the resonance fitting procedure itself, it is not transferable to UQ in the fast energy region, where resonance parameters are not characterized. However, as seen in this Mosby2018 data, experiments may provide data crossing over RRR, URR and fast energy regions. Separate UQ techniques for each will result in neglecting correlations between measurements in different energy regimes by the same experiment using same detector, beam, samples and other common features. Therefore, inflation of δσ due to propagation of [image: Mathematical equation: $ \delta E $] at low-mid energy range currently remains an open challenge.
5. Conclusions
This paper presents example implementation of recommended experimental uncertainty quantification (UQ) templates for [image: Mathematical equation: $ \mathrm{(n, tot)} $], [image: Mathematical equation: $ \mathrm (n, \gamma ) $], and [image: Mathematical equation: $ \mathrm{(n, xn)} $] cross section measurements. We demonstrate through case studies, the required input information, the application procedure, and challenges that arise when using these templates in practice. The [image: Mathematical equation: $ \mathrm{(n, tot)} $] templates require extra information to compute the relevant sensitivities, and special attention needs to be given in applying the recommended uncertainty values since they are often not propagated to the cross section space. Examples from the [image: Mathematical equation: $ \mathrm {^{51}}V $]
[image: Mathematical equation: $ \mathrm{(n, el)} $] are presented to demonstrate the impact of these templates in obtaining high fidelity experimental data and covariances for evaluations. An example case from Schwartz1974 data on [image: Mathematical equation: $ \mathrm {^{239}}Pu $]
[image: Mathematical equation: $ \mathrm{(n, tot)} $] was also presented to show the need for careful consideration of factors that may influence the underlying physics assumption in the template recommendation. The default choice of binning in the aforementioned data had adverse affect in the Nuclear Data evaluation done for PARADIGM project due to strong anti-correlation of counts in the adjacent energy bins. Lastly, an example case from Mosby2018 [image: Mathematical equation: $ \mathrm (n, \gamma ) $] was provided to illustrate the need for a common UQ technique that can be applied from the resolved resonance to the fast energy range to properly account for correlations that may exist between experimental data spanning RRR, URR and fast energy regions.
These examples underscore both the utility and the limitations of template-based UQ, and point to the need for improved methodologies that integrate physics-informed models with experimental metadata across energy domains.
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Appendix A

Table A.1. 
The uncertainty sources that were added (either from templates or from available documentation) for experimental datasets of (n, tot) reactions for various nuclei. The notations for uncertainty sources are discussed in the Section 2, namely δn for target areal mass density, δN for flux-normalization uncertainty, δF for self-shielding uncertainty, δE for energy uncertainty, and δB for background correction uncertainty.


Table A.2. 
Same as Table A.1 for(n, γ) reactions. The notations for uncertainty sources are discussed in the Section 2, namely δn for target areal mass density, δN for flux-normalization uncertainty, δw for sample composition uncertainty, δR for reference cross section uncertainty, δE for energy uncertainty, and δB for background correction uncertainty.


Table A.3. 
Same as Table A.1 for (n, el) reactions. The notations for uncertainty sources are discussed in the Section 2, namely δn for target areal mass density, δN for flux-normalization uncertainty, δw for sample composition uncertainty, δR for reference cross section uncertainty, δE for energy uncertainty, and δB for background correction uncertainty, δg for geometric effects uncertainty, δy

e
 for yield extraction uncertainty, δa for attenuation uncertainty, δε

n
 for neutron detection efficiency uncertainty.


