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Fission chambers are neutron detectors used in different types of nuclear reactors. The outgoing pulse shape and the detector response are important parameters from the design point of view. This article presents an overall organization of a new multi-physic, multiobjective fission chamber simulation code. Diverse aspects of the detector physics are implemented in an object-oriented Monte Carlo code, based on Geant4. This simulation code, called Lion, combines stochastic description of several phenomena: the neutron impact, neutron induced fission, fission product and heavy ion penetration, electron transport as well as γ particle interaction with matter. In addition, the code can calculate transport of charge carriers (free-electrons and ions), the electric field propagation and the acquisition system response. Thanks to the modular design, Lion allows for future extensions in form of new physics modules or new detector types. The article presents a few novel solutions which were not used in previous fission chamber simulation codes (e.g. new models of the fission fragment penetration or a new scheme for space charge modelling). To validate the code, a series of irradiation experiments will be conducted in Minerve reactor in CEA Cadarache and their outcome will be compared to the simulation results.

INTRODUCTION

Neutron measurements are a key part of a nuclear reactor monitoring system [START_REF] Verma | Self powered neutron detectors as in-core detectors for Sodium-cooled Fast Reactors[END_REF] and are extensively used for physics research like evaluation of nuclear material cross sections [START_REF] Block | Neutron Cross Section Measurements[END_REF]. The fission chamber is a versatile type of neutron detector which can be operated in a full range of neutron fluxes that can be found in a nuclear reactor [START_REF] Filliatre | In vessel neutron instrumentation for sodiumcooled fast reactors: Type, lifetime and location[END_REF]. They have been identified as particularly suitable for reactors flux monitoring [START_REF] Filliatre | In vessel neutron instrumentation for sodiumcooled fast reactors: Type, lifetime and location[END_REF] as well as for application in mock-up reactors [START_REF] Loiseau | On the fission chamber pulse charge acquisition and interpretation at MINERVE[END_REF] and material testing reactors [START_REF] Block | Neutron Cross Section Measurements[END_REF]. The design of the fission chamber takes into account numerous physical processes and technical constraints [START_REF] Antolínez | Fission chambers designer based on Monte Carlo techniques working in current mode and operated in saturation regime[END_REF]. To properly design this type of the detector, a detailed analysis of its operation is required. Due to the complexity of underlying physics, this task is best achieved through a simulation. Modelling of fission chamber was a subject of several studies [START_REF] Chabod | Modelling of fission chambers in current modeAnalytical approach[END_REF][START_REF] Filliatre | Estimating the ray contribution to the signal of fission chambers with Monte Carlo simulations[END_REF][START_REF] Filliatre | Experimental study of columnar recombination in fission chambers[END_REF][START_REF] Chabod | Saturation current of miniaturized fission chambers[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] and objective of a few simulation codes [START_REF] Filliatre | Estimating the ray contribution to the signal of fission chambers with Monte Carlo simulations[END_REF][START_REF] Filliatre | Experimental study of columnar recombination in fission chambers[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][START_REF] Filliatre | A Monte Carlo simulation of the fission chambers neutron-induced pulse shape using the GARFIELD suite[END_REF]. However, none of them combined all relevant models into one simulation suite. and the structure of the proposed numerical scheme. The Lion code, named in honor of Lev Davidovitch Landau, performs stochastic simulation of several particle-matter interaction phenomena: neutron penetration, fission, heavy ion penetration, ionization, electron transport and γ transport. In addition, it solves equations of macroscopic transport of charge carriers, electric field propagation and acquisition system response. By combining those elements, the simulation code is providing a complete description of the fission chamber. To validate the Lion code in a following phase of the project, a series of irradiation experiments on a specially designed fission chamber will be conducted.

The Lion code is a part of long effort of LDCI (Instrumentation, Sensors and Dosimetry Laboratory) to develop a comprehensive simulation of nuclear detectors and development of accurate numerical scheme for fission chambers. Predecessor, and a major source of inspiration of the Lion was the Chester code [START_REF] Filliatre | A Monte Carlo simulation of the fission chambers neutron-induced pulse shape using the GARFIELD suite[END_REF]. As a next step, a development of a new simulation suite, potentially able to accelerate the detector design process, was proposed.

