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IMPROVEMENTS IN NEUTRON AND GAMMA MEASUREMENTS FOR MATERIAL TESTING REACTORS

In order to ensure quality and relevance of irradiation programs in the future Jules Horowitz Reactor (JHR), the French Alternative Energies and Atomic Energy Commission (CEA) has significantly increased its R&D efforts in the field of in-pile instrumentation during the last decade. Major progresses have thus been achieved in capability to perform accurate in-pile measurements using reliable and updated techniques. Benefits of this enhanced measurement potential, illustrated with some improvements achieved in neutron and gamma flux detection, are described in this paper.

The CEA has recently developed and validated a numerical toolbox which predicts the output signal of Self-Powered Neutron Detectors (SPNDs) in various irradiation conditions. This original simulation toolbox named 'MATiSSe', based on Monte Carlo calculations and a comprehensive SPND model, is particularly useful to design, implement and operate SPNDs. These neutron detectors are already identified among the most relevant sensors for thermal neutron flux measurements in the JHR, due to their robust construction, simple use and relatively low cost. The 'MATiSSe' toolbox will contribute to a better knowledge of irradiation conditions in JHR. In addition, the CEA has also improved its measurement techniques for neutron and gamma flux assessment. A unique system for online measurement of fast neutron flux has been developed and qualified in-pile in 2015. The Fast-Neutron-Detection-System (FNDS) has been designed to monitor accurately high-energy neutrons flux (E > 1 MeV) in Material Testing Reactors. FNDS system is based on a Pu242 fission chamber and dedicated hardware and software that allow a large measurement range, an efficient gamma rejection and an online correction of the sensor sensitivity change during irradiation. FNDS system will be used to perform spectral neutron characterization of JHR channels as well as more accurate monitoring of the fast neutron dose in tested materials. New sensors, specifically designed for MTR irradiation conditions, have also been released. As an example, a miniature gas ionization chamber has been developed and manufactured by the CEA. Tests performed in different research reactors demonstrate the reliability and the accuracy of this instrumentation dedicated to in-pile and real-time measurement of gamma flux over a large range of radiation level from residual power to nominal power, including estimation of delayed gamma flux.

Introduction

Over 50 years of fuel and material irradiation tests has led to many countries developing significant improvements in instrumentation to monitor physical parameters and to control the test conditions in material testing reactors (MTRs). Various types of instruments have been developed and used in MTRs, and many of these sensors have been gradually upgraded and refined since their initial development [START_REF] Kim | Review of Instrumentation for Irradiation Testing of Fuels and Materials[END_REF].

Recently, there is increased interest to improve the existing in-pile instrumentation and to enlarge measurement capabilities in MTRs, particularly in France where the Alternative Energies and Atomic Energy Commission (CEA) is currently building the future Jules Horowitz Reactor (JHR). Operated at 100 MW th , the JHR will generate radiation levels that are expected to be significantly higher than the previous French MTR OSIRIS definitively shutdown at the end of 2015. In JHR's irradiation locations, thermal neutron flux is expected to reach 5.5•10 14 n.cm -2 .s -1 in the reflector while fast neutron (E > 1MeV) flux will reach the same level in the core, allowing material ageing up to 16 dpa.y -1 . At the same time, nuclear heating will range as high as 20 W/g, bringing new challenges to design experimental devices.

In these harsh conditions, highly-instrumented experiments will be required to evaluate the performance of fuels and materials for advanced pressurized water reactors (PWR) and Generation IV (Gen-IV) reactor systems, but also the performance of radiation-resistant materials for fusion reactors. Hence, new sensors are needed that can provide "real-time" measurements of key irradiation characteristics.

To illustrate CEA's research and development effort and progresses that have been achieved in the capability to perform accurate in-pile measurements, some improvements obtained in neutron and gamma flux detection using reliable and updated techniques are described below.

2.

