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INTRODUCTION

The progression of severe core accident (SCA) in a fast breeder reactor (FBR) is significantly influenced by the core physics, since the core is not loaded in its most reactive configuration. Therefore, changes in the core configuration (relocation of materials such as fuel, sodium, absorbers, or structural materials) can potentially lead to severe power excursion. The study of SCA progression requires an adequate description of the core's neutronic behavior during the different stages of the SCA. Core reactivity variation could result from many different reasons, whereas the main contributors are -1 Loss of coolant -which leads to neutron spectrum hardening and increase neutron leakage. 2 Structural material redistribution -which could lead to variation in streaming effects and changes in the direct and adjoint fluxes. 3 Accumulation of molten fuel in certain regions of the core -which potentially could lead to the core reactivity increase. These changes may have significant influence on the neutronic characteristics of the core, which could greatly affect the normal and emergency operation of the reactor. Therefore, in order to correctly predict the core behavior during SCA, it is imperative to develop accurate and precise computational tools using experimental measurements of critical assemblies representing different stages of SCA. The last is mandatory for code performance evaluation and quantification of any discrepancies between experiment and theory.

With the development of the ASTRID sodium fast reactor (SFR) industrial demonstrator, current core design, such as the low void fraction CFV desing, presents particularities that potentially deserve an experimetal validation, in terms of core physics [START_REF] Bertrand | Comparison of the behaviour of two core designs for ASTRID in cas of severe accidents[END_REF]. In the current project several accidental scenarios have been investigated in the CFV design context, in particular separated degraded upper and lower fissile columns, followed by fuel crossing the fertile zone to form a large fissile melted pool. Large uncertainties on the behavior of the fuel could lead to local power excursions. These phenomenona can be experimentally studied in Zero Power Reactors (ZPRs), such as MASURCA fast critical assembly (to start again in 2019), or in the future ZEPHYR facility [START_REF] Blaise | Experimental R&D innovation for Gen-II,III & IV neutronics studies in ZPRs: a path to the future ZEPHYR facility in Cadarache[END_REF] (to be build at CEA Cadarache around 2028). The main idea is to utilize the available MASURCA fuel stockpile (rodlets and plates) to model the various states of SFR degraded core (MOX fuel and sodium for nominal state and metal fuel for various stages of SCA). However, as SCA occurs at high temperatures, the experimental facility of a ZPR is operated at room condition. Therefore, an innovative methodology must be developed to ensure proper representativity between hypothetical case and the critical facility.

Hence, in order to support GEN-IV (and to some extent GEN-III) reactors SCA studies, feasibility studies of an experimental program, that to be implemented in the innovative future facility ZEPHYR, is being developed at CEA Cadarache in collaboration with Ben-Gurion University of the Negev.

METHODOLOGY

In this section the proposed methodology for the SCA experimental program is proposed, including the reference geometries of the different core configurations for the ASTRID and the ZEPHYR fuel assemblies and the utilized tools.

ASTRID configurations

The ASTRID reactor is designed to comply with the GEN-IV safety, sustainability, economy, and proliferation requirements [START_REF] Gif | A Technology Roadmap for Generation IV Nuclear Energy Systems[END_REF]. The examined core parameters are summarized in Table I. In terms of safety design, the ASTRID designers decided to postulate any kind of degraded situation with a molten core, regardless of the initiating event and the accidental sequence before core melting, and to evaluate their consequences regardless of the preceding course of accident. However, up until this point the main effort was made by theoretical studies [START_REF] Bertrand | Comparison of the behaviour of two core designs for ASTRID in cas of severe accidents[END_REF]. Therefore, a complementary experimental program is of high importance. A single voided fuel assembly with reflective radial boundaries condition is considered as reference and a hypothetical fuel assembly with melted fuel and material stratification in the two fissile zone is considered as perturbed state, as shown in Fig. 1. The process corresponds to a situation of a hypothetical Total Instantaneous Blockage (TIB), which leads to the blockage of the center core region. 

Computational methodology

The representativity method [START_REF] Orlov | Problem of fast reactor physics related to breeding[END_REF] is used to extract a quantitative relationship between a particular integral response of an experimental mock-up and the same response in a power reactor that is under investigation. The representativity is linked to the definition of a correlation coefficient (r RE ), which is defined according to

r RE = S t R • V • S E S t R • V • S R S t E • V • S E , (1) 
where S R/E are the sensitivity vectors of the reference SFR reactor (R) and the experiment(E) integral parameter, respectively, and V is the associated nuclear data covariance matrix. The Serpent 2 Monte Carlo code is utilized to calculate the representativity factor [START_REF] Aufiero | A collison history-based approach to sensitivity/pertubation calculations in the continues energy Monte Carlo code Serpent[END_REF], using the JEFF-3.1.1 library, the associated internal CEA covariance matrix (COMAC V01 [START_REF] De | Estimation of Multi-Group Cross Sections Covarinaces[END_REF]), and an updated version with reduced uncertainties (COMAC V012AB [START_REF] Margulis | The path for innovative severe accident neutronics studies in ZPRs. Part I.2 -Impact of nuclear data uncertainties on reactivity changes of SNEAK-12A core[END_REF]).