Table A.4. 
Same as Table A.3 for (n, inl) reactions.
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Total uncertainties for 239Pu(n, tot) data from reference [21], shown using three treatments: EXFOR-reported total uncertainties (blue dots), combined uncertainties obtained by adding EXFOR statistical values and documented systematic uncertainties in quadrature (orange solid line), and total uncertainties derived from a comprehensive uncertainty quantification process aided with template recommendations (green dashed line).
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	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Partial uncertainty for the Schmidt1996 data, with the uncertainties provided in either EXFOR or a separate documentation by authors designated by an asterisk, ‘*’, next to the source. The remaining partial uncertainties are filled in from the templates. Note that the energy uncertainty is relative to the centroid value of the incoming neutron energy bin.
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	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Cross section for Schmidt1996 data as shown with uncertainties reported on EXFOR (purple) and after detailed UQ using templates of expected experimental uncertainties (orange).
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	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. Evaluation of nuclear data using [image: Mathematical equation: $ \mathrm{CoH_3} $] theory model as a prior and only using Schwartz1974 unbinned data (top) and binned data (bottom).
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[image: Mathematical equation: $ \mathrm (n, \gamma ) $] cross section for the Mosby2018 data as shown with uncertainties reported on EXFOR (purple) and after detailed UQ using templates of expected experimental uncertainties (orange). The ENDF/B-VIII.0 evaluation (blue) exhibits resonance-driven structure. These rapid variations amplify the sensitivity to experimental inputs and produce localized spikes in the propagated cross section uncertainty.
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	[image: Thumbnail: Fig. 11. Refer to the following caption and surrounding text.]	Fig. 11. Partial uncertainty for the Mosby2018 data after propagating to cross section uncertainty. The origin of the spikes are same as in Figure 10.
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        Correlation terms associated with the counting uncertainty for the Foster et al. [image: Mathematical equation: $ \mathrm{(n, tot)} $] cross section dataset [23]. Blue (green) show off-diagonal terms one (two) energy bins away from the diagonal.
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        Template recommended uncertainty of 4% on the flux-normalization, when propagated to the Smith1973 (n, tot) cross section data, and accounting for the associated sensitivities, results in different values for flux-normalization uncertainties at different sample thicknesses.
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        Evaluation of nuclear data using [image: Mathematical equation: $ \mathrm{CoH_3} $] theory model as a prior and only using Schwartz1974 unbinned data (top) and binned data (bottom).
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      Table A.1. 

      The uncertainty sources that were added (either from templates or from available documentation) for experimental datasets of (n, tot) reactions for various nuclei. The notations for uncertainty sources are discussed in the Section 2, namely δn for target areal mass density, δN for flux-normalization uncertainty, δF for self-shielding uncertainty, δE for energy uncertainty, and δB for background correction uncertainty.

      
        


	EXFOR
	Nuclei
	First Author
	Einc [MeV]
	Added uncertainty
	Reference





	10935.008, 10935.009
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $], [image: Mathematical equation: $ \mathrm {^{240}}Pu $]

	W.P. Poenitz
	0.048–4.807
	
δn, δN, δF and δE

	[21]



	12853.056, 12853.057
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $], [image: Mathematical equation: $ \mathrm {^{240}}Pu $]

	W.P. Poenitz
	1.818–20.91
	
δn, δN, δB, and δE

	[43]



	10280.007
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $]

	R.B. Schwartz
	0.496–15.17
	
δn, δN, δB, and δE

	[33]



	10047.100
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $]

	D.G. Foster
	2.26–15.0
	
δn, δN, δB, and δE

	[23]



	11108.041
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $]

	J.M. Peterson
	17.3–28.9
	
δn, δB, and δE

	[44]



	11155.035
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $]

	A. Bratenahl
	7.05–14.3
	
δn, δB, and δE

	[45]



	12524.002
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $]

	J.H. Coon
	14.1
	
δn, δN, δB, and δE

	[46]



	10725.012, 10725.013
	
[image: Mathematical equation: $ \mathrm {^{63}}Cu $], [image: Mathematical equation: $ \mathrm {^{65}}Cu $]

	M.S. Pandey
	0.0038–1.1203
	
δn, δN, δB, and δE

	[47]





      

    

  
    
      Table A.2. 

      Same as Table A.1 for(n, γ) reactions. The notations for uncertainty sources are discussed in the Section 2, namely δn for target areal mass density, δN for flux-normalization uncertainty, δw for sample composition uncertainty, δR for reference cross section uncertainty, δE for energy uncertainty, and δB for background correction uncertainty.

      
        


	EXFOR
	Nuclei
	First Author
	Einc [MeV]
	Absolute/Ratio
	Added uncertainty
	Reference





	12331.007
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $]

	J.C. Hopkins
	0.03–1.0
	Ratio
	
δn, δN, δw, δB, δE, and δR

	[48]



	14794.002
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $]

	S. Mosby
	0.00106–1.335
	Ratio
	
δn, δw, δE, and δR

	[41]



	10766.002
	
[image: Mathematical equation: $ \mathrm {^{240}}Pu $]

	L.W. Weston
	0.000250–0.325
	Absolute
	
δw and δE

	[49]



	14467.002
	
[image: Mathematical equation: $ \mathrm {^{63}}Cu $]

	M. Weigand
	0.000074–0.690483
	Absolute
	
δn, δw and δE

	[50]



	14571.003
	
[image: Mathematical equation: $ \mathrm {^{65}}Cu $]

	C.J. Prokop
	0.005–0.1
	Ratio
	
δE and δR

	[51]





      

    

  
    
      Table A.3. 

