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The use of mixed oxide (MOx) fuels in commercial Light Water Reactors affects the criticality-safety evaluation of fuel cycle facilities such as the fuel manufacturing process. Hence, the calculation of plutonium resonant reaction rates in intermediate spectra plays an important role for criticality-safety evaluation of current and future GEN-IV fuel cycle facilities. This paper presents the calculation from experiments k eff discrepancies of seven critical configurations from the BFS/MOx experimental program with a 22% weight Pu content. Those experiments, published in the International Handbook of Criticality Safety Experiments, were specifically performed to address needs of MOx powders fissile media. Those results as well as the k eff-sensitivity coefficients to nuclear data are needed to implement a Representativity/Transposition analysis in the context of the Phase V exercise of the Expert Group on Uncertainty Analysis for Criticality Safety Assessment (EG UACSA) of the OECD NEA Working Party on Nuclear Criticality Safety (WPNCS). The criticality calculations have been performed with the continuous-energy Monte Carlo route TRIPOLI-4 ® of the French criticality-safety package CRISTAL V2. The k eff-sensitivity coefficients to JEFF-3.1.1 cross-sections have been computed with an IFP (Iterated Fission Probability)based method allowing a rigorous Monte Carlo calculation of cross-sections perturbations.

I. INTRODUCTION

Twelve years ago, the OECD Nuclear Energy Agency (NEA) Working Party on Nuclear Criticality Safety (WPNCS) Expert Group on Experimental Needs highlighted the need of MOx damp powders representative experiments [START_REF]Evaluation of Proposed Integral Experiments with Low-Moderated MOX Fuels[END_REF] . In this way, the BFS/MOx experimental program (IPPE, Russia) has been performed: a series of critical experiments involving heterogeneous compositions of plutonium metal, depleted uranium dioxide and polyethylene was conducted in the BFS-1 experimental facility. Furthermore, the WPNCS EG on Uncertainty Analysis for Criticality Safety Assessment (UACSA), created in 2007 to assess calculation uncertainty in criticality studies, is conducting exercises to illustrate predictive capabilities of criticality validation approaches. In this EG, the CEA is supervising the Phase V exercise [START_REF] Santamarina | Benchmark Phase-V. Blind Benchmark on MOx wet powders[END_REF] focusing on damp MOx powders applications and dealing with the evaluation of the ability of validation methods based on the Representativity/Transposition approach to determine computational bias and associated uncertainty due to nuclear data. Thus, for the needs of the Phase V benchmark, the computational analyses of the BFS/MOx experiments have been performed. This paper focuses on the results of the computational analyses of seven critical configurations from the BFS/MOx experimental program with a 22% weight Pu content (series 97 and 99). Those experiments, now available in the ISCBEP handbook, have been performed with the continuous-energy Monte Carlo route TRIPOLI-4 ® of the CRISTAL V2 criticality-safety package, based on the JEFF-3.1.1 nuclear data evaluation. Moreover, other nuclear data evaluations are used for computations such as JEF-2.2 and ENDF/B-VII.0 in order to compare the results with those available in the literature. Finally, the k eff- sensitivity coefficients to nuclear data are computed with an IFP-based method available in a development version of TRIPOLI-4 and compared with those of the UACSA benchmark cases.

II. THE REPRESENTATIVITY/TRANSPOSITION APPROACH AND PHASE-V UACSA BENCHMARK

This approach 3 makes use of sensitivity/uncertainty methods; statistical nuclear data adjustments; integral experiment selection and similarity quantification with a respect of a design system. This approach is used in order to transpose a calculation over experiment (C/E) discrepancy of a representative experiment (supposedly due to nuclear data uncertainties) into a computational bias for the application of interest. This method also gives the a posteriori Since this approach is based on the nuclear data adjustment theory [START_REF] Venard | B. tool for the determination of computational bias and associated uncertainty in the CRISTAL criticality-safety package[END_REF] , the use of reliable variance and covariance nuclear data is of importance for the quality of its application. For a criticality-safety application the related uncertain nuclear data are the cross-sections. They are currently based on the JEFF-3.1.1 evaluation [START_REF] Santamarina | The JEFF-3.1.1 nuclear data library[END_REF] and the covariance on the CEA COMAC library [START_REF] Archier | COMAC: nuclear data covariance matrice library for reactor applications[END_REF] .