Improvements in neutron and gamma flux detection Generally, SPND have a coaxial geometry with a central electrode, called emitter, surrounded by an insulator and an external concentric electrode, called sheath or collector (see Figure 1). This sensitive part is connected to the measuring system by an integrated mineral insulated cable. Self-powered neutron detector principle is based on the collection of electrons mainly created in the emitter, coming from neutron interactions with the detector materials. These moving electrons are generating an electric signal which is measurable. All created electrons, while moving between the electrodes, are giving rise to a direct electric current between the emitter and the sheath, which is proportional to the mixed neutron and gamma field where the SPND is irradiated. The SPND total output current, when irradiated in a mixed field, is always a sum of partial currents coming from the three mentioned reactions in all involved materials: emitter, insulator, sheath and close detector surroundings.

The SPND model relies on two fundamental points: the exhaustive study of all possible free electron creation sources within SPND materials and the transport calculation of these electrons in the different SPND components and their corresponding charge depositions.

In the model implemented in LDCI's MATiSSe toolbox (see Figure 2), the SPND signal is determined as a combination of the net electron currents at the emitter/insulator and insulator/sheath boundaries and an analytical expression of the fractions of electrons currents being reflected by the electric field created in the insulator, originating from electric charges being deposited in the material [START_REF] Vermeeren | Theoretical study of radiation induced electromotive force effects on mineral insulated cables[END_REF]. Using close neutron and gamma fields (levels and spectra) accurately established beforehand, a fine model of the SPND and its immediate environment and different steps of Monte Carlo and analytical calculations, the three main reaction contributions are calculated [START_REF] Barbot | Experimental Validation of a Monte Carlo based Toolbox for Self-Powered Neutron and Gamma detectors in the OSIRIS MTR[END_REF]. Results show the good agreement between the SPND currents evaluated by MATiSSe and the measurements. Detailed results are given in [START_REF] Barbot | Experimental Validation of a Monte Carlo based Toolbox for Self-Powered Neutron and Gamma detectors in the OSIRIS MTR[END_REF].

The MATiSSe toolbox is now available for SPND design, simulation and data analysis. It is particularly relevant for the study of neutron detection systems that are expected to be implemented in future reactors. This tool will be part of the instrumentation suite to be used for the commissioning tests of the Jules Horowitz Reactor. It will participate in the quality of the neutron flux assessment for the future material and fuel irradiation tests.

Qualification of Fast-Neutron-Detection-System

Real-time neutron flux measurements can also be performed using fission chambers. The choice of the fissile deposit in a fission chamber depends on the neutron energy range of interest. The resulting online spectral information is valuable for neutronics studies at zeropower reactors and for flux monitoring in experimental devices in MTRs.

A fission chamber is typically composed of two coaxial cylindrical electrodes, one of which is covered with fissile material. The inter-electrode gap is filled with gas, often argon. After a neutron-induced fission in the deposit, one of the fission products is ejected into the gas, creating a large number of charge pairs. These charges are collected by a polarization voltage applied between the electrodes, leading to a current pulse.

CEA has developed and can manufacture thermal and fast fission chambers having an outer diameter as small as 3 mm for miniature chambers, or even 1.5 mm for subminiature chambers. While most fission chambers are primarily used for thermal neutron detection, the Joint Instrumentation Laboratory between CEA and the Belgian Nuclear Research Centre (SCK•CEN) has developed an instrumentation suite based on fission chambers for online incore measurement of the fast neutron flux (E > 1MeV) [START_REF] Villard | Advanced In-pile Measurements of Fast Flux, Dimensions and Fission Gas Release[END_REF].