The main objective of the Lion code is to provide a comprehensive, multi-physical modelling scheme which will not only allow to predict the behaviour of the fission chamber but also give the access into a complex physics underlying measured signals. To achieve this, the multi-physical approach was adopted. In the Lion code, the outgoing signal is calculated by simulating the motion of different types of particles in three dimensional detector, taking into account models of several encompassing phenomena.

THE SIMULATION CODE 2.1. Background -Fission Chamber Description

The fission chamber is a neutron detector type used for measuring neutron flux by means of induced fission. It usually consists of two electrodes which sustain the electric field (needed for effective charge collection), where the fissile deposit is a source of ionizing particle emitted to an inert target gas. After a fission induced by an incident neutron, one or two charged ions penetrate to the gas where causing a massive ionization. Electrons and ions released by ionization are moving in the electric field inducing a current signal in electrodes. Then, the signal is collected and recorded by the acquisition system.

The pulse charge in the fission chamber (time integral of current pulse) changes depending on a charge induced by fission fragment [START_REF] Loiseau | On the fission chamber pulse charge acquisition and interpretation at MINERVE[END_REF]. Those variations are superimposed on the mean value dependent on the detector characteristics (e.g. inter-electrode gap or gas pressure [START_REF] Loiseau | On the fission chamber pulse charge acquisition and interpretation at MINERVE[END_REF]). For each fission chamber design, the shape of the pulse is regarded as detector's unique signature. However, due to a physical limitation of the acquisition system resolution, it is essential to predict a pulse shape for number of reasons (e.g to ensure that its length does not exceed tolerable margins). Moreover, the signal can be modified by a number of phenomena like recombination or space charge which complicate the relation between incident particle flux and the signal current.

For lower neutron fluxes, corresponding to those found in zero-power reactors or power reactor start-up, pulses are separated by a sufficiently large time window to record them independently. For higher fluxes, particular impulses are no longer distinguishable and the signal current or its Proceedings of the PHYSOR 2018, Cancun, Mexico Reactor Physics paving the way towards more efficient systems variance are measured. In both cases, the practical objective of the fission chamber is recording outgoing electric signal proportional to the number of incident neutrons.

Implementation Strategy

Regarding the experience in simulation acquired by development and testing of Chester, it was decided to supersede the code based on a connection between Garfield [START_REF] Veenhof | Garfield, recent developments[END_REF] and SRIM [START_REF] Ziegler | the stopping and range of ions in matter[END_REF] with a Monte Carlo code based on Geant4 [START_REF] Agostinelli | Geant4a simulation toolkit[END_REF]. This design choice allows an easier incorporation of multiple physical models, and makes a coupling between them more transparent for the user. Furthermore, it allows an extensive parallelisation of the numerical scheme without a loss of accuracy.

Lion is implemented in object oriented programming language C++. Consecutive classes in the code serve the purpose of modelling separate physical phenomena or represent real entities (e.g. particles, detector construction elements and signals). The connection between different modules are flexible, and interchanging models of physical processes is trivial, all thanks to the organization of Geant4. Data post-processing module is making extensive use of the ROOT package [START_REF] Brun | ROOT -An object oriented data analysis framework[END_REF] which is a reasonable choice. The list of parameters for both input and output is given in the Figure 1. In block diagrams, in this article certain convention was kept. Blue rectangles represent input parameters, which are specified in the user input file. Black rectangles stand for output data in different forms. Brown blocks represent functional algorithms describing the corresponding physical process. Algorithms are controlled by models of corresponding physical processes which are presented as red blocks.

Inputs and Outputs

Sub-modules

The algorithm of the Lion code is composed of three autonomous sub-modules responsible for different simulation steps: simulation of the primary and secondary particle penetration, the transport of liberated charges and signal conditioning. The general execution scheme is presented in the Figure 2, while implementation details are presented in the following part of this section. 

Neutron impact

Fission chambers are sensitive for neutron and γ radiation, however to collect the signal, the gas between electrodes has to be ionized. The ionization can result from number of different phenomena, e.g. fission product penetration, γ penetration, δ ray impact. The process leading to the ionization is presented in the Figure 3 and described in subsections 2.6, 2.7, 2.8.

For a given neutron flux, the fission rate is calculated taking into account fission-cross section of the deposit and self-shielding effect. For each fission induced, two fragments are emitted from a deposit in opposite directions. Their properties (i.e mass number, atomic number, energy) can be calculated from one of two stochastic fission models. Activation of detector materials, is a source of secondary γ and β emission [START_REF] Filliatre | Estimating the ray contribution to the signal of fission chambers with Monte Carlo simulations[END_REF] which can ionize the gas, and contribute to the collected signal.

