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Highly accurate activation calculations are the basis of radiation protection optimization design, and the accuracy of activation calculations depends on nuclear data. Based on the ENDF/B-VIII.0 and JEFF3.3 decay evaluation libraries, the influence of different nuclear data on the reactor structural material activation calculation is analyzed, and the nuclear data-related sensitivity and uncertainty quantification of radioactivity, decay heat and photon sources are carried out by the global sensitivity analysis method and the Latin Hypercube Sampling method. Based on uncertainty data in ENDF/B-VIII.0 and JEFF3.3, quantifying the uncertainty of radioactivity, decay heat and photon source in the shutdown dose calculation of reactor structural materials, the maximum uncertainty of radioactivity and decay heat reach 4.54 and 1.45%, respectively. The half-life and decay energy of 55Fe are the main sources of uncertainty.
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INTRODUCTION
Nuclear data are the basic input parameters of activation calculations, and their accuracy directly affects the activation calculation results (Liem and Sembiring, 2013; Tsilanizara and Huynh, 2021). Uncertainties are unavoidable when nuclear data are obtained through experimental measurements (Awan et al., 2012; Katakura, 2013), and nuclear data uncertainties are propagated in activation calculations, which eventually affect the accuracy of activation calculation results. Therefore, it is necessary to quantify the uncertainty in the activation calculation results caused by nuclear data. ORIGEN2 is a typical depletion and decay code widely used in the design of nuclear power plants and reprocessing plants (Croff, 1980; Croff, 1983). The code uses the matrix exponential method to solve the fuel inventory equation, which is a well-developed theoretical method, so its calculation accuracy depends mainly on the accuracy of the activation library (Mehboob et al., 2013; Foudil et al., 2017). The current activation library that comes with the ORIGEN2 code is processed based on the ENDF/B-VI.8 basic evaluation data library, which inevitably influences the activation calculation results. Therefore, the activation library for the ORIGEN2 code is obtained by processing nuclear data based on the latest version of the JEFF3.3 and ENDF/B-VIII.0 decay evaluation libraries (McLane, 1996; Herman, 2009; Brown et al., 2018; Trkov et al., 2018; Plompen et al., 2020). The two new versions of the decay evaluation libraries are compared to the ENDF/B-VI.8. First, the improvement of the experimental method making the measured nuclear data closer to the real values. Second, the new version of the evaluation libraries gives the variance information that can evaluate the uncertainty of the nuclear data, which is the basis for the uncertainty analysis performed in the paper. Therefore, based on uncertainty data in ENDF/B-VIII.0 and JEFF3.3, the uncertainty analysis program SIMLAB is used to carry out uncertainty quantification analysis and sensitivity analysis of the activation source term radioactivity, decay heat and photon source of the reactor structural materials after shutdown.
THEORETICAL FOUNDATION
Activation Library Processing
The processing flow of the ORIGEN2 activation library is shown in Figure 1. Based on ENDF/B-VIII.0 and JEFF3.3 decay evaluation libraries, the half-life, decay energy, decay type, decay branching ratio and abundance of nuclides to be processed are read, and then the data are stored according to activation product group, fission product group and actinide group like the format of the ORIGEN2 activation library. Finally, the card image format library is generated.
[image: Figure 1]FIGURE 1 | ORIGEN2 activation library processing flowchart.
Uncertainty Analysis Theory
Uncertainty quantification refers to determining the effect of input uncertainty on the model output. The main data-driven algorithms for uncertainty quantification include: the sampling statistics method, the alternative model method, the UMAE method (uncertainty methodology based on accuracy extrapolation), and the deterministic approach (Briggs, 2009).
The Latin Hypercube Sampling method was chosen as the sampling method due to its widespread use in reactor physics. For the number of samples, a nonparametric statistical method (Wilks formula) was used to determine the minimum number of n that samples required, based on the confidence level b of the distribution interval and the probability of the output parameter a. The Wilks formula is (Wilks, 1942):
[image: image]
[image: image]
Eq. 1 applies to the single-side limit distribution, and Eq. 2 applies to the bilateral limit distribution.
