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Progress in the development of the neutron flux monitoring system of the French GEN-IV SFR: simulations and experimental validations

I. INTRODUCTION

RANCE has a long experience of about 50 years in designing, building and operating sodium-cooled fast reactors (SFR) such as RAPSODIE, PHENIX and SUPER PHENIX. Fast reactors feature the double capability of both reducing nuclear waste and saving nuclear energy resources by burning actinides. Since this reactor type is one of those selected by the Generation IV International Forum, the French government asked, in the year 2006, CEA, namely the French Alternative Energies and Atomic Energy Commission, to lead the development of an innovative GEN-IV nuclear-fission power demonstrator. The major objective is to improve the safety and availability of an SFR.

In this paper, we show that the architecture of the neutron flux monitoring (NFM) system will rely on in-vessel hightemperature fission chambers (HTFC) featuring wide-range flux monitoring capability based on the higher order Campbelling method. The definition of such a system is presented and the technological solutions are justified with the use of simulation and experimental results.

II. SYSTEM DEFINITION AND DESIGN

A. Application of systems engineering methodology

The NFM system is one of the important measurement systems in order to insure a high level of both nuclear safety and power plant availability.

One recalls that the main objective of nuclear safety is the achievement of proper operating conditions, prevention of accidents and mitigation of accident consequences, resulting in protection of workers, the public and the environment from undue radiation hazards [1].

In systems engineering, the availability of a system is its ability to be ready to achieve its required mission in defined operational conditions, assuming that required resources and existing support means are present [2]. In order to comply with this key operational requirement, the NFM system has to be both reliable and maintainable, that is capable of achieving a continuous mission and undergoing modifications and repairs, respectively. A system with these capabilities is said to feature dependability. In addition, the nuclear safety of a nuclear reactor is actually another dependability requirement, which is called innocuity in systems engineering [2].

The definition and design of the NFM of the French GEN-IV SFR is being conducted in accordance to the methodology of systems engineering. This is an iterative process that is composed of three main activities [2]:

• Definition of technical requirements: analysis and translation of end-user expectations into consistent and exhaustive technical requirements.

• Definition of logical architecture: definition of the elements constituting the functional, behavioral, temporal views of the system (functions, input-output flows, modes, transitions, triggers, etc.), and of their arrangement.

• Definition of physical architecture: definition of the elements constituting the physical view or architecture of the system (system elements/components, physical interfaces, F connectors, etc.), and of their arrangement architecture.

B. Main functional requirements

The main functions of the NFM system ar control and power level monitoring from start It is also required to monitor possible change distribution within the core region in order local melting accident.

C. Requirements for integration

The neutron detectors will have to be ins reactor vessel because locations outside the v from severe disadvantages; (i) The install detectors under the vessel is not feasible due t a core-catcher that prevents from inserting n this region; (ii) The lateral and upper neutron of which is to limit the damage and radiologi neutrons outside the core, will also dramatic neutron flux amplitude, making thus diffic detection outside the vessel itself above or by vessel.

Another important point is to limit the num detectors in order to impact the mechanical as possible, and to alleviate their installation a At the present stage of the French GENtwo regions for the HTFC in-vessel installatio The first region is the one above the core that above-core-structure (ACS) region. Th components are the absorber rod drive mec core outlet temperature sensors. A few H locations are thus available. These neutron de located at the bottom of the ACS, a few ten above the fuel assembly heads. A limitation o that the ACS moves with the rotating pl handling operation so that HTFC signals practical to manage during such operation. T is the one within the core support structure advantages of the CSS region are the follow fixed structure and thus the HFTCs could serviceable even during fuel handling operat no neutron absorbing material along the neu (iii) The sodium temperature is lower and st limitation of this location comes from the di HTFC and their appropriate guide-tubes.

III. NEUTRON TRANSPORT SIMULA

Neutron-transport calculations allow us to most appropriate regions for HTFC installa interest are located inside the vessel, out of the neutron shield.