II.A. The Representativity/Transposition approach

The inputs needed for this approach result from sensitivity/uncertainty analyses, as follows:

i-the integral parameter sensitivity coefficients (the multiplication factor k ef in this paper) to Nuclear Data:S A , S E

The sensitivity analysis provides energy-dependent sensitivity coefficients that give the relative change in the system k eff value as a function of relative changes in crosssections data by isotope, reaction and energy. These analyses should be done for the system of application and for the selected integral experiment systems.

Let A and E be the subscripts referring to an application and an experiment. Let I be the calculation of the k eff integral value.

S A is the sensitivity coefficients matrix of I A to Nuclear Data (ND) for the case of application (1) and S E is the sensitivity coefficients matrix of I E to ND for the experimental cases (2).

𝑆 𝐴 = 𝜕𝐼 𝐴 𝜕𝜎 𝑔 𝜎 𝑔 𝐼 𝐴 , g = 1, 2,…, N (1) 
𝑆 𝐸 = 𝜕𝐼 𝐸 𝜕𝜎 𝑔 𝜎 𝑔 𝐼 𝐸 , g= 1,2, …, N (2)
where N is the number of nuclide-reaction pairs x the number of energy groups and S E is an N x C matrix where C is the number of critical integral experiments being considered.

ii-The prior nuclear data uncertainty: 𝜀 𝐴 , 𝜀 𝐸 The uncertainty analysis propagates the cross-section uncertainty information to the k eff value of the system by using the sensitivity coefficients. The result is an estimate of the uncertainty in the system k eff due to cross-sections and, of the correlated uncertainty between systems.

The a priori uncertainty due to nuclear data for I A (resp. I E ) are given by the (3) and (4) formulas. 𝐷 𝜎 is the prior nuclear data covariance matrix (N x N).

𝜀 𝐴 2 = 𝑆 𝐴 𝑡 𝐷 𝜎 𝑆 𝐴 ( 3 
)
𝜀 𝐸 2 = 𝑆 𝐸 𝑡 𝐷 𝜎 𝑆 𝐸 (4)
iii-The Representativity factor, r A,E This correlation coefficient, given by the equation ( 5), measures the similarity between the system of application and one integral experiment system in terms of related sensitivity and uncertainty. Its value ranges from 0 to 1. A value of 0 means that the experiment system and the system of application are not correlated, the experimental information is not of any utility. On the other side, a value of 1 indicates a full correlation between the systems; the experimental information will be fully exploited to determine the computational bias and its associated posterior uncertainty due to ND.

𝑟 𝐴,𝐸 = 𝑆 𝐴 𝑡 𝐷 𝜎 𝑆 𝐸 𝜀 𝐴 𝜀 𝐸 (5)
Finally, the computational bias and its associated uncertainty are derived from the nuclear data statistical adjustment process. To summarize, the nuclear data adjustment is based on:

the Bayes' theorem that connects the prior (before integral experiment interpretation) and the posterior distribution of the ND; -the maximum likehood principle that gives the best estimated values of the nuclear data. And the major hypotheses are as follows:

absence of calculation method bias. In other words, we suppose that the calculation over experiment discrepancies are only due to the nuclear data and experimental uncertainty; -all parameters (nuclear data and k eff ) follow a Gaussian distribution;
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integral parameters (k eff ) can be represented by a linearized functional in the neighborhood of the prior nuclear data distribution.

In this framework, the statistical ND adjustment gives the best estimated adjustment of the ND, ∆𝜎 (6) and the associated variance-covariance matrix 𝐷 𝜎 * (7).