The minimum sample size n satisfying different confidence levels and tolerance intervals calculated by the Wilks formula are shown in Table 1. Based on nonparametric statistical theory, when the minimum sample size is 59, the upper tolerance limit value of the target parameter takes the maximum value; when the minimum sample size is 93, the upper tolerance limit value of the target parameter takes the next largest value (Mui and Kozlowski, 2018).
TABLE 1 | Minimum samples with different confidence levels and tolerance intervals.
[image: Table 1]Uncertainty Analysis Program SIMLAB
Based on the above approach, this paper uses the SIMLAB program developed by the JRC (Joint Research Center) in Europe to perform uncertainty analysis (Bieda, 2012), which applies the LHS method, and has been carried out for uncertainty and sensitivity analysis in the fields of economics as well as fuzzy inference systems. The SIMLAB program includes a statistical preprocessing module, an execution module, and a statistical postprocessing module. The statistical preprocessing module of the SIMLAB program provides parameter distribution types and sampling methods, and users can choose different parameter distributions in SIMLAB, including normal, uniform, and discrete distributions. You can also create a new functional relationship and visualize the parameter distributions in the statistical preprocessing module of SIMLAB. The execution module needs a seed number (usually with more than a five-digit number) and then samples to generate the required number of samples. The statistical postprocessing module of the SIMLAB program is used for uncertainty analysis and sensitivity assessment. Uncertainty analysis can visualize the probability distribution of parameters and give statistical results such as the mean value, variance, standard deviations and maximum and minimum values of parameters. Sensitivity assessment gives the correlation coefficient or sensitivity index of input and output parameters.
Activation Calculation Uncertainty Analysis
As in Figure 2, the uncertain input parameters in the activation calculation are randomly sampled through the model import module interface in the SIMLAB program to generate the sample files. First, the sample files are passed to the ORIGEN2 code, and the output files are obtained by calculation. Second, the output files are passed back to the SIMLAB program through the external interface of the execution module, and the SIMLAB program is applied to statistically analyze the correlation coefficients of the sample input parameters and the output parameters. Finally, a sensitivity analysis of the output parameters is performed. The calculation process is shown in Figure 3: 1) Determine the nuclides that have important effects on the radioactivity, decay heat and photon source in the activation calculation model; 2) Specify the range of values and probability distribution of nuclear data of nuclides, select the sampling method and obtain different sample combinations; 3) Pass the sample combinations obtained by sampling to the ORIGEN2 code for calculation and obtain the output file; 4) Pass the output file to the SIMLAB program and use the program to perform sensitivity analysis on the results and obtain the correlation coefficients of the input and output values.
[image: Figure 2]FIGURE 2 | SIMLAB and ORIGEN2 coupling method.
[image: Figure 3]FIGURE 3 | Calculation flowchart of the uncertainty method.
REACTOR STRUCTURAL MATERIAL ACTIVATION CALCULATION UNCERTAINTY ANALYSIS
Based on the above analysis, different nuclear data have a great impact on the activation calculation. Therefore, it is necessary to quantify the uncertainties in activation calculations introduced by the differences in nuclear data, and to clarify the important influencing nuclides in activation calculations for reactor structural materials.
NUREG/CR-6115 Reactor Structural Material Model
The important structural components in a pressurized water reactor are covered in the NUREG/CR-6115 reactor model. The reactor core has a total of 204 boxes of 21.485 × 21.485 × 335.28 cm3 fuel assemblies (Carew, 2001). The top and bottom of the core are reactor reflectors, and the radial periphery of the core is an envelope with a thickness of 1.5875 cm. The nuclide composition of the structural materials of the pressurized water reactor model is shown in Table 2.
TABLE 2 | Nuclide composition of 6,115 structural materials.