A. Neutron transport modelling

To calculate particle propagation over a lo many decades of attenuation, a Monte Car MCNP [3] or TRIPOLI-4 [START_REF] Diop | TRIPOLI-4: a 3D continuous-energy Monte Carlo transport code[END_REF] [START_REF] Jammes | Neutron flux monitoring system of the French GEN-IV SFR: Assessment of diverse solutions for in-vessel detector installation[END_REF], TRIPOLI-4 is strongl validation is under the responsibil following paper, only the TRIPL presented.

Prior to any TRIPOLI-4 calculat the detector locations has to be gene used ROOT data analysis and v together with classes of templates programming language. This approa for building the geometry, and it is dealing with complex geometry. As shown in [START_REF] Verma | Detectability of U-235 fission chambers in case of inadvertent control rod withdrawal in a French sodium-cooled fast reactor[END_REF] and [START_REF] Verma | Monte Carlo criticality mode limitations for the study of the French GEN-IV SFR neutron flux monitoring[END_REF], the re calculation present large statistica calculation time. The large size of th fission chambers are situated behind in a rather low fraction of neutr detectors. For an improved quality calculation scheme consisting of on sufficient for core monitoring purp variance reduction techniques for i reduced calculation times. Howeve allows us to analyze detection rate give the general trends for monitor be useful in qualifying a certain reg location at the initial design phase system.

In order to find a more reliable route for core monitoring purposes the computational efficiency, the u mode in TRIPOLI-4 is required. Fi from the ERANOS code package, a used in TRIPOLI-4 are then gene neutron transport to the detector loc reduction techniques to provide a neutrons generated inside the core away detector locations. Fig. 1 sh used here. The results obtained sho the statistical uncertainty using this criticality calculations. ly recommended since its lity of CEA itself. In the LOI-4 calculation route is ion, a geometry including erated. For this purpose, we visualization program [START_REF] Brun | ROOT, an object-oriented data analysis framework[END_REF] written in the PYTHON ach uses iterative structures modular when it comes to esults from the criticality l uncertainty for a given he core and the fact that the d the neutron shield results ron histories reaching the y of results, we see that a nly criticality mode is not poses. There is a need for improved acceleration and er, a criticality calculation es at various locations and ing indications, which can gion as a possible detector e of a neutron monitoring e and efficient calculation without compromising on use of the external source ssion sources are obtained and source definitions to be erated. One performs the cation, employing variance appropriate biasing to the e to be transported to farhows the calculation route ow that we gain hugely on s approach as compared to sport Modelling.

B. In-vessel regions of HTFC installations

The neutronics studies for the HTFC inst and CSS regions (Sect. II.C) were perfo assumption that the reactor operate at full po are summarized as follows:

1) The detector responses results in th confirm that this location is a good cand installation. The power operation and even th the flux distribution due to an inadvert withdrawal (IRW) could be monitored and de As an example, Fig. 2 displays the deviatio chambers responses at the bottom of the AC withdrawal of a peripheral control rod. 2) The detector responses resul show that the neutron power and re with HTFCs installed in this region the control rod withdrawal scena deviations in possible positions ar complete withdrawal. Fig. 3, which importance, helps us understand the performance is low. It clearly co neutrons are barely transported from result, this region is not satisfactory predominantly causes a change in th part of the core.

IV. HTFC DEVEL

In this section, we present our HTFC reliability through a compr detector itself, a more robust physic the mineral insulation behavior at than 400°C.