Δ𝜎 = 𝜎 * -𝜎 0 𝜎 0 = 𝐷 𝜎 𝑆 𝐸 [ 𝑆 𝐸 𝑡 𝐷 𝜎 𝑆 𝐸 + 𝐷 𝐸 ] -1 𝐼 𝑀 -𝐼 𝐸 𝐼 𝐸 (6) 
where 𝐼 𝑀 is the vector of the k eff measured values

𝐷 𝜎 * = 𝐷 𝜎 -𝐷 𝜎 𝑆 𝐸 [ 𝑆 𝐸 𝑡 𝐷 𝜎 𝑆 𝐸 + 𝐷 𝐸 ] -1 𝑆 𝐸 𝑡 𝐷 𝜎 (7)
where 𝐷 𝐸 is the experimental covariance matrix.

Lastly, the computational bias due to ND (∆𝐼 𝐴 ) and its associated uncertainty ( 𝜀 𝐴 * , a posteriori uncertainty) are obtained with the equations ( 8) and (9). They result from the calculation with the adjusted multigroup ND.

∆𝐼 𝐴 = 𝐼 𝐴 * -𝐼 𝐴 𝐼 𝐴 = 𝑆 𝐴 𝑡 ∆𝜎 = 𝑆 𝐴 𝑡 𝐷 𝜎 𝑆 𝐸 [ 𝑆 𝐸 𝑡 𝐷 𝜎 𝑆 𝐸 + 𝐷 𝐸 ] -1 . 𝐼 𝑀 -𝐼 𝐸 𝐼 𝐸 (8) 
𝜀 𝐴 * 2 = 𝑆 𝐴 𝑡 𝐷 𝜎 * 𝑆 𝐴 = 𝜀 𝐴 2 -𝑆 𝐴 𝑡 𝐷 𝜎 𝑆 𝐸 [ 𝑆 𝐸 𝑡 𝐷 𝜎 𝑆 𝐸 + 𝐷 𝐸 ] -1 𝑆 𝐸 𝑡 𝐷 𝜎 𝑆 𝐴 𝑡 (9) 

II.B. Description of Phase-V UACSA Benchmark

In the framework of the UACSA Expert Group, it is proposed a numerical blind benchmark. Due to the challenging calculation of Pu resonant reaction rates in intermediate spectra. For the reasons explained above, we have selected MOx powder applications representative of what is encountered in fuel cycle facilities. This blind numerical benchmark should allow the evaluation of the ability of validation methods such as Representativity/Transposition method, previously described.

Nine cases are proposed with three PuO 2 contents, and three Pu isotopic vectors (criticality-conservative, realistic, and Pu weapon-grade). Six additional cases are also proposed (with different powder moisture rates). For those fifteen cases, the MOx fissile medium is a sphere surrounded by a 20cm-large water reflector. For criticality studies, one should notice that a reflected sphere is the most penalizing configuration (reduced leakage).

TABLE I Specifications of the damp MOx powders benchmark cases

To apply the similarity/transposition method, as stated above, the first step consists in k eff-sensitivity to ND analyses.

Previously, the sensitivity analyses were conducted with a deterministic calculation method 2 . Then, the same analyses have been carried out with a reference Monte Carlo calculation method. This method is derived from an adjoint-based perturbation theory approach where the adjoint neutron flux is calculated with the Iterated Fission Probability (IFP) method, under development in the Monte Carlo Code TRIPOLI-4 [START_REF] Truchet | Implementation and validation of reference sensitivity profile calculations in TRIPOLI-4[END_REF] . The results are consistent with the previous one. Only a selection of interest is presented in this paper, the overall profiles calculated with the IFPbased method will be consultable in the UACSA Phase V report.

The one energy group integrated k eff -sensitivity coefficients of the cases 4 to 6 are presented on Fig. 2. Moreover, for these three illustrated cases, the k effsensitivity profiles to 239 Pu(n,f) data and 238 U(n , 𝛾) , collapsed on 281 energy groups, are plotted in Fig. 3 and4. Proceedings of GLOBAL 2017 September 24-29, 2017 -Seoul (Korea)
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Also, due to an intermediate neutron spectrum, the 12.5 and 30% PuO 2 cases (5,6) show a significant sensitivity to 238 U resonant capture cross-sections. 