The main research question is how to determine a correct representative configuration to be loaded into the ZEPHYR for evaluation. The number of parameters is large and the physical phonomena present in the 120 cm height assembly of the ASTRID are modified in the 90 cm assembly of the ZEPHYR (e.g. the leakage factor becomes much more dominant in the ZEPHYR configuration). Therefore, an optimization methodology based on evolutionary algorithm is used, i.e., the Particle Swarm Optimization (PSO) principle [START_REF] Kennedy | Swarm Intelligence[END_REF]. The basic concept of the PSO is that each member (a particle) of the swarm is influenced by his best achieved score and the best achieved score of the entire swarm. Through an iterative process, the particles are drawn towards the global best location. In this case, the algorithm searches for the best representativity factor by alternating the geometry of the different regions and/or the content of the plutonium in the MOX fuel according to the plutonium vector of the plates available in the MASURCA fuel stockpile. The algorithm is summarized in Algorithm 1. Return BestParticle 16: end procedure

RESULTS

The representativity methodology is divided into two steps. The first step deals with finding the best representative reference configuration between the ASTRID (Fig. 1) and the one to be loaded into the ZEPHYR (Fig. 2). It should be noted that as first approximation, the relative size of the different zones of the ASTRID core were conserved. Therefore, the different representativity configurations converged on the amount of PuO 2 in the MOX fuel in the different fissile zone. The second, and the most important, stage of the proposed method is to define the most representative perturbed configuration of ASTRID (Fig. 1) to be loaded in to the ZEPHYR (Fig. 2), in order to ensure adequate representativity of the reactivity variation (∆ρ) between the two configurations. However, performing the first step twice on the two different configurations does not ensure that the reactivity variation representativity would be adequate. Therefore, the representativity should be performed on the ∆ρ between the two configuration and the sensitivity vector in Eq. 1 should be the one for ∆ρ and not k eff .

First step results

The convergence of the first step is relatively fast due to fact that the representativity is made on the effective multiplication factor (k eff ) of the fuel assembly, which has high values of propagated uncertainties (for the nominal 900 o C configuration the total propagated uncertainty is about 1400 pcm). The results of the nominal configurations representativity are summarized in Table II. The representativity factor reaches values close to unity with about 25% content of PuO 2 in the MOX fuel. This is achieved with the COMAC-V01. How- ever, when the uncertainties are reduced (e.g., utilization of COMAC-V012AB) the representativity factor drops. In this case, the importance of the difference in the plutonium vector between the two systems becomes substantial. Nevertheless, for both cases the representativity factor is very high. 0.965 1 The PSO results form sort of plateau around 25% for the highest r RE with COMAC V01. 2 The PSO results form sort of plateau around 30% for the highest r RE with COMAC V012AB.

Second step results

The second step results consider the representativity of the reactivity variation between two configurations. The results shown here consider two different temperature effects. The first calculation considers the reference and experimental systems at 20 o C (Case 1) and the second considers the reference system at 900 o C at nominal state and 1000 o C at the degraded state (Fig. 1), while the experimental system remains at 20 o C (Case 2). At this stage for the reactivity variation representativity study, the target value of r RE is set at 0.85 for proof of feasibility of the experimental program.

The PSO results for both systems in 20 o C environment are shown in Fig. 3. The results indicate that there exist a region of low r RE values at high contents of PuO 2 , which then decreases even more when the content reduces (around 30% content in both the regions). The region where r RE equal to zero, the so called "valley of death", separates the region of low r RE (around 0.3) with the region of high r RE (around 0.85) with around 20% of PuO 2 content. In the case of the 20 o C environment the highest r RE value achieved is 0.9. The same methodology was adopted in the modified temperature environment (in ASTRID config. from 900 o C to 1000 o C). The results are summarized in Fig. 4. In this case as well, three distinct regions are observed. However, the values of the representativity factor in the high PuO 2 contents are increasing, in comparison to 20 o C cases, from 0.2 to about 0.4, and the highest r RE is slightly reduced to 0.87.

In both the cases the goal of representativity on reactivity variation is achieved. The reactivity variation results for the two cases are summarized in Table III. The reactivity variation are following the same tendencies and remain in the same order of magnitude for both systems. However, as shown in Table III, the representative reactivity variation in ZEPHYR are 2-3 times higher than in the ASTRID configuration. Furthermore, the average content of PuO 2 is lower for the second case, going down from 21.5% of PuO 2 to 20% in the second case where temperature plays an important factor. 