      Same as Table A.1 for (n, el) reactions. The notations for uncertainty sources are discussed in the Section 2, namely δn for target areal mass density, δN for flux-normalization uncertainty, δw for sample composition uncertainty, δR for reference cross section uncertainty, δE for energy uncertainty, and δB for background correction uncertainty, δg for geometric effects uncertainty, δy

e
 for yield extraction uncertainty, δa for attenuation uncertainty, δε

n
 for neutron detection efficiency uncertainty.

      
        


	EXFOR
	Nuclei
	First Author
	Einc [MeV]
	Absolute/Ratio
	Added uncertainty
	Reference





	30464.003
	
51V
	M. Abdel-Harith
	3.4
	Absolute
	
δw, δg, δy

e


	[27]



	10578.009
	
51V
	J.D. Brandenberger
	1.46
	Ratio
	
δN, δw, δg, δa, δε

n
, δy

e


	[24]



	20408.002
	
51V
	J. Cabe
	0.55–1.18
	Absolute
	
δN, δw, δg, δa, δε

n
, δy

e


	[25]



	22409.008
	
51V
	D. Schmidt
	7.99–14.37
	Absolute
	
δN, δw, δg, δa, δε

n
, δy

e


	[22]



	21328.004
	
51V
	J.H. Towle
	1.61–2.35
	Ratio
	
δN, δw, δg, δa, δε

n
, δy

e


	[26]



	12207.014
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $]

	R.C. Allen
	0.5–1.0
	Absolute
	
δN, δn, δw, δg, δa, δε

n
, δy

e
, δE

	[52]



	21782.036
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $]

	G. Haouat
	0.7
	Ratio
	
δw, δa, δε

n
, δy

e
, δE

	[53]





      

    

  
    
      Table A.4. 

      Same as Table A.3 for (n, inl) reactions.

      
        


	EXFOR
	Nuclei
	First Author
	Einc [MeV]
	Absolute/Ratio
	Added uncertainty
	Reference





	20036.015
	
[image: Mathematical equation: $ \mathrm {^{239}}Pu $]

	R. Batchelor
	2–4
	Ratio
	
δN, δn, δw, δg, δa, δε

n
, δE

	[54]



	40680.012
	
[image: Mathematical equation: $ \mathrm {^{63}}Cu $]

	N.P. Glazkov
	0.8–1.2
	Absolute
	
δN, δn, δw, δg, δa, δε

n
, δy

e
, δE

	[55]





      

    