III. BFS/MOX EXPERIMENTS, RESULTS AND ANALYSES

III.A. Description of the experiments

The experiments were conducted in the BFS-1 critical facility located at the Institute of Physics and Power Engineering (IPPE) in Russia. BFS-1 is designed for fullscale modeling of fast reactors cores, blankets, in-vessel shielding and storage, and for additional neutron physics information necessary for the design of fast reactors.

Nine critical configurations were performed consisting in heterogeneous compositions of plutonium, depleteduranium dioxide and polyethylene. In these experiments, MOx damp powders were simulated by assembling tightly packed cylindrical aluminum tubes containing various ratios of plutonium and depleted uranium pellets. The specific water content was achieved by periodically including polyethylene dowels and/or polyethylene pellets. The composition of fuel material was investigated with two types of plutonium with different content of 240 Pu. The axial and lateral reflectors were depleted uranium dioxide.

The critical configurations were designated as BFS-97/1, -97/2,-97/3,-97/4, -99/1, -99/1A, -99/2. The principal characteristics are given in TABLE II and additional information is available in the ICSBEP handbook [START_REF]International Handbook of Evaluated Criticality Safety Benchmark Experiments[END_REF] using the MIX-MISC-MIXED reference. The following figures 5 and 6 represent and describe one of the seven BFS assemblies involved in this study. 

III.B. Calculation tools

To compute k eff values for the seven configurations, the French criticality-safety package CRISTAL V2.0 9 has been used. Its Monte Carlo continuous-energy route using the TRIPOLI-4.8 code and the JEFF-3.1.1 5 nuclear data evaluation were involved to model the complex 3D geometry correctly. Moreover, the JEF-2.2 [START_REF]The JEF-2.2 Nuclear data Library[END_REF] and ENDF/B-VII.0 11 continuous energy neutron data were used additionally in order to compare the results to those available in the literature.

The same method used for the fifteen UACSA benchmark cases has been used to assess the k eff -sensitivity coefficients to nuclear data. So, the perturbation calculations are based on the IFP method (Iterated Fission Probability method) for adjoint neutron-flux estimation. This method allows a continuous and rigorous calculation of cross-sections perturbations.

III.C. Results

First, the k eff experiment results are presented in The results obtained with the JEFF-3.1.1 evaluation are quite satisfactory and the overall trend is consistent with the one presented in the literature [START_REF] Ivanova | Nuclear data impact on multiplication factor and reactor physics parameters calculation for experiments simulating damp MOX powders[END_REF] .

The calculation over experiments k eff discrepancies are contained between -0.340 ± 0.29% and +1.060 ± 0.31%. A slight tendency to k eff underestimation is observed for the configurations involving fast neutron spectra. Eventually, the use of the JEFF-3.1.1 (instead of JEF-2.2) generates a significant improvement in the results for experiments of the 97 series, with a marked reduction of the tendency of underestimation observed with JEF-2.2. Regarding the 99 series, an increase of overestimation is observed, quite coherent to the ENDF/BVII.0 results. It is to notice that studies [START_REF] Ivanova | Nuclear data impact on multiplication factor and reactor physics parameters calculation for experiments simulating damp MOX powders[END_REF] have shown that this overestimation may hardly be due to error on the isotopic content in Pu pellets.

Finally, one energy group integrated k eff-sensitivity coefficients are presented in Fig. 7 to 9 for three of the seven configurations; BFS-97/1, /3 and -99/1 presenting various neutron spectra (fast and mixed depending on the water content) and both 240 Pu contents (4.6 and 10.1%).

