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An assessment of nuclear data performance for non-light-water reactor (non-LWR) reactivity calculations was performed at Oak Ridge National Laboratory that involved a thorough literature review to collect related observations made across different research institutions, an interrogation of the latest ENDF/B evaluated nuclear data libraries, and propagation of nuclear data uncertainties to key figures of merit associated with reactor safety for six non-LWR benchmarks. The outcome of this comprehensive study was published in a technical report issued by the US Nuclear Regulatory Commission. This paper provides a summary of the study’s key observations and conclusions and demonstrates with two examples how the various methods available in the SCALE code system were used to identify key cross section uncertainties for non-LWR reactivity analyses.
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1 INTRODUCTION
Uncertainty analyses are an essential component in the design and computational analysis of advanced reactors, especially due to the growing interest in new reactor concepts for which scant operational data are available1. The advanced reactor concepts currently being developed throughout the industry (US, 2022) are significantly different from light-water reactor (LWR) designs with respect to geometry, materials, and operating conditions—and, consequently, with respect to their reactor physics behavior. An overview of different advanced reactor concepts is provided by the Gen IV International Forum (NEA, 2014), and the different technologies along with considerations around their fuel cycle are thoroughly discussed in a recent publication by the Academy of Sciences (National Academies of Sciences Engineering, and Medicine, 2023). Given the limited operating experience with non-LWRs, the accurate simulation of reactor physics and the quantification of associated uncertainties are critical for ensuring that advanced reactor concepts operate within the appropriate safety margins.
While nuclear data provide the fundamental basis for reactor physics calculations, they also provide the major source of input uncertainty. The nuclear interaction cross sections, fission yields, and decay data used in these calculations have uncertainty resulting from measurements and subsequent data evaluations. Nuclear data used with reactor physics codes result from extensive data evaluations, including validation studies performed with criticality experiments. The evaluated nuclear data libraries, such as the US Evaluated Nuclear Data File/B (ENDF/B) (Brown et al., 2018), undergo continuous modifications based on additional measurements or improved evaluations, and new revisions are being released on a regular basis to capture these additional improvements.
To improve understanding of the uncertainties that result from nuclear data in the calculation of safety-relevant output quantities and to determine where additional efforts should focus to reduce relevant nuclear data uncertainties, these uncertainties must be propagated to key figures of merit that impact nuclear safety. Furthermore, it must be considered that uncertainty information is not available for all nuclear data used in the simulation. Missing uncertainty data must be identified and, where possible, the impact of these gaps must be assessed to inform recommendations for further evaluations.
Although many studies assessing the impact of nuclear data uncertainties are available in the public literature, a comprehensive overview of the impact of nuclear data uncertainties for reactivity in the most relevant non-LWRs designs (in terms of reactor concepts for which license applications are expected in the near future in the United States) based on the same set of evaluated nuclear data libraries and using the same simulation approaches did not exist until recently. A recently concluded project at Oak Ridge National Laboratory (ORNL) sponsored by the US Nuclear Regulatory Commission (NRC) addressed this need by performing a thorough literature study to collect the observations made across different research institutions and by using SCALE [Wieselquist, W. A., Lefebvre, R. A., and Jessee, M. A. (Eds.), 2020] to systematically propagate nuclear data uncertainties to key figures of merit associated with reactor safety for five non-LWR types: high-temperature gas-cooled reactor (HTGR), molten salt reactor (MSR), fluoride salt–cooled high-temperature reactor (FHR), heat pipe reactor (HPR), and sodium-cooled fast reactors (SFRs). As part of this study, missing nominal nuclear data and nuclear data uncertainties were identified for reactivity analyses as well as for further fuel depletion analysis. This paper provides a summary of key observations and conclusions obtained during this study, while providing just two examples to demonstrate how the computational analyses were performed. Detailed analysis results are available in a comprehensive technical report (Bostelmann et al., 2021b) issued by the NRC. It is noted that the study focused on systems with 235U enriched or mixed uranium/plutonium fuel based on spent LWR fuel; 233U-fueled systems were not considered here.
After introducing the selected non-LWRs in Section 2, the applied approach used for the uncertainty analyses is briefly summarized (Section 3). As examples of the performed computational analyses, the propagation of nuclear data uncertainties is presented and discussed for reactivity assessments of the HPR and the FHR concepts (Section 4). Afterwards, an overview of key observations for all considered systems based on both the literature research and the SCALE analyses is given (Section 5).