In Lion, the composition of the fissile layer is considered as a static input, i.e. it is not evolving during irradiation. The isotopic evolution is negligible in mock-up reactors, but not in the material Proceedings of the PHYSOR 2018, Cancun, Mexico Reactor Physics paving the way towards more efficient systems testing reactors. In this case, the Lion code can be used in association with an evolution code such as DARWIN [START_REF] Tsilanizara | DARWIN: An Evolution Code System for a Large Range of Applications[END_REF]. 

Fission

Two models of neutron induced fission can be used in the Lion code. Both of them use a stochastic method to choose relevant properties (i.e. energy, mass and atomic number) of emitted fission fragments. In the first model, mass and charge of two products are chosen based on parent independent fission yield files from nuclear data libraries (e.g. ENDF/B-VII.1 [START_REF] Chadwick | ENDF/B-VII.1 Nuclear Data for Science and Technology: Cross Sections, Covariances, Fission Product Yields and Decay Data[END_REF]). Their energy is calculated from a simplified form of a momentum balance taking total kinetic energy release as a user defined parameter. As a more elaborate and precise alternative, the GEF code [START_REF] Schmidt | General Description of Fission Observables: GEF Model Code[END_REF], can be considered.

Fission Fragment Penetration

After leaving the fissile deposit slightly moderated by energy loss in a very thin layer of heavy material [START_REF] Jammes | On the impact of the fissile coating on the fission chamber signal[END_REF], fission fragments are either stopped on electrode or they enter the gas target. The path of energetic fission fragments, their energy loss and the ionization of the medium are calculated using a combined scattering/ionization process described by a chosen model of ion-matter interaction. The most relevant phenomenon in this phase is an ionization of the gas in the active area of the detector. Ionization is an electronic collision releasing electrons otherwise bound to electronic shells of the target gas atom. The impact yields a free-electron and a positive recoil ion. Both of them are separated by the electric field afterwards.

The ionization yield (number of released free-charges per unit path length) is calculated using one of models of the fission fragment scattering. The chosen model is used to calculate energy loss of the penetrating fission fragment. To obtain ionization yield, this energy loss is divided by the work of ionization. Expenditure of the energy for an ionization is a stochastic quantity obeying Proceedings of the PHYSOR 2018, Cancun, Mexico J.G. Hajnrych, P. Filliatre, B. Geslot, Towards A Comprehensive Physical Modelling of Fission Chambers

Poisson distribution with a mean called W value which is numerically equal to the average energy needed to create electron-ion pair [START_REF] Filliatre | Stopping power of fission fragments of 252Cf in argon: A comparison between experiments and simulation with the SRIM code[END_REF]. Transport of electrons and ions liberated by the ionization is simulated by the charge transport algorithm presented in the subsection 2.9.

The code supports all the heavy ion ionization models natively present in Geant4 and four other models:

• a model based on Bethe-Bloch hypothesis corrected for several phenomena specific for interaction between the fission fragment and the gas [START_REF] Sigmund | Particle Penetration and Radiation Effects Volume 2: Penetration of Atomic and Molecular Ions[END_REF],

• an empirical LSS model [START_REF] Lindhard | Range concepts and heavy ion ranges (notes on atomic collisions)[END_REF] calibrated for penetration of heavy ions in rare gases, • a model using stopping cross sections calculated by SRIM [START_REF] Ziegler | the stopping and range of ions in matter[END_REF].

• and the semi-classical fission fragment interaction model based on binary-encounter heavy ion scattering model [START_REF] Sigmund | Binary theory of electronic stopping[END_REF].

The stochastic nature of the fission fragment penetration gives rise to the phenomenon known as straggling (random fluctuations of the range and the direction), which influence on the output signal can be analyzed with the use of the Lion code. The straggling is a result of electronic and nuclear scattering. The longitudinal straggling is a source of energy loss fluctuations [START_REF] Landau | On the energy loss of fast particles by ionization[END_REF] [START_REF] Sigmund | Particle Penetration and Radiation Effects Volume 2: Penetration of Atomic and Molecular Ions[END_REF]. The lateral straggling of the fission fragment causes deviation of its trajectory from a straight-line path.