[image: Table 2]Selection of Uncertainty Parameters
First, the NUREG/CR-6115 reactor structure material model was irradiated for 50 years with a neutron injection rate of 1×1013 cm−2 s−1 and a shutdown time of 48 years. Using ORIGEN2 to output the nuclides with large contributions to radioactivity, decay heat and photon source during the 48-years time period after reactor shutdown.
We can see in Table 3, that dividing the time after reactor shutdown into three phases, the nuclides that have a large influence on the radioactivity, decay heat and photon source are 54Mn, 56Mn, 55Fe, 58Co, 64Cu and 66Cu, so after comprehensive consideration, these six nuclides are finally selected as uncertainty input parameters.
TABLE 3 | The nuclides with large contributions to radioactivity, decay heat and photon source.
[image: Table 3]The six nuclides were finally determined as uncertainty input parameters with normal distribution of half-life and uniform distribution of decay energy, where the uncertainty variance information of decay energy is given by the evaluation data library of ENDF/B-VIII.0, and the uncertainty variance information of half-life is not provided by the evaluation data library, so the uncertainty information is obtained by the differences of ENDF/B-VI.8, ENDF/B-VIII.0 and JEFF3.3, with a more conservative uncertainty range taken as shown in Table 4. It should be pointed out that the uncertainty given in Table 4 is only part of the uncertainty sources, in which only six radionuclides that have a clear influence on radioactivity and decay heat in the reactor structure material are considered.
TABLE 4 | Uncertainty input parameter information.
[image: Table 4]Finally, the important characteristic parameters of radioactivity, decay heat and photon source are used as uncertainty output parameters in the analysis of NUREG/CR-6115 reactor structural material activation calculations.
Uncertainty Analysis
The Latin hypercube method was selected to sample the input parameters, and according to Table 1, the minimum sample size to satisfy the two 95% bilaterally limited distributions was 93. For conservative estimation, 100 samples were taken as inputs (Zhao et al., 2021), and the 12 input parameters were sampled with the distribution shown in Figure 4.
[image: Figure 4]FIGURE 4 | Distribution of half-lives and decay energies of nuclides.
To detect the distribution of the input parameters intuitively, the input parameters are normalized. Assuming that the upper limit value of the ith parameter is Uij, the lower limit value is Lij, and the parameter value of the jth sample is Kij, the normalized result Xij as Eq. 3:
[image: image]
It can be seen that the value of Xij is between 0 and 1. The distribution state of the sample in the interval reflects the kind of distribution to which it belongs. The normalized distribution of hypercube sampling samples is shown in Figure 5. It is evident that the normalized half-life parameter sample points are clustered in the middle and sparse on both sides, obeying a normal distribution; the decay energy sample points are distributed with equal probability in the interval, so the input parameters obey a uniform distribution, which verifies the rationality of the input parameter sampling.
[image: Figure 5]FIGURE 5 | Normalized distribution of Latin hypercube sampling.
Figure 6A, Figure 6C, and Figure 6E show the changes in radioactivity, decay heat, and photon source over time for 100 different nuclear data samples from the NUREG/CR-6115 reactor structural material activation calculations. Figure 6B and Figure 6D show partially enlarged details from 2 to 11 years for radioactivity and decay heat (within the gray rectangle in Figure 6A and Figure 6C), respectively. Figure 6F shows the uncertainty variation of the calculated results for radioactivity, decay heat, and photon source for 48 years after reactor shutdown.
[image: Figure 6]FIGURE 6 | NUREG/CR-6115 structural material radioactivity, decay heat and photon uncertainty. (A) Radioactivity (B) Radioactivity partial enlarged detail (C) Decay heat (D) Decay heat partial enlarged detail (E). Photon source (F) Uncertainty.