2 BENCHMARKS
The benchmarks for uncertainty analyses with SCALE were identified by selecting reactors with available detailed specifications for which the geometry, materials, and neutron energy spectra are similar to those of the advanced reactor technologies of interest. Given the limited availability of measured data for advanced reactor systems, only theoretical or simplified descriptions were found for some reactor technologies. However, as long as the models include representative geometric dimensions and representative materials, uncertainty analyses of these models can serve well to provide an understanding of the impact of nuclear data uncertainties and to identify relevant nuclide reactions. Table 1 gives an overview of the selected benchmarks, and Figure 1 illustrates the developed SCALE models. Details of the models can be found in the references provided in Table 1.
TABLE 1 | Overview of selected advanced reactor technology benchmarks.
[image: Table 1][image: Figure 1]FIGURE 1 | 3D visualizations of the non-LWR SCALE models. (A) HTR-10, (B) UCB PB-FHR, (C) MSRE, (D) INL Design A, (E) EBR-Ⅱ and (F) ABR 1000.
Many of the considered reactors share certain characteristics. Each of the thermal spectrum systems—HTR-10, the University of California Berkeley (UCB) PB-FHR, the Molten-Salt Reactor Experiment (MSRE)—rely on graphite as neutron moderator and reflector. Both the HTR-10 and the UCB PB-FHR are pebble-bed reactors that use graphite pebbles (of different size) in which tristructural isotropic (TRISO) fuel particles are distributed. The UCB PB-FHR uses molten salt FLiBe as coolant, which is a mixture of LiF and BeF2. Fluoride-based salt is also used in the MSRE for both the carrier salt and the fuel salt. The fast spectrum systems (INL Design A, EBR-II, ABR1000) operate in the absence of a moderator. EBR-II and ABR1000 include irradiated fuel: EBR-II includes high enriched uranium fuel assemblies at various burnups, and ABR1000 uses spent LWR fuel, i.e., uranium/transuranic (U/TRU) fuel, in its equilibrium core. Both these SFRs are cooled by sodium. The INL Design A is an HPR operated with high-assay low-enriched uranium (HALEU) and uses potassium as its working fluid. An overview of key characteristics of the selected benchmarks is provided in Table 2.
TABLE 2 | Key design characteristics of the selected benchmarks.
[image: Table 2]3 UNCERTAINTY AND SENSITIVITY ANALYSIS APPROACH
Uncertainty and sensitivity analyses of eigenvalues and reactivity coefficients were performed using two approaches: linear perturbation theory and random sampling approach. Both approaches relied on neutron transport calculations with SCALE’s Monte Carlo code KENO-VI in either multigroup (MG) or continuous-energy (CE) mode. Both approaches provided insights into the uncertainty of key metrics as well as the top-contributing nuclear data to the observed uncertainty. All analyses were performed using codes and nuclear data libraries from a pre-release version of SCALE 6.3.
3.1 Linear perturbation theory
Sensitivity analyses were performed for the eigenvalue and the reactivity effects using the perturbation theory–based approach implemented in SCALE’s TSUNAMI code (Broadhead et al., 2004). TSUNAMI calculates sensitivity coefficients for all nuclides included in the model of interest with all reactions in all energy groups (Williams, 1986; Williams et al., 2001). TSUNAMI was applied to calculate eigenvalue sensitivities. For reactivity differences such as temperature feedback and control rod worth, TSUNAMI calculations were performed at two different states, and SCALE’s module TSAR (Williams, 2007) was used to combine the two sets of sensitivity coefficients to obtain sensitivity coefficients for the reactivity difference.
The nuclear data uncertainties are given in energy-dependent covariance matrices for each nuclide reaction and for correlations between different nuclide reactions. The multiplication of these covariance matrices with the corresponding sensitivity coefficients determined using TSUNAMI in the so-called sandwich formula leads to the total output variance (Rearden et al., 2011). In addition to the total output uncertainty, TSUNAMI provides a list of the individual contributions of all relevant covariance matrices so that the top contributors to the output uncertainty can be identified.
Note that the output uncertainty is usually shown as the 1-sigma standard deviation of a normal distribution, due to the input nuclear data covariances being normal distributions.
3.2 Random sampling
For some reactor concepts, the random sampling approach as implemented in SCALE’s Sampler sequence (Williams et al., 2013) was used to study uncertainties resulting from nuclear data. The nuclear data are perturbed based on covariance data as provided in the ENDF/B nuclear data files. Sampler performs calculations multiple times based on the perturbed dataset. A statistical analysis of the output of interest yields the output’s uncertainty. To identify the top-contributing nuclide reactions to the output uncertainty, Sampler calculates the sensitivity index R2 (Bostelmann et al., 2022) of all reactions of all nuclides relevant for the model. On a level from 0 to 1, R2 provides a measure of the importance of an individual nuclear reaction to the observed output uncertainty.
