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Introduction

Historic background

The end of the World War II led to an intensive nuclear arms race: from 1945 to the present day, more than two thousand nuclear tests have been recorded [START_REF] Ctbto | CTBTO website[END_REF]. Since the early 1950s, the international community has been aware of radioactive fallout. The radioactive material released into the atmosphere is largely composed of transuranics; chemical elements with very long radioactive half-lives always present in the environment at very low level. But above all it is the risk of proliferation of nuclear weapons worldwide that worries the international community. Discussions between the major nations led to the creation of the International Atomic Energy Agency (IAEA) in 1956 to promote the peaceful and civil use of nuclear energy. Negotiations then led to the establishment and entry into force of the Treaty on the Non-Proliferation of Nuclear Weapons (NPT) in 1970. This treaty ensures the non-proliferation of atomic weapons or nuclear material used in the weapons design, in order to limit the risks of weapons acquisition by certain nations. In 1963, the major nuclear powers negotiated the first treaty to limit releases by banning nuclear tests in the atmosphere, outer space and underwater: the Limited Test-Ban Treaty (LTBT). The prohibition of nuclear tests is only partial because none efficient verification system was taken into account to identify a violation of the treaty. Consequently, the great powers did not intend to stop nuclear tests immediately. Finally, the ban of all forms of nuclear testing was continued in 1996 with the opening of the Comprehensive Nuclear Test Ban Treaty (CTBT) aimed at prohibiting any nuclear test or explosion of any kind (civil or military). The CTBT was voted on following negotiations at the Geneva conferences on disarmament between 1994 and 1996 (for a more detailed description, the reader is invited to read [START_REF] Sivels | Development of an Advanced Radioxenon Detector for Nuclear Explosion Monitoring[END_REF]). According to this treaty, an International Monitoring System (IMS) has been developed [START_REF] Hoffmann | Introduction to the verification regime of the comprehensive nuclear-test-ban treaty[END_REF], which consists of 321 monitoring stations and 16 laboratories built worldwide. Three waveforms technologies (hydro-acoustic, infrasound and seismic) and two radionuclide technologies (particulates and noble gas) are used to identify a clandestine test of any kind, with an energy greater than or equal to 1 kt (TNT equivalent).

Radioxenons of interest

During a nuclear explosion, four radioactive isotopes of xenon ( 131m Xe, 133m Xe, 133 Xe and 135 Xe) are produced in large quantities (till 10 16 Bq kt -1 for the 133 Xe [START_REF] Kalinowski | Discrimination of nuclear explosions against civilian sources based on atmospheric xenon isotopic activity ratios[END_REF]) and have half-lives suitable for detection a few days to a few weeks after the test (see Table 1). In the particular case of a confined nuclear test, the inert chemical properties of radioactive noble gas such as the radioactive isotopes of xenon allow them to migrate from the cavity to the atmosphere, notably driven by barometric pumping and dynamic ventilation [START_REF] Carrigan | Trace gas emissions on geological faults as indicators of underground nuclear testing[END_REF], while other fission products cannot be detected since they remain trapped in the containment.

Four IMS noble gas systems capable of sampling, gas processing and analyzing atmospheric radioxenon of interest have been developed: the Swedish Automated Unit for Noble Gas Acquisition (SAUNA) [START_REF] Ringbom | Saunaa system for automatic sampling, processing, and analysis of radioactive xenon[END_REF], the Automated Xenon Radionuclide Sampler and Analyzer (ARSA) [START_REF] Bowyer | Detection and analysis of xenon isotopes for the comprehensive nuclear-test-ban treaty international monitoring system[END_REF], the Analyser of Xenon RadioIsotopes (ARIX) [START_REF] Popov | Measuring low activities of fission-product xenon isotopes using the β-γ coincidence method[END_REF] and the Système de Prélèvement Automatique en Ligne avec Analyse du Xénon (SPALAX) [START_REF] Fontaine | Atmospheric xenon radioactive isotope monitoring[END_REF]. ARIX, ARSA and SAUNA systems perform radioxenon detection using the low energy resolution coincidence measurement technique. When radioxenon disintegrations occur there are several photons and particles that can be emitted:X and γ electromagnetic radiations, and charged particles. These particles are likely to be emitted simultaneously depending on their disintegration nuclear schemes.

The energy measurement of at least two simultaneous nuclear events makes possible to clearly identify the emitting nucleus, while drastically reducing the background noise of the measurement. However the detection efficiency is low (if only one particle or radiation is detected, the event is lost). Current SPALAX systems installed on the IMS perform detection using high-resolution High-Purity Germanium (HPGe) gamma spectroscopy. Minimal Detectable activity Concentrations (MDCs) of these systems are comparable for 133 Xe and under CTBTO (Comprehensive Nuclear Test Ban Treaty Organization) requirement.

In case of an underground test well contained the measurement of a radioxenon isotopic ratio is the only way likely to provides indisputable evidence on the nature of a nuclear event (civil or military), based on isotopic ratios comparison [START_REF] Kalinowski | Discrimination of nuclear explosions against civilian sources based on atmospheric xenon isotopic activity ratios[END_REF].

Atmospheric dilution and environmental background

During their transport, dramatic atmospheric dilution will attenuate the activity concentration of the radioxenons. As an example, for an IMS noble gas station located 1000 km away from the source point, the initial activity concentration will be diluted by a factor of 10 14 to 10 15 , depending on meteorological conditions [START_REF] Eslinger | Atmospheric plume progression as a function of time and distance from the release point for radioactive isotopes[END_REF]. Owing to the atmospheric transport of the air masses, the expected activity concentration likely to be detected at an IMS noble gas station can be of the order of mBq m -3 or even less. In addition to the challenge of measuring such low atmospheric activity concentrations, the number of civilian sources has increased steadily, resulting in a significant atmospheric radioxenon background mainly due to the release of xenon isotopes from medical isotope production facilities [START_REF] Saey | The influence of radiopharmaceutical isotope production on the global radioxenon background[END_REF], [START_REF] Achim | Characterization of Xe-133 global atmospheric background: Implications for the international monitoring system of the comprehensive nuclear-test-ban treaty[END_REF], [START_REF] Generoso | Seasonal variability of xe-133 global atmospheric background: Characterization and implications for the international monitoring system of the comprehensive nuclear-test-ban treaty[END_REF] and Nuclear Power Plants (NPPs).

Mobile systems

Some mobile detection systems, all based on the coincidence measurement technique, have been developed: the ARIX-03F system [START_REF] Prelovskii | The arix-03f mobile semiautomatic facility for measuring low concentrations of radioactive xenon isotopes in air and subsoil gas[END_REF]), the INGAS system (Doost-Mohammadi et al., 2016), the phoswich detector and its improved features [START_REF] Hennig | Development of a phoswich detector system for radioxenon monitoring[END_REF], [START_REF] Farsoni | A phoswich detector with compton suppression capability for radioxenon measurements[END_REF], [START_REF] Alemayehu | A well-type phoswich detector for nuclear explosion monitoring[END_REF], and CZT-based detectors [START_REF] Ranjbar | A czt-based radioxenon detection system in support of the comprehensive nuclear-test-