The perturbation of nuclear data has a small effect on the photon source, and the uncertainty will reach a maximum of 4.54% at the 10th year of shutdown for radioactivity. The reason is that the half-life of 55Fe has great uncertainty, and 55Fe is the main contributor to radioactivity. From Table 4, it can be seen that 55Fe has the longest half-life of 2.774 years among the six nuclides, and from Table 3, it can be seen that the reactor structure material has the largest proportion of Fe by mass. These two reasons lead to the fact that 55Fe will have the largest impact on the inventory and radioactivity at this time. The uncertainty introduced by the half-life of 55Fe as a main contributing nuclide will be shown during this time. The uncertainty of the decay heat is approximately 1% within 1 day of the shutdown, and the decay heat is mainly produced by 56Mn and 58Co. From Table 4, the half-lives of 56Mn and 58Co were 2.579 h and 70.856 days, respectively, so the uncertainty is introduced by 56Mn and 58Co during this time. The uncertainty of the decay heat starts to rise to the maximum value of 1.45% at 5 years, because the 55Fe decay heat contribution is increasing (15.52%) at this time, which also introduces uncertainty to the decay heat. The maximum value of 0.19% uncertainty in the photon source occurs in the third year, which is the main photon source emitted by 54Mn. From Table 4, the half-life of 54Mn is 312.037 days. Additionally, the uncertainty is introduced by 54Mn.
Sensitivity Analysis
The Spearman correlation coefficient is one of the commonly used global sensitivity analysis methods to test the sensitivity of multiple input parameters to the response parameters (Sedgwick, 2014). The Spearman correlation coefficient was used as an output parameter for the analysis of radioactivity, decay heat and photon source sensitivity, and the correlation coefficient takes values in the range of [-1,1]. The magnitude of the absolute value indicates the strength of the sensitivity; the positive sign of the value indicates a positive correlation, the negative sign indicates a negative correlation, and 0 indicates no correlation, and its expression is shown in Eq. 4.
[image: image]
Where, [image: image] is the size ranking of [image: image] in X; [image: image] is the size ranking of [image: image] in Y; y is the correlation coefficient; and n is the number of samples.
As shown in Figure 7, in the field of statistics, the correlation coefficient is defined as extremely strong correlation from 0.8 to 1, strong correlation from 0.6 to 0.8, moderate correlation from 0.4 to 0.6, weak correlation from 0.2 to 0.4, and extremely weak correlation from 0 to 0.2. Since the uncertainty in radioactivity is highest at the 10th year after reactor shutdown, the correlation between the input and output values (the half-life and decay energy of the nucleus are input values, and the radioactivity, decay heat and photon source are output values) at that moment is calculated in Figure 7. Therefore, the half-life of 55Fe is extremely strongly correlated with the decay heat and photon source, and the decay energy of 55Fe is extremely strongly correlated with the decay heat; it can also support the fact that the uncertainty introduced by 55Fe in the previous section is the largest. The half-life of 54Mn is moderately correlated with radioactivity, and the half-life and decay energy of other nuclides are weakly and extremely weakly correlated with the response of the three output parameters.
[image: Figure 7]FIGURE 7 | Spearman’s correlation coefficient of input and output parameters at 10th year.
CONCLUSION
In this paper, the activation library of the depletion and decay code ORIGEN2 was updated based on ENDF/B-VIII.0 and JEFF3.3 decay evaluation libraries, and uncertainty quantification analysis of activation calculations and global sensitivity analysis of nuclear data were carried out. The conclusions are as follows.
(1) The uncertainties of radioactivity, decay heat and photon source of the reactor structure material within 48 years of reactor shutdown due to nuclear data perturbation are obtained by uncertainty analysis, and the radioactivity will reach the maximum uncertainty of 4.54% at 10 years and the maximum uncertainty of 1.45% for decay heat at 5 years.
(2) The Spearman correlation coefficient shows that the changes in its half-life and decay energy have the greatest influence on the radioactivity, decay heat and photon source of the structural material after the reactor is deactivated. Therefore, for the design of the scheme of radiation shielding of the reactor structural material, the half-life and decay energy of 55Fe should be determined more precisely to improve the accuracy of the activation calculation.
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