Note that the output uncertainty is usually shown as the 1-sigma standard deviation using sample statistics. Although SCALE/Sampler can draw from many distributions, the fundamental nuclear data is specified as a normal distribution. To avoid generating non-physical nuclear data (such as negative cross sections), the normal distribution is truncated.
3.3 Applied nuclear data
Neutron transport calculations were performed using ENDF/B-VII.0 (Chadwick et al., 2006), ENDF/B-VII.1 (Chadwick et al., 2011), and ENDF/B-VIII.0 cross section libraries (Brown et al., 2018). For the uncertainty quantification, TSUNAMI applied the corresponding ENDF/B-VII.0–based, ENDF/B-VII.1–based, and ENDF/B-VIII.0–based covariance libraries, respectively. Sampler calculations were performed using perturbation factors that were generated based on these covariance libraries. More details on these libraries can be found in the SCALE manual (Wieselquist et al., 2020).
4 NUCLEAR DATA UNCERTAINTY PROPAGATION
Only the reactivity analysis of the INL Design A HPR and the FHR are presented here to demonstrate how the uncertainty and sensitivity analyses were performed. When considering the presented results, it is useful to keep in mind results usually obtained for the same quantities in LWR analysis. A keff uncertainty between 0.5% for fresh fuel and 0.8% for depleted fuel, and a fuel Doppler coefficient uncertainty between 1.2% and 1.8% is usually obtained (Aures et al., 2017; Delipei et al., 2021). Key contributors to these uncertainties are 238U and 239Pu radiative capture, as well as 235U and 239Pu neutron multiplicity.
4.1 INL design A
Based on a SCALE full core model initially developed for a different project (Walker et al., 2022), the sensitivity and uncertainty analyses for the fresh core of the INL Design A (Figure 1D) were performed with CE TSUNAMI for the following quantities of interest.
1 keff
2 Δρ fuel temperature: reactivity change from increasing fuel temperature by 500 K
3 Δρ grid radial expansion: reactivity change from radial expansion of the fuel element grid 0.08% into the surrounding gap
4 Δρ fuel axial expansion: reactivity change from axial expansion of the fuel by 0.5% into the lower gas plenum
The temperature increase and the relative expansions were chosen to obtain statistically distinguishable results with the Monte Carlo approach, but they do not correspond to actual changes during reactor operation. While the relative uncertainties obtained with the ENDF/B-VII.0 and ENDF/B-VII.1 libraries are fairly similar, a significant reduction in uncertainty was observed with the ENDF/B-VIII.0 library (Table 3). It is noted that even with the ENDF/B-VIII.0 library, the keff uncertainty is about twice as large as the typical keff uncertainty of an LWR system.
TABLE 3 | INL Design A HPR uncertainties† in quantities of interest due to nuclear data uncertainty, for different ENDF/B library versions.
[image: Table 3]To understand which cross sections are the major contributors to the observed uncertainties and why there is this significant difference with the latest ENDF/B release, sensitivity analyses were performed by investigating the top contributions to the uncertainty provided by TSUNAMI. TSUNAMI determines these individual contributions through the multiplication of the cross section–specific sensitivity with the corresponding covariance matrix. Figure 2 presents these top contributions in the unit ΔR/R, R being the response of interest (e.g., keff).
[image: Figure 2]FIGURE 2 | Relative contributions to the output uncertainties of the INL Design A HPR (as obtained with TSUNAMI in ΔR/R, R: response).
It is easily visible that the uncertainty in the 235U (n,γ) cross section is the top contributor to all output uncertainties in the ENDF/B-VII.0 and ENDF/B-VII.1 calculations. The associated uncertainty in this reaction was dramatically reduced in the ENDF/B-VIII.0 calculation, which led to a significant reduction in the overall output uncertainty. This reduction is the largest for keff because 235U (n,γ) was the dominating contributor to the keff uncertainty with ENDF/B-VII.0 and ENDF/B-VII.1. Slightly larger contributions from 235U fission and the neutron multiplicity [image: image] due to their increased uncertainty in ENDF/B-VIII.0 caused a slight offset.
To further explain the large impact of the 235U (n,γ) cross section uncertainty on the INL Design A reactivity results, the uncertainty of this reaction and the neutron flux in this reactor were examined. Figure 3 shows that the 235U (n,γ) uncertainty is large, with up to 34% in the fast energy range; that is, in the energy range with many neutrons. Since the uncertainty is reduced in this energy range in ENDF/B-VIII.0, the overall contribution of this reaction to the output uncertainty is reduced. Figure 4 clearly illustrates the differences in the fast neutron spectrum in various regions of the reactor.