  OEBPS/epjn20250060-fig9_small.jpg





OEBPS/epjn20250060-eq27.gif





OEBPS/epjn20250060-eq26.gif





OEBPS/epjn20250060-eq29.gif





OEBPS/epjn20250060-eq28.gif





OEBPS/epjn20250060-eq23.gif





OEBPS/epjn20250060-eq22.gif





OEBPS/epjn20250060-eq100.gif





OEBPS/epjn20250060-eq25.gif





OEBPS/epjn20250060-eq101.gif





OEBPS/epjn20250060-eq24.gif





OEBPS/epjn20250060-eq102.gif





OEBPS/epjn20250060-eq21.gif





OEBPS/epjn20250060-eq20.gif





OEBPS/epjn20250060-eq107.gif





OEBPS/epjn20250060-eq108.gif






OEBPS/epjn20250060-eq109.gif







OEBPS/epjn20250060-eq103.gif






OEBPS/epjn20250060-eq104.gif





OEBPS/epjn20250060-eq105.gif





OEBPS/epjn20250060-eq106.gif





OEBPS/epjn20250060-eq38.gif





OEBPS/epjn20250060-eq37.gif
LT, R





OEBPS/epjn20250060-eq39.gif
LT, R





OEBPS/epjn20250060-eq34.gif
L,

1ot





OEBPS/epjn20250060-eq33.gif
L,

1ot





OEBPS/epjn20250060-eq36.gif
LT, R





OEBPS/epjn20250060-eq35.gif





OEBPS/epjn20250060-eq30.gif





OEBPS/epjn20250060-eq32.gif





OEBPS/epjn20250060-eq31.gif





OEBPS/epjn20250060-fig1_small.jpg





OEBPS/epjn20250060-eq45.gif
L,

1ot





OEBPS/epjn20250060-eq121.gif





OEBPS/epjn20250060-eq44.gif
LT, R





OEBPS/epjn20250060-eq122.gif





OEBPS/epjn20250060-eq47.gif
L,

1ot





OEBPS/epjn20250060-eq46.gif





OEBPS/epjn20250060-eq124.gif





OEBPS/epjn20250060-eq41.gif





OEBPS/epjn20250060-eq40.gif





OEBPS/epjn20250060-eq43.gif
A






OEBPS/epjn20250060-eq42.gif





OEBPS/epjn20250060-eq120.gif





OEBPS/epjn20250060-eq129.gif





OEBPS/epjn20250060-eq125.gif





OEBPS/epjn20250060-eq126.gif





OEBPS/epjn20250060-fig7_small.jpg





OEBPS/epjn20250060-eq127.gif





OEBPS/epjn20250060-eq128.gif





OEBPS/epjn20250060-eq59.gif





OEBPS/epjn20250060-eq56.gif





OEBPS/epjn20250060-eq110.gif
L,

1ot





OEBPS/epjn20250060-eq55.gif
g





OEBPS/epjn20250060-eq111.gif





OEBPS/epjn20250060-eq58.gif
LT, R





OEBPS/epjn20250060-eq112.gif
LT, R





OEBPS/epjn20250060-eq57.gif
g





OEBPS/epjn20250060-eq113.gif
L,

1ot





OEBPS/epjn20250060-eq54.gif
L,

1ot





OEBPS/epjn20250060-eq118.gif





OEBPS/epjn20250060-eq119.gif





OEBPS/epjn20250060-eq61.gif
L,

1ot





OEBPS/epjn20250060-eq60.gif
LT, R





OEBPS/epjn20250060-eq114.gif
g





OEBPS/epjn20250060-eq115.gif





OEBPS/epjn20250060-eq116.gif





OEBPS/epjn20250060-eq117.gif
L,

1ot





OEBPS/epjn20250060-fig6_small.jpg





OEBPS/epjn20250060-eq8.gif
L,

1ot





OEBPS/epjn20250060-eq9.gif
g





OEBPS/epjn20250060-eq4.gif
LT, R





OEBPS/epjn20250060-eq5.gif
L,

1ot





OEBPS/epjn20250060-eq6.gif





OEBPS/epjn20250060-eq7.gif
LT, R





OEBPS/epjn20250060-eq67.gif
(Bgersmar,

Wouize) = (Fmaderasar i





OEBPS/epjn20250060-eq143.gif





OEBPS/epjn20250060-eq66.gif





OEBPS/epjn20250060-eq144.gif





OEBPS/epjn20250060-eq69.gif





OEBPS/epjn20250060-eq145.gif





OEBPS/epjn20250060-eq68.gif





OEBPS/epjn20250060-eq63.gif
L,

1ot





OEBPS/epjn20250060-eq62.gif
LT, R





OEBPS/epjn20250060-eq140.gif





OEBPS/epjn20250060-eq65.gif





OEBPS/epjn20250060-eq64.gif





OEBPS/epjn20250060-eq142.gif





OEBPS/epjn20250060-eq70.gif





OEBPS/epjn20250060-eq72.gif
{ o,





OEBPS/epjn20250060-eq71.gif





OEBPS/epjn20250060-fig5_small.jpg





OEBPS/epjn20250060-fig2_small.jpg





OEBPS/epjn20250060-eq78.gif
g





OEBPS/epjn20250060-eq132.gif





OEBPS/epjn20250060-eq77.gif





OEBPS/epjn20250060-eq133.gif





OEBPS/epjn20250060-fig8_small.jpg





OEBPS/epjn20250060-eq134.gif





OEBPS/epjn20250060-eq79.gif





OEBPS/epjn20250060-fig1.jpg
Total unc. (%)

2.5

2.0

154

L

—— Documentation
--- EXFOR+Template

1071 100
Incoming Neutron Energy (MeV)






OEBPS/epjn20250060-eq74.gif





OEBPS/epjn20250060-fig2.jpg
Correlation terms

-== Corr(i,ix1)
— Corr(i,ix2)

6 8 10 12 14
Incident Neutron Energy [MeV]





OEBPS/epjn20250060-eq73.gif
g





OEBPS/epjn20250060-fig3.jpg
lemplate Flux Norm uUnc. (%)

o
n

o
=)

“u
v

“u
o

239py(n, tot)

0.8 1.0 1.2
Incident Neutron Energy (MeV)






OEBPS/epjn20250060-eq76.gif





OEBPS/epjn20250060-eq130.gif





OEBPS/epjn20250060-fig4.jpg
n
~N

(%) 3/39
\n <
- -

2.0
0.5

o~ o -] o <

(o4) Aquienasdun aane|ay

0.0

10!