Simulation of β, γ particles and δ rays

In an operating nuclear reactor, neutron flux coming from fission is always accompanied by γ flux. The source of the later is the emission of γ by fission and activation of reactor structures. The fission chamber is sensitive to both neutrons and γ particles. However, ionization caused by the direct γ impact is negligible due to the low density of the gas. On the other hand, detector structures activated by the neutron flux emit γ radiation which can cause the δ electron emission in γ, δ reaction.

In the context of the nuclear reactor monitoring, signal induced by γ rays is often considered a parasitic effect [START_REF] Filliatre | Estimating the ray contribution to the signal of fission chambers with Monte Carlo simulations[END_REF]. It the pulse mode it is separated by pulse-height-discrimination, and in fluctuation mode it is reduced to the negligible level by use of Campbell technique. In the current mode, γ signal can be directly compensated by an ionization chamber maintained in the same conditions.

The origin of the γ signal is the interaction with metal components of the detector. Energetic γ particle can liberate a secondary electrons called δ rays through one of photon-electron reaction γ, δ . Those reactions are: photoelectric effect, Compton scattering or pair-production. The emitted δ ray can cause a subsequent ionization of the gas, which adds to the charge pool liberated by fission product. A δ ray decelerating in metals present in the detector can emit photons in a process called Bremsstrahlung.

Lion simulates photon-matter interactions (including ionization and γ, δ reactions) utilizing physics libraries of Geant4. The δ ray penetration, including ionization of the gas by the secondary electron, is treated by high energy electron transport algorithm (not to be confused with electron Proceedings of the PHYSOR 2018, Cancun, Mexico Reactor Physics paving the way towards more efficient systems drift algorithm presented in the subsection 2.9). The transport of the charge liberated by this process is simulated by the algorithm described in the subsection 2.9. Photons emitted through bremsstrahlung are treated by photon-transport algorithm. In addition, the Lion code can simulate trace β activity of neutron activated detector structures.

Charge Transport

Collisions of neutral gas gas atoms with fission fragments, γ particles or δ rays is liberating freeelectrons and recoil ions. This phenomenon is called ionization. Each ionization corresponds to a certain number of electron-ion pairs liberated along the track of the ionizing particle. Those charges constitute the ionization column, which in real detector, is subjected to concentration driven diffusion, field driven drift, loss of charges due to attachment and recombination as well as multiplication due to the avalanche effect. The electron or ion distribution function is determined by an equilibrium between the acceleration caused by the electric field and momentum losses in collisions with neutral gas particles. Due to high collision frequency and presence of swarm effects, the free-charge transport has to be simulated by a specific algorithm, presented in the figure 4. The Lion code simulates that process by the solution of the Boltzmann equation for specified electric field, gas composition, pressure and temperature. If the fission rate is high enough, penetrating fission fragments liberate charges before remaining electrons and ions are collected. A cloud of distributed charge, called space charge, remains in a detector plenum. This charge cloud shields the local electric field and thus limits the propagation speed of ions and electrons. As simulation of electron or ion drift in case of negligible space charge (corresponding to lowfission rate and the pulse mode) can be radically simplified. In such case, the charge diffusion can be neglected. The drift velocity vector is parallel to the electric field direction and the drift speed Proceedings of the PHYSOR 2018, Cancun, Mexico J.G. Hajnrych, P. Filliatre, B. Geslot, Towards A Comprehensive Physical Modelling of Fission Chambers is proportional to the local value of the electric field. The particle trajectory and velocity is found by a simple integration of motion equations.

The electric field sustained by electrodes is distorted by the presence of non-negligible charge due to the Gauss Law. The latter influences drift velocity of electrons and ions. It was chosen to simulate of the space charge and the distortion of the electric field by use of the Lattice Boltzmann Method [START_REF] Succi | The Lattice Boltzmann Equation for Fluid Dynamics and Beyond (Numerical Mathematics and Scientific Computation)[END_REF] which seamlessly joins microscopic and macroscopic perspectives in case of electrostatic simulations of the space charge [START_REF] Luo | Unified Lattice Boltzmann Method for Electric Field;Space Charge Coupled Problems in Complex Geometries and Its Applications to Annular Electroconvection[END_REF]. The advantage of the method is an explicit use of Bolzman Equation which makes it suitable for coupling with Monte Carlo code. The the affinity for parallelism of the Lattice Boltzmann Method can be fully exploited thanks to the fact that Geant4 is also supporting massively parallel computations by itself [START_REF] Sutherland | A simple parallelization of GEANT4 on a PC cluster with static scheduling for dose calculations[END_REF].