[image: Figure 3]FIGURE 3 | Relative uncertainty of the 235U (n,γ) cross section in different ENDF/B library releases.
[image: Figure 4]FIGURE 4 | Normalized neutron flux of the INL Design A HPR at the core axial midline, at different radial positions.
This example of analysis demonstrates 1) how to identify top-contributing nuclide reactions to an output uncertainty of interest and 2) the strong impact of reductions of important cross section uncertainties for the overall output uncertainty. Given that the 235U (n,γ) uncertainty was reduced in ENDF/B-VIII.0, the identification of top contributors in this case would result in recommendations for further measurements and evaluations of 235U fission, inelastic scattering (n,n′), and [image: image]. These conclusions were drawn upon the fact the INL Design A is a fast spectrum system based on 235U-enriched fuel. The top contributors of mixed U/TRU-fueled fast spectrum reactors (such as those assumed in SFRs) do not include 235U (n,γ) as the dominant contributing reaction (Bostelmann et al., 2021b).
4.2 UCB PB-FHR
Based on a SCALE full core model initially developed for a different project (Bostelmann et al., 2021a), the sensitivity and uncertainty analyses for the equilibrium core of the UCB PB-FHR were performed with Sampler and KENO-VI in MG mode for the following quantities of interest.
1 keff
2 Δρ fuel temperature: reactivity change from increasing fuel temperature by 500 K
3 Δρ coolant salt temperature: reactivity change from increasing salt temperature by 300 K
4 Δρ coolant salt density: reactivity change from increasing salt density by 50%
The temperature increases and the density multiplier were chosen to obtain statistically distinguishable results with the Monte Carlo approach, but they do not correspond to actual changes during reactor operation. Sampler was chosen due to convergence challenges of sensitivities for important scattering reactions of the graphite reflector and the salt components in the fast energy range when using the perturbation theory–based approach for this reactor. Furthermore, only this approach can be used for the analysis of output quantities such as a power distribution (not presented here). A sample size of 1,000 was used with Sampler to allow sufficient confidence in the obtained uncertainties of the reactivity differences. Sampler calculations were limited to ENDF/B-VII.1 and ENDF/B-VIII.0 since Sampler’s sensitivity analysis is currently enabled only for these two libraries.
The relative uncertainties obtained with these two libraries are fairly similar (Table 4). The relative uncertainty of the salt density reactivity stands out, with an uncertainty larger than 35%, and the keff uncertainty is about three times as large as the typical keff uncertainty of an LWR system.
TABLE 4 | UCB PB-FHR uncertainties† in quantities of interest due to nuclear data uncertainty, for different ENDF/B library versions.
[image: Table 4]To understand which cross sections are the major contributors to the observed uncertainties and why the salt density uncertainty is significantly larger than the other uncertainties, sensitivity indices R2 were calculated for all reactions of all nuclides in the system. Figure 5 presents the largest obtained R2 values found to be statistically significant (above a statistical significance level).
[image: Figure 5]FIGURE 5 | Top contributor to the output uncertainties of the UCB PB-FHR in terms of R2 (as obtained with Sampler, accompanied by 95% confidence intervals).
It is easily visible that the top contributor to the keff and the salt density reactivity uncertainty is the uncertainty in the 7Li (n,γ) cross section. 7Li is one of the major components of the coolant salt; therefore, 7Li reactions have an especially large influence on the salt density reactivity. The uncertainty of this (n,γ) reaction is significant in the thermal region in which most of the neutrons can be found (Figure 6), with an approximate value in this energy range of 5% (Figure 7). The value for this uncertainty is identical between ENDF/B-VII.1 and ENDF/B-VIII.0. If the uncertainty of this single reaction could be reduced with further measurements and evaluations, then the uncertainties of these key reactivities would dramatically decrease. The relevant nuclide reactions for the other reactivity uncertainties are spread out over various reactions, mainly U and Pu reactions. Since many of these reactions’ uncertainties varied between ENDF/B-VII.1 and ENDF/B-VIII.0, their relative contributions and the total output uncertainties show larger variations.
[image: Figure 6]FIGURE 6 | Normalized neutron flux of the UCB PB-FHR at the core axial midline, at different radial positions.
[image: Figure 7]FIGURE 7 | Relative uncertainty of the 19F (n,γ) cross section in different ENDF/B library releases.