A. HTFC modeling

For many years, we have carrie conducting theoretical, modelling a improve the design and the signal an in order to improve their ov dependability (Sect. II.A). This wor HTFC with respect to their techn preparing experimental tests fo qualification as items important to n Constraints due to thermal expans shown to be negligible. Howev resistivity of the insulators with te can be an issue as far as partial disch

The development of tools based o makes it possible to assess, for a giv within the vessel, the expected fissi irradiation time, its sensitivity to en (e.g. fast neutrons) [START_REF] Filliatre | Reasons why Plutonium 242 is the best fission chamber deposit to monitor the fast component of a high flux[END_REF], [START_REF] Filliatre | Joint estimation of the fast an thermal components of a high neutron flux with a two on-lin detector system[END_REF]. It has the isotope of choice to deliver a sui processing, and stable enough with is not placed within the core or at also shown [START_REF] Jammes | On the impact of the fissile coating on the fission chamber signal[END_REF] that the surface ma below 1 mg/cm 2 or so to avoid sig constraint that leads to large di electrode designs. Finally, the activa structures of the HTFC can be comp use handling.

The saturation curves are comput the equations of [START_REF] Chabod | Saturation current of miniaturized fission chambers[END_REF]. An experimen undertaken at MINERVE reactor of constraints on physical parameters recombination regime [START_REF] Filliatre | Experimental study of columnar recombination in fission chamber[END_REF]. Fig. 4 s various pressures and fission rates. lts for the CSS locations eactivity can be monitored n. However, when studying ario, the HTFC response re much lower in case of h shows the fission neutron e reason why this detection omes out that the fission m the core to the CSS. As a y for detecting IRW, which he neutron flux in the upper LOPMENT endeavor to enhance the rehensive modeling of the cal design and the study of high temperature greater d out a long run effort in nd experimental studies to nalysis of fission chambers verall performance and rk is beneficial in defining nical requirements, and in or their validation and nuclear safety. sion have been numerically ver, the decrease of the emperature and irradiation harges are concerned [START_REF] Filliatre | In vessel neutron instrumentation for Sodium-cooled fast reactors : type, lifetime and location[END_REF]. on the suite DARWIN [START_REF] Tsilanizara | DARWIN: an evolution code system for a large range of applications[END_REF] ven HTFC and its location ion rate, its evolution with nergetic domains of interest s been shown that U235 is itable fission rate for signal time, provided the HTFC reflector level [START_REF] Filliatre | In vessel neutron instrumentation for Sodium-cooled fast reactors : type, lifetime and location[END_REF]. It was ass of the coating has to be gnificant self-absorption, a iameter (48 mm), multiation of the coating and the puted to anticipate on postted with tools derived from ntal validation is presently f CEA that would put some involved in the so-called shows saturation curves at A comprehensive tool [START_REF] Filliatre | A Monte Carlo simulation of the fission chambers neutron-induced pulse shape using the GARFIELD suite[END_REF], [START_REF] Jammes | Research Activities in Fission Chamber Modeling in Support of the Nuclear Energy Industry[END_REF] has bee simulates the ionization of the gas by the fiss transportation of the charges, the induced cur quantities such as the mean pulse, the char mean current (hence the sensitivity in cu spectral density (hence the sensitivity in Cam can be computed, their dependence to the d (geometrical specifications, gas composition, be studied. For instance, increasing the gas the fission product (either by increasing the increasing the gap between the electrodes) in height, as long as the fission product is not s itself, but also increases the pulse length. Us with molecular gases to shorten the pulse leng in SFR, as the molecules would dissociate u radiation. This tool has received a part validation [START_REF] Geslot | New measurement system for on line in core highenergy neutron flux monitoring in materials testing reactor conditions[END_REF]. Also, it is possible to estima the signal due to gamma interactions with the in current or Campbelling mode [START_REF] Filliatre | Estimating the gamma-ray contribution to the signal of fission chambers with Monte Carlo simulations, soumis à[END_REF]. It is th given region in the reactor, to choose a parameters that is a good compromise for mo over ten orders of magnitude up to nominal po en developed that sion products, the rrent. Observable rge spectrum, the urrent mode) the mpbelling mode), design parameters bias voltage) can mass crossed by e gas pressure or ncreases the pulse stopped in the gas sing gas mixtures gth is not advised under the gamma tial experimental ate the fraction of e HTFC structures hus possible, for a a set of design onitoring the flux ower.