CONCLUSIONS

Temperature effects play a major role in core studies, with prominent impact on nuclear data. Therefore, accounting for these effects in studies conducted in ZPR systems [START_REF] Blaise | Experimental R&D innovation for Gen-II,III & IV neutronics studies in ZPRs: a path to the future ZEPHYR facility in Cadarache[END_REF] through 0.9 0.87 the representativity process [START_REF] Margulis | Representativity studies of ZEPHYR fast/thermal coupled cores for SFR-like reactivity effects during core meltdown[END_REF] is imperative. This would allow generating more realistic conditions in the experimental systems and create better representative benchmark data for code and theory validation. This paper presents a design methodology for new experiment for the future zero power facility at CEA Cadarache, ZEPHYR. The process considers two states of an accident progression in the French fast reactor system ASTRID. The nominal configuration for the study considers a total instantaneous blockage of one fuel assembly, with the sodium removed from the system. The second stage is the compaction and stratification of materials in the two fissile zone regions.

The proposed methodology for obtaining the most representative configuration is presented and is based on the PSO algorithm, which searches the best representative factor for each defined configuration, utilizing Serpent 2 Monte Carlo code for calculation of the sensitivity profiles.

The representativity calculations for the nominal configuration of ASTRID in ZEPHYR show that it is possible to obtain highly representative configuration without large modification to the PuO 2 content in the ZEPHYR fuel. However, an interesting effect is observed when considering two different covariance matrices (COMAC-V01), where one contains reduced uncertainties (COMAC-V012AB). The representativity factor drops due to the increased importance of the material balance rather than the total propagated uncertainty. Nevertheless, both cases achieve high representativity factors.

The second stage considers the representativty of the re-activity variation. The results show an interesting behavior of the PSO results, dividing the search space into tree distinct areas. The first region, with high PuO 2 content in the fuel, is characterized by low but positive values of r RE . The second region is characterized by values of r RE around the target value 0.85. The third region, the so called "valley of death", is characterized by zero r RE . In both examined cases the values of the representativity exceeded the target 0.85. The preliminary results described in this paper present a robust methodology that can be utilized for the optimization of the desired experimental configuration with the highest representativity factors, without the need to explicitly define the relations between temperature effects in the reference system and the density effects in the experimental system. Utilizing this methodology, two stages of the of core degradation are studied and the result demonstrate the feasibility of construction of SCA experimental program in the ZEPHYR reactor.
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 1 Fig. 1: ASTRID nominal (left) & perturbed (right) geometry.

Algorithm 1 7 :

 17 PSO Algorithm 1: procedure PSO-R(nPop, boundaries, maxIt) 2: pop.pos = Generate random pop (nPop, boundaries) pop.cost = Evaluate representativity (pop.pos) 5: pop.best = Update personal bests (pop.cost) 6: global.best = Update global bests (pop.best) while i < maxIt do 8: pop.v = Update particles' velocity 9: (pop.pos, boundaries, pop.cost, global.best) 10: pop.pos = pop.pos + pop.v 11: Execute Serpent 2 (pop.pos) 12: pop.best = Update personal bests (pop.cost) 13: global.best = Update global bests (pop.best) 14: end while 15:
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 2 Fig. 2: ZEPHYR nominal (left) & perturbed (right) geometry.
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 3 Fig. 3: PSO results for both systems at 20 o C.
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 4 Fig. 4: PSO results for temperature variation in the reference system from 900 o C to 1000 o C, experimental system at 20 o C.

TABLE I :

 I Design parameters for the CFV-V0 core[START_REF] Bertrand | Comparison of the behaviour of two core designs for ASTRID in cas of severe accidents[END_REF].

	Core design parameter	CFV-V0
	Nominal thermal power [MW]	1500
	Inner fissile zone height [cm]	25/35
	Outer fissile z0ne height [cm]	100
	Inner fertile zone height [cm]	20
	Inner zone radius [cm]	≈130
	Outer zone radius [cm]	≈160
	Assembly pitch [cm]	17.5
	Fissile zone PuO 2 content	≈23%
	Effective delayed neutron fraction (β eff ) [pcm]	364
	Void reactivity effect ($) core at equilibrium	-1.2

TABLE II :

 II Representativity parameters for nominal config.

	Parameter	ASTRID	ZEPHYR
	Problem conditions
	Assembly pitch, cm	17.5	4.91
	Assembly height, cm	120	92.5
	Fuel temp., o C	900	25
	PuO 2 content in MOX	22.8%	25±1% 1 / 30±1% 2
	Total uncertainty for selected isotopes, pcm
	COMAC-V01	
	239 Pu	785	810
	240 Pu	550	330
	238 U	1200	1355
	Total	1450	1475
	r RE		0.986
	Total uncertainty for selected isotopes, pcm
	COMAC-V012AB	
	239 Pu	270	285
	240 Pu	550	330
	238 U	460	500
	Total	680	550
	r RE		

TABLE III :

 III Reactivity variation for the presented cases in the two systems.

	Core	Case I	Case II
	ASTRID	-4070	-4200
	ZEPHYR	-10990	-13500
	r RE		
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