In the ENDF/B-VIII.0 calculations of the fuel and salt temperature reactivities, large R2 values of the 239Pu elastic scattering reaction stand out. For the interpretation of R2, it has to be considered that R2 includes correlations between the different reactions. For example, in the case of 239Pu elastic scattering, this reaction is not itself contributing significant uncertainty to the total output uncertainty, but its R2 value is the result of correlations with both the 239Pu fission and (n,γ) reaction which show larger relative contributions in ENDF/B-VIII.0. In contrast, in the ENDF/B-VII.1 calculation, the R2 for 239Pu elastic scattering is below the statistical significance level because of the smaller importance of 239Pu fission and (n,γ) reaction relative to other contributors. More detailed explanations on the interpretation of R2 in such analyses can be found in (Bostelmann et al., 2022).
This example analysis demonstrates 1) how the large uncertainty of one cross section can dominate the uncertainty of important output quantities and that 2) analysis of non-LWRs can lead to the identification of unexpected, important cross section uncertainties of nuclides that were never found relevant for LWR analysis.
5 KEY OBSERVATIONS FOR THE STUDIED NON-LWRS
The following provides an overview of the most relevant observations for the considered non-LWRs, focused on the ENDF/B evaluated data library. Comparisons of the data between the different ENDF/B libraries led to observations on important differences in cross sections and cross section uncertainties (e.g., 235U [image: image]). Literature research led to the identification of missing nuclear data (e.g., 135mXe) and nuclear data updates with important impact on key output quantities (e.g., 35Cl (n,p)). Our own uncertainty and sensitivity studies confirmed the impact of nuclear data updates and identified further relevant nuclear data uncertainties (e.g., 7Li (n,γ)).
5.1 Nuclear data for neutron transport calculations
For neutron transport calculations to determine output quantities such as reactivity and power distributions, the observations with respect to nuclear data and non-LWRs are summarized in Table 5.
TABLE 5 | Summary of key observations.
[image: Table 5]5.2 Nuclear data for time-dependent analyses
The time-dependent behavior of any reactor type requires more than just cross section data. For the following important data, limited or no data are available in the latest ENDF/B release.
• Fission yields: Uncertainties available, correlations not available
• Decay constants: Uncertainties available, correlations not available
• Branching ratios: No uncertainty or correlation data available
• Recoverable energy for fission and capture: No uncertainty or correlation data available
• Delayed neutron fractions and decay constants: No uncertainty or correlation data available
Data on recoverable energy for fission and capture reactions are in fact often hard-coded in neutron transport codes; this data is, for example, important to determine the material power. The same is valid for delayed neutron fractions and decay constants, which are especially important for transient analyses and which are further relevant in systems with flowing fuel (MSRs) due to the delayed neutron precursor drift.
6 CONCLUSION
This paper reviews an assessment of key nuclear data, nuclear data uncertainties, and nuclear data gaps that are relevant for reactor safety analysis in non-LWRs, recently concluded at ORNL. The study involved a literature review, examination of available evaluated nuclear data libraries, and sensitivity and uncertainty analyses with SCALE for six non-LWR benchmarks to quantify the impact of the identified key nuclear data on several key metrics. The nuclear data uncertainty propagation is highlighted herein for two of the six non-LWRs, and the summary of observations for all non-LWRs are presented.
SCALE’s approaches to study the impact of nuclear data uncertainties on the uncertainties of key metrics of interest—particularly the ranking of contributions to the output uncertainties—can be used to guide future measurement and evaluation efforts to reduce the significant nuclear data uncertainties and thereby significantly reduce the overall observed uncertainties. However, to perform such uncertainty assessments, SCALE (just as any other uncertainty analysis tool) relies on the availability of complete and reliable nuclear data.
Besides observing major cross section and uncertainty updates between the different ENDF/B nuclear data library releases that can have major influence on reactivities, various data gaps were identified, especially for missing uncertainties. These gaps must be addressed to improve prediction of key metrics and to avoid unknown biases. Furthermore, this study identified several large cross section uncertainties. A reduction of these specific large uncertainties is needed to significantly reduce the overall output uncertainty of key metrics. It is noted that no statement on the performance or recommendation of a specific ENDF/B library are made given the limited amount of experimental measurement data for non-LWRs to allow a thorough validation.
This study focused on key figures of merit obtained with neutron transport calculations at a single point in time. This type of systematic approach to assess nuclear data performance should be continued in the depletion simulations space to determine uncertainties in nuclide inventories, as well as in transient analysis space, in which key nuclear data include delayed neutron data. All of these studies will greatly benefit from the availability of additional non-LWR reactor physics benchmarks as a basis to fill in the gaps for validating computational tools and data for various safety relevant quantities.
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