ssure and fission rates

The fission chamber normalized to fission ot taken into account,

B. Physical design

During the last decades of the Photonis jointly developed high tem for the PHENIX and SUPER PHEN Two types of detectors were hence d • CFUC06 for Phénix, which wa • CFUC07 for Superphénix, Ar + 4% N2 gas mixture, in dynamic. The physical architectures of CF based on a guard ring structure (Fi increase the insulation between High electrodes, especially at high tem This is due to the fact that no ce between the two electrodes, and tha for HV and one for Signal, wit electrodes to the ground reference.

This experience benefited to Ph HTFC manufacturing process. Mor feedback shows that alumina exhib properties, and after testing diffe Inconel 600 allows reliable improvements in modelling (Sect. fission chamber signal (see further i it possible to change the internal str cable structure (Fig. 5): in this confi used for both HV and Signal, and th the ground. Thus, this change allow HFTC by decreasing the quantity of more robust by increasing the pie currently manufacturing prototypes CEA at high temperature. 

C. Impact of partial discharges

The HTFC fissile layer is subject to part high temperature when the electric fie electrodes is greater than 200 V/mm. These rise to pulses similar to the desired neutron by the fission chamber itself, which may bias rate at start-up only.

The exact mechanism leading to these elec is unclear. Gas pressure on the order of sev distances on the order of mm means that the occurring under conditions significantly Paschen limit. Extrapolation of the Paschen cu high pressure suggests that discharges should for electric fields below a value of about 10kV

Current work is focused on modeling and to identify the location in the HTFC where th occur. Initial calculations showed that the attained in a faultless HTFC should be 10kV/mm threshold, and so consideration h triple points and possible defaults in the fissi structure where electrical field enhancement m Fig. 7 shows the results of a calculation of for a default consisting of the detachment of t the outer conductor. This calculation gave a field at about 7kV/mm, while other (perhap types of default involving triple points insulation defaults resulted in values as high a In addition, the effect of temperat the formation of these discharges, a low temperature. Future effort shall the higher temperature may either other conditions to arise which discharges. Ideally the goal is to elim the change of design after understan of their creation.

D. Experimental discrimination of

If this proves not to be practical, signal analysis method able to discri signal from the signal created by th in Fig. 8, we have experimentally this method. The histogram showed of analysis of 10 4 neutron pulses a partial discharges. Fig. 8 gives the d oss section m (MV/m) ric field created by a hypothetical FC outer conductor. Maximum . ture seems to be critical for as they are not observed at be made to determine how lead to defaults or cause are responsible for the minate these discharges by nding the exact mechanism f partial discharges we have also worked on a iminate the desired neutron e discharges. As displayed verified the feasibility of d in this figure is the result and as many pulses due to distribution of the width (at the half maximum) of the collected pulses. The distribution has two well separated peaks. The peak related to the longer width can be identified with the neutron pulses (since the results match the date provided by Photonis). It was assumed that pulses with shorter width are created by the partial discharges. This was verified through measurements without neutron flux.

The partial discharges distribution shows that the mean half-height width is about 30 ns. We have verified this latest distribution with the same chamber but without neutron flux.

Despite the apparent similarity between the two types of pulses, we have shown that we are able to discriminate these partial discharge pulses of those produced by the fission products in the HTFC using the half-height width of the measured pulses.

V. SIGNAL PROCESSING DEVELOPMENT

The fission chambers traditionally operate in three different modes (namely the pulse, the Campbelling and the current mode for low, middle-high and high count rates respectively). These operational modes require different electronic systems hence resulting a deficiency of robustness. Recently it was shown that the overlap of these modes is not necessarily guaranteed. For the newly developed NFM a unified mode is proposed via the higher order Campbelling methods.