This Fast Neutron Detection System (FNDS) has been designed to measure fast neutron flux in typical Material Testing Reactor conditions, where overall neutron flux level can be as high as 10 15 n.cm -2 .s -1 and is generally dominated by thermal neutrons. Moreover, the neutron flux is accompanied by a high gamma flux of typically a few 10 15 .cm -2 .s -1 , which can be highly disturbing for the online measurement of neutron fluxes. The patented FNDS system is based on two miniature fission chambers allowing the simultaneous detection of both thermal and fast neutron flux. Thermal neutrons can be measured using SPND or U235 fission chamber, while fast neutron detection requires a special fissile material presenting an energy threshold near 1 MeV. This fissile material is usually Pu242 for MTR conditions [START_REF] Filliatre | Reasons why Plutonium 242 is the best fission chamber deposit to monitor the fast component of a high neutron flux[END_REF]. The fission chambers are operated in Campbelling mode for an efficient gamma rejection [START_REF] Vermeeren | Experimental Verification of the Fission Chamber Gamma Signal Suppression by the Campbelling Mode[END_REF]. FNDS also includes a specific software that processes measurements to compensate online the fissile material depletion and to adjust the sensitivity of the detectors, in order to produce a precise evaluation of both thermal and fast neutron flux even after long term irradiation. Two FNDS prototypes were operated in-pile during nearly 1000 hours. These tests exhibited the consistency of the measurement of thermal to fast neutron flux ratio with MCNP calculations, as well as the right compensation of fissile material depletion [START_REF] Geslot | New measurement system for on line in core high-energy neutron flux monitoring in materials testing reactor conditions[END_REF]. Then a second test was completed in 2015 at ISIS reactor operated by CEA in France. For this irradiation, FNDS signal was compared to reference thermal and fast neutron flux measurements using activation dosimeters analyzed under COFRAC ® Quality Certification. During this latter test, FNDS proved its ability to measure online both thermal and fast neutron flux with an overall accuracy better than 10%.

FNDS is now operational and is assumed to be the first and unique acquisition system able to provide an online measurement of the fast neutron flux in MTR conditions. This system will of course be used to perform spectral neutron characterization of JHR channels, but it may also be implemented in future irradiation experiments, for a better and real-time evaluation of the fast neutron flux received by material and fuel samples.

Development of miniature gas ionization chambers

In nuclear reactors, including MTRs, photon flux is commonly calculated by Monte Carlo simulations but rarely measured. However, photon flux is assumed to be the main contributor to energy deposition in materials, and thus to nuclear heating which is of first importance to design and operate irradiation experiments. In this context, CEA recently developed a miniature gas ionization chamber (MIC) designed to be operated on a large range of photon flux levels covering MTR conditions, up to a few 10 14 γ.cm -2 .s -1 . This sensor is based on a 3 mm fission chamber design (see Figure 4). This irradiation confirmed the relevance of MIC sensor for online and real-time evaluation of gamma flux over a wide range of flux level. As illustrated in Figure 5, MIC has proven to be particularly appropriate to follow reactor SCRAMs (reactor shutdown with rapid insertions of control rods). These measurements demonstrated the importance of the delayed contribution to the photon field in nuclear reactors, providing evidence that over 30% of the total measured gamma signal is due to the delayed photon field, originating from fission and activation products (which are often untreated in calculations) [START_REF] Fourmentel | Delayed Gamma Measurements in Different Nuclear Research Reactors Bringing Out the Importance of the Delayed Contribution in Gamma Flux Calculations[END_REF]. As shown in Figure 6, MIC measurements at different stable reactor powers exhibited the linearity of the MIC current with reactor power (the R 2 value of the linear fit being 0.9993). This demonstrates that MICs are good real-time monitors of the reactor power.

Finally, miniature gas ionization chambers are versatile sensors with a large dynamic measuring range. They are excellent candidates for gamma flux characterization, as well as real-time monitoring of reactor power. MIC will of course be part of the instrumentation suite that may be installed for the commissioning tests of the future Jules Horowitz Reactor.

3.

Conclusion

Significant advances in the capability to monitor online and real-time neutron and gamma flux in Material Testing Reactors have recently been achieved by French Alternative Energies and Atomic Energy Commission (CEA), in the framework of fruitful collaborative programs conducted with Belgian Nuclear Research Centre (SCK•CEN), Slovenian Jožef Stefan Institute (JSI) and Polish National Centre for Nuclear Research (NCBJ).

In particular, calibration processes have been improved using combination of modelling and comparison with dosimetry measurements, leading also to substantial reductions to the uncertainty budget. In addition, these calibration processes extend the operating range of sensors from relative to absolute neutron or gamma flux evaluation.