The configurations are highly sensitive to 239 Pu data and, to a less extend, to 238 U data. The k eff -sensitivity to 240 Pu, 241 Pu and 235 U data are almost negligible. The sensitivity profiles to 239 Pu fission (Fig. 10) and 238 U capture (Fig. 11) (collapsed on 281 energy groups), illustrate as well the progress of the neutron spectrum from the fast (BFS-97/1) to the epithermal (BFS-97/3, 99/1) energy range. Finally, the representativity factors between UACSA benchmarks cases and the interpreted BFS experiments were computed. The representativity factors maximum values range from 0.72 (between case 4 and BFS-99/1A) to 0.99 (between case 8 and BFS-97/4). Generally, the correlation coefficients are high (> 0.92), except for the 100% PuO 2 cases where the correlations range around 0.7. Moreover, these results show, for our application case, that the less valuable BFS experiments are -97/1 and -97/2, this is easily understandable because of its main characteristics (i.e. water content / fast neutron spectra). Quite the opposite, the experimental information coming from the other BFS experiments will be fully exploited to determine the UACSA benchmark cases computational bias and the reduced associated a posteriori ND uncertainties.

IV. CONCLUSIONS

This paper is part of the Phase V exercise of the OECD WPNCS EG-UACSA. This exercise focuses on damp MOx powders applications and deals with the evaluation of the ability of the criticality-safety validation methods to determine computational bias and associated uncertainty due to nuclear data.

The Representativity/Transposition approach makes use of sensitivity/uncertainty methods; statistical nuclear data adjustments; integral experiment selection and similarity quantification with respect to a design system. To implement this approach in the context of the UACSA phase V exercise the first step concerns the selection of a set of experiments representative of the UACSA Phase V benchmark cases and making use of sensitivity methods.

To do so, the computational analyses of seven critical configurations from the BFS/MOx experimental program with a 22% weight Pu content (series 97 and 99) were performed with the continuous-energy Monte Carlo route TRIPOLI-4 of the CRISTAL V2 criticality-safety package, based on the JEFF-3.1.1 nuclear data evaluation. Moreover, other nuclear data evaluations were used for computations such as JEF-2.2 and ENDF/B-VII.0 in order Proceedings of GLOBAL 2017 September 24-29, 2017 -Seoul (Korea)
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to compare the results with those available in the literature. Finally, the k eff-sensitivities to nuclear data were computed with an IFP-based method under development in the TRIPOLI-4 Monte Carlo code.

First, the results obtained with the JEFF-3.1.1 evaluation are satisfactory and consistent with the ones presented in the literature. The calculation over experiment k eff discrepancies range from -0.340 ± 0.29% to +1.060 ± 0.31%. A slight tendency to k eff underestimation is observed for the configurations involving fast neutron spectra. Eventually, the use of the JEFF-3.1.1 (instead of JEF-2.2) generates a significant improvement in the results for experiments of the 97 series, with a marked reduction of the tendency of underestimation observed with JEF-2.2. Regarding the 99 series, an increase of the overestimation is observed.

Then, the k eff -sensitivity to nuclear data analysis shows, as expected, that the configurations are highly sensitive to first, 239 Pu fission and then, 238 U fission and capture reactions.

Finally, the higher representativity factors values between the ten UACSA cases and the BFS experiments range from 0.72 to 0.99. So the correlation coefficients are generally high (> 0.92), except for the 100% PuO 2 cases where the correlations range around 0.7. Moreover, these results show, for our case of application, that the less valuable BFS experiments are -97/1 and -97/2, this is easily understandable because of its main characteristic (fast neutron spectra). Quite the opposite, the experimental information coming from the other BFS experiments will be fully exploited to determine the UACSA benchmark cases computational bias and the reduced associated a posteriori ND uncertainties. The next step is to quantify the computational bias and the associated a posteriori nuclear data uncertainty of the ten UACSA benchmark cases. Other experiments will be selected to fully exploit the corpus of available integral experiments. After all, parametric studies will be done to quantify the impact of the number of selected integral experiments, the correlations between the integral experiments and, the nuclear data covariance matrix.

Fig. 1 .

 1 Fig. 1. Representativity/Transposition Approach -Overview Fig. 1 is an overview of the Representativity/ Transposition approach bringing forward the various data and methods involved in this approach. It is implemented in a tool named R.I.B (Représentativité, Incertitudes, Biais) 4 developed by the CEA and linked with the French criticality-safety package CRISTAL.

Fig. 2 .