A. High-order Cambelling method

The fission chamber signal is described by a filtered Poisson process. One recalls that the Campbelling mode of such signal is based on the signal variance, which is the second-order cumulant as well. The generalization of this method gives proportionality between the higher order cumulants of the signal and its count rate s 0 :

(1) where the proportionality is given by a coefficient including the raw moments of the amplitude distribution w(x) and the integral of the pulse shape f(t). Hence the application of Higher order Campbelling methods essentially means the measurement of the higher order cumulants n . [START_REF] Pál | Comments on the stochastic characteristics of fission chamber signals[END_REF], [START_REF] Zs | Performance investigation of the pulse and Campbelling modes of a fission chamber using a Poisson pulse train simulation code[END_REF]. It was shown through numerical simulations that the application of the third order Campbelling mode is reliable and can guarantee linear estimation over a wide count rate. It can also sufficiently reject the impact of electronic noise and suppress the impact of pulses not originating from neutron events (Fig. 9).

Due to the relatively fast convergence of the third order cumulant estimation the monitoring of transient events with HOC modes is also reliable.

Campbelling mode based on the third-order cumulant will permit to ensure the HTFC response linearity over the entire neutron flux range using a signal processing technique that is simple enough to satisfy design constraints on electric devices important for nuclear safety.

B. Experimental calibration

An experimental campaign devoted to the required calibration process of HOC method was also carried out at the MINERVE facility. The calibration implies the determination of the proportionality coefficient, therefore the determination of the pulse shape and the pulse amplitude distribution in Eq. (1).

Our experimental setup consisted of a current-sensitive CFUL01 fission chamber placed in the reflector zone of the MINERVE reactor. The CFUL01 is a fair representation of the HTFC. The fission chamber was connected to a wide range pre-amplifier. Then, the output signal was digitized at high sampling frequency during a large time span with an advanced digital oscilloscope.

At low reactor power levels pulses were collected separately. Even at low power there is a small possibility to measure pileup events, hence during the post processing of the results the pileup events were found and these events were not taken into account during the determination of the calibration coefficient. These results provided information about the amplitude distribution of the pulses hence the raw moments of this distribution. Based on the collected pulses the mean pulse shape was also defined. This information enabled us to determine the calibration coefficients summarized in Table 1.

At medium and high power levels longer signals were collected. At medium levels the pulses moderately overlap. As one can see in Fig. 10, the Campbellin good agreement with the simple pulse count low count rates. It is also shown that the provides a linear estimation of the count rate levels as well. Hence the application of the reliable.

C. Electronic implementation

The electronic system design must me requirements such as temperature stability, compatibility, response time, neutron accuracy.

The electronic system contains an analog part. The analog part is essentially made by t current neutron flux preamplifier which is a k electronic system. The low noise fast curr preamplifier converts the current signal fro voltage signal with an input impedance of 5 the fission chamber cable. The input matc enables a long connection (150 to 300 m) betw and its associated electronic system. Th therefore be exposed to hard radiations co damage for the electronics.

Then, an analog-to-digital converter digita signal which is injected into a FPGA (Fiel Gate Array) circuit. Fig. 11 shows the functi of the HOC method to be implemented in a FP input signal is supposed to be cen valued. The digitized input signal o order to estimate 2 and 3 cumulan centered, the processing is similar to which are actually two power series VI. CONCLUSION AND The development of the neutron system is still in progress. At presen logical and physical architectures a dependability of the whole system architecture will thus have to be Other important points to the NFM power calibration and the validatio power calibration will be based on balance and an innovative spec fluorine 20 that is an isotope produ In order to perform the qualificati system, we have recently initia functional and stress tests in the JOY tests will be defined and performed Japanese Atomic Energy Agency (JA
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TABLE I .

 I FISSION CHAMBER CALIBRATION COE

	CUMULANT ORDER	C ALIBRATION COEFFIC
	2	9.74•10 -19