As illustrated in this paper, development and qualification of Self-Powered Neutron Detector simulation, Fast-Neutron-Detection-System and miniature gas ionization chambers will be especially beneficial for the characterization of the future Jules Horowitz Reactor currently under construction in Cadarache. Furthermore, their interest covers also a large range of potential applications in other research and power reactors.
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 1 Figure 1. Picture and drawing of a typical self-powered neutron detector When a SPND is irradiated in a mixed neutron and gamma field, numerous nuclear interactions are taking place in the three components of the detector. For neutron measurements, two different types of SPNDs are considered. First, detectors with dominant (n, -) reaction are called 'delayed SPND' because their time response is driven by the decay constant of the created beta emitter. Second type SPND are called 'prompt' because of their instantaneous response due to the predominant (n,)(,e) reaction. External gamma (fission, activation…) interactions also create some free electrons in detectors, (,e) reaction.
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 2 Figure 2. Block diagram of LDCI's MATiSSe toolbox for self-powered detector simulation Between 2011 and 2014, successive dedicated experiments have been performed to validate MATiSSe numerical tool. Different types of SPNDs, including Rhodium, Cobalt and Silver emitter materials and various geometries, have been tested first at the Slovenian TRIGA Mark II reactor operated by the Jožef Stefan Institute (JSI), then at the French OSIRIS reactor operated by CEA, and at the Polish MARIA reactor operated by the National Centre for Nuclear Research (NCBJ). Details about these programs are given in [4].

Figure 3 .

 3 Figure 3. Fast Neutron Detection System developed by CEA and SCK•CEN
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 4 Figure 4. Picture and drawing of a 3 mm miniature gas ionization chamber manufactured by CEA A first test of this sensor has been performed in 2012 at OSIRIS reactor. The MIC was irradiated along a suite of sensors including fission chamber, SPND, Self-powered gamma detector (SPGD), gamma thermometer and differential calorimeter [9]. This test proved the consistency of the MIC signal with other evaluations of gamma flux. A second test was achieved in 2014 at the Slovenian TRIGA Mark II reactor. Measured MIC signal was compared with calculated currents based on simulations with the MCNP6 code.This irradiation confirmed the relevance of MIC sensor for online and real-time evaluation of gamma flux over a wide range of flux level. As illustrated in Figure5, MIC has proven to be particularly appropriate to follow reactor SCRAMs (reactor shutdown with rapid insertions of control rods). These measurements demonstrated the importance of the delayed contribution to the photon field in nuclear reactors, providing evidence that over 30% of the total measured gamma signal is due to the delayed photon field, originating from fission and activation products (which are often untreated in calculations)[START_REF] Fourmentel | Delayed Gamma Measurements in Different Nuclear Research Reactors Bringing Out the Importance of the Delayed Contribution in Gamma Flux Calculations[END_REF].
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 56 Figure 5. Measured MIC current (normalized to maximum value) at the Slovenian TRIGA Mark II.Figure a: reactor start-up from zero to full power, followed by a reactor SCRAM ; Figure b: reactor SCRAM close-up

2.1 Progress in Self-Powered Neutron Detector simulation

  

	The JHR will host a large variety of irradiation experiments, which will require several diverse
	neutron detectors. Self-Powered Neutron Detectors (SPND) are already identified as major
	contributors to neutron level qualification in JHR irradiation experiments, due to their robust
	construction, simple use and relatively low cost. Nevertheless SPND response calibrations
	need to be adapted to diverse irradiation conditions, requiring numerous and fastidious
	SPND calibration tests. In this perspective, the Instrumentation Sensors and Dosimetry
	Laboratory (LDCI) of CEA Cadarache has been developing, since 2010, a numerical toolbox
	based on Monte Carlo calculations for self-powered neutron detector design, simulation and
	operation. This CEA SPND simulation toolbox was named 'MATiSSe' for 'Monte cArlo Tool
	for SPND Simulations' [2].