 2 Fig. 2. Integrated k eff -sensitivity coefficients -Cases 4 to 6 k eff of the MOx powders configuration is particularly sensitive to the 239 Pu data. The k eff of the 12.5% PuO 2 cases are highly sensitive to 239 Pu fission at intermediate energy range, while the k eff sensitivities become predominant in the fast energy range for the 100% PuO 2 cases.

Fig. 3 . 6 Fig. 4 .

 364 Fig. 3. Sensitivity profiles to 239 Pu fission -Cases 4 to 6

Fig. 5 .Fig. 6

 56 Fig. 5. Layout of the BFS-97/1 Assembly 8

Fig. 7 1 Fig. 8 3 Fig. 9

 71839 Fig. 7 Integrated k eff -sensitivity coefficients -BFS-97/1

Fig. 10

 10 Fig. 10 k eff -sensitivity profiles to 239 Pu fission

  Benchmark Case Id. M H20 /(M H20 +M MOx ) MOx Radius M PuO2 /M MOx 239 Pu/Pu 240 Pu/Pu 241 Pu/Pu 242 Pu/Pu

	1	3%	17.0 cm	100%				
	2	3%	22.5 cm	30%	71%	17%	11%	1%
	3	3%	46.0 cm	12.5%				
	4	3%	17.7 cm	100%				
	5	3%	24.1 cm	30%	64%	23%	10%	3%
	6	3%	52.5 cm	12.5%				
	7	3%	15.0 cm	100%				
	8	3%	19.0 cm	30%	96%	4%	0%	0%
	9	3%	40.0 cm	12.5%				
	10	1%	17.0 cm	100%				
	11	1%	22.5 cm	30%	71%	17%	11%	1%
	12	1%	46.0 cm	12.5%				
	13	5%	17.0 cm	100%				
	14	5%	22.5 cm	30%	71%	17%	11%	1%
	15	5%	46.0 cm	12.5%				

TABLE II Main

 II Characteristics of the BFS/MOx Experiments

				Equiv.	
	BFS	Pu Content	240 Pu Content	Water	Neutron
	Exp.	in Fuel, wt. %	in Pu, wt. %	Content,	Spectrum
				wt.%	
	97/1	22	4.6	0.0	Fast
	97/2	22	4.6	0.6	Fast
	97/3	22	4.6	2.5	Mixed
	97/4	22	4.6	3.4	Mixed
	99/1	22	10.1	2.5	Mixed
	99/1A	22	10.1	2.5	Mixed
	99/2	22	10.1	3.4	Mixed

  TABLE III. k eff values computed with TRIPOLI-4.8 [(C-E),%] are presented in TABLE IV, the statistical uncertainties are given as single standard deviation (1σ = 0.01%). The uncertainties associated to the k eff discrepancies result of the quadratic combination of the statistical and experimental uncertainties.

TABLE III BFS

 III 

	experimental k eff values and uncertainties
	BFS Exp.	Experimental values
	97/1	1.0010 ± 0.0029
	97/2	1.0011 ± 0.0026
	97/3	1.0016 ± 0.0031
	97/4	1.0011 ± 0.0027
	99/1	1.0018 ± 0.0028
	99/1A	1.0009 ± 0.0028
	99/2	1.0012 ± 0.0026

TABLE IV Calculation

 IV 

over experiment k eff discrepancies and uncertainties (%) BFS Assembly CRISTALV 2.0 / TRIPOLI-4.8 JEFF-3.1.1 JEF-2.2 ENDF/B-VII.0 97/1 -0.340 ± 0.29 -1.270 ± 0.29 -0.488 ± 0.29 97/2 -0.297 ± 0.26 -0.829 ± 0.26 -0.028 ± 0.26 97/3 0.160 ± 0.31 -0.525 ± 0.31 0.397 ± 0.31 97/4 0.001 ± 0.27 -0.621 ± 0.27 -0.210 ± 0.27 99/1 1.060 ± 0.28 0.282 ± 0.28 1.296 ± 0.28 99/1A 0.890 ± 0.28 0.149 ± 0.28 1.128 ± 0.28 99/2 0.957 ± 0.26 0.268 ± 0.26 1.165 ± 0.26
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