Signal Formation

The transport of charges in the electric field induces the signal in detector circuit containing electrodes. The process of the signal formation is simulated in the Lion code by a dedicated submodule. The algorithm's flow diagram is presented in the figure 5. An induced signal is calculated with the use of the Ramo-Shockley theorem [START_REF] He | Review of the Shockley-Ramo theorem and its application in semiconductor gammaray detectors[END_REF], which allows convenient simplification of the process of a signal formation otherwise described by the charge conservation equation and the Gauss law. An advantage of this method is a utilization of the fact that induced charge is independent from potentials applied to electrodes and from the space charge. Signals calculated by that method are stored in the program memory, only to be retrieved in the end of the step to calculate their mean value, variance and to predict the pulse shape. For the current mode, the form of out-going current is automatically emerging from superposition of large number of pulses. In the fluctuation mode, first and second Campbell theorems are applied to calculate the mean and variance of the current. In addition, integrating pulses and using the model of charge spectrum analyser, the Lion code computes the prediction of the charge spectrum recorded on a multi-channel analyser Proceedings of the PHYSOR 2018, Cancun, Mexico Reactor Physics paving the way towards more efficient systems

The saturation curve represents the relation between the gas pressure, applied voltage and detector output current. This curve is an important factor taken into account during fission chamber design. Ideally, the fission chamber should operate in saturation condition where the loss of charges (due to the recombination and attachment) and the charge multiplication (due to the avalanche effect) are both zero. To compute the saturation curve, a slightly modified use of the algorithm's main loop is used. The Lion code has a parameter evaluation mode in which it makes a full simulation for user specified a range of pressures and applied potentials. For each pulse, the amplitude of the current pulse is registered in the memory. After a sufficient number of iterations, curves are constructed inside the post-processing module.

The signal leaving the detector chamber is modified by the acquisition system therefore the influence of electronic instrumentation on recorded pulse shape and charge spectrum has to be taken into account. The transfer function of the acquisition system can be conveniently modelled by the module with capabilities of solving electronic circuits. For cases when simplified analysis of acquisition system is justified, a transfer function can be provided by the user through the programming interface.

The Test Case

Figure 6: Simplified three-dimensional presentation of an experimental test case embodied by fission chamber CFTM which will be used for testing and validation generated by Geant4.

The Lion code is expected to be experimentally validated in a dedicated measurement campaign scheduled for December 2017. The test will be organized as an irradiation experiment of a test detector in the Minerve Reactor situated in Cadarache. For this purpose, a special type of a fission chamber was developed at in CEA Cadarache. The detector, called CFTM, is a flat-electrode fission chamber with an anode coated with the fissile deposit. To permit a separation of fission fragment penetration effects from effects of charge carrier propagation, the geometrical configuration purposefully imposes a near-ideally constant electric field and thus a nearly-constant electron drift velocity. The geometry of a validation test corresponding to the shape of the real detector is presented in the figure 6.
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3. CONCLUSIONS This article has presented the architecture and the methodology of the Lion code which is being developed in CEA. This code is offering a comprehensive approach to the modelling of the fission chamber. By incorporating a few new aspects of the physical process, a more complete and accurate tool was created.

Thanks to the modular design, Lion is easy to use and to extend. The code offers a possibility to use several physical models of the fission fragment penetration to allow the sensibility study. A few of those models were specifically developed for this code. The Lion code can simulate the electron drift and the electric field propagation with or without the space charge. Lion can predict signal induced on electrodes but is not limited to simplified or predefined electric field. In addition, the code can calculate the acquisition system response.

The Lion code has capability to simulate the γ impact which has non-negligible influence on the total signal in the current mode. Inclusion of several phenomena (e.g neutron activation) allows a user to analyse almost arbitrary fission chamber design. In the future, the code will be extended by additional modules, to allow the simulation of other neutron detectors, e.g Boron-lined chambers, and ionization chambers.

Figure 1 :

 1 Figure 1: User defined parameters and output of the Lion code
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 2 Figure 2: Schematic representation of the Lion code sub-modules and their connections.
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 3 Figure 3: The Flow chart of the incident particle simulation algorithm.
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 4 Figure 4: Flow chart of the charge drift simulation algorithm.
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 5 Figure 5: Flow chart of the signal collection and acquisition system simulation algorithm.
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