9x10°

8 x 10°

Incoming Neutron Energy (MeV)





OEBPS/epjn20250060-eq75.gif





OEBPS/epjn20250060-eq131.gif





OEBPS/epjn20250060-fig5.jpg
2LV(n,el) o [b]

2.50

—— ENDF/B-VIIL.O
2.25 1 Schmidt, 1996, Detailed UQ
}  Schmidt, 1996, EXFOR unc.

2.00

175

1.50

1.25

1.00

0.75

0.50
6 8 10 12 14 16 18 20

Incident Neutron Energy [MeV]





OEBPS/epjn20250060-eq81.gif
L,

1ot





OEBPS/epjn20250060-fig6.jpg
Relative Uncertainty (%)

239py(n, tot)

4 6 8 10 12
Incoming Neutron Energy (MeV)

14





OEBPS/epjn20250060-eq80.gif





OEBPS/epjn20250060-fig7.jpg
Value relative to centroid energy (%)

—— Bin width
1.0 6E

0.8 A

0.6 1

0.4 4

0.2 4

100 10!
Incident Neutron Energy (MeV)





OEBPS/epjn20250060-eq83.gif





OEBPS/epjn20250060-fig8.jpg
‘Total cross section (b)

25

201

15

10

i

239Pu

Adjusted

Prior
ENDF/B-VIIL.O
Schwartz 1974

Total cross section (b)

25

20l

15

10

239 Pu
— Adjusted
~== Prior
ENDF/B-VIILO

¢+ schwartz 1974 (binned)

1072 1071 10°
Incident neutron energy (MeV)

1072

107 10°
Incident neutron energy (MeV)

10t






OEBPS/epjn20250060-fig10_small.jpg





OEBPS/epjn20250060-eq82.gif





OEBPS/epjn20250060-fig9.jpg
35

30

(%) 3/39

n o n o
o~ o~ ~ ~-

(9%) Ajuleliaoun aAle|ay

107! 10°

102

Incoming Neutron Energy (MeV)





OEBPS/epjn20250060-eq136.gif





OEBPS/epjn20250060-eq137.gif





OEBPS/epjn20250060-eq138.gif





OEBPS/epjn20250060-eq139.gif





OEBPS/dash.png





OEBPS/epjn20250060-eq89.gif





OEBPS/epjn20250060-eq88.gif
(4] 5





OEBPS/epjn20250060-eq85.gif
L,

1ot





OEBPS/epjn20250060-fig4_small.jpg





OEBPS/epjn20250060-eq84.gif





OEBPS/epjn20250060-eq87.gif
(4] 5





OEBPS/epjn20250060-eq86.gif





OEBPS/epjn20250060-eq92.gif





OEBPS/epjn20250060-eq91.gif





OEBPS/epjn20250060-eq94.gif





OEBPS/epjn20250060-eq93.gif





OEBPS/epjn20250060-eq90.gif
L,

1ot





OEBPS/epjn20250060-eq19.gif





OEBPS/epjn20250060-fig3_small.jpg





OEBPS/epjn20250060-eq16.gif
T Rewl B






OEBPS/epjn20250060-fig10.jpg
o(n,y)(b)

—— ENDF/B-VIII.O
{  Mosby2018, Detailed UQ
}  Mosby2018, EXFOR unc.

102 107! 10°
Incoming Neutron Energy (MeV)





OEBPS/epjn20250060-eq15.gif





OEBPS/epjn20250060-eq18.gif
L,

1ot





OEBPS/epjn20250060-eq17.gif





OEBPS/epjn20250060-fig11.jpg
Relative Uncertainties (%)

1200

1000

800

600

400

200

1073

—rTrr

1072 101
Incident Neutron Energy (MeV)





OEBPS/epjn20250060-eq12.gif
L,

1ot





OEBPS/epjn20250060-eq11.gif





OEBPS/epjn20250060-eq99.gif





OEBPS/epjn20250060-eq14.gif





OEBPS/epjn20250060-eq13.gif





OEBPS/epjn20250060-fig11_small.jpg





OEBPS/epjn20250060-eq96.gif





OEBPS/epjn20250060-eq95.gif





OEBPS/epjn20250060-eq10.gif





OEBPS/epjn20250060-eq98.gif





OEBPS/epjn20250060-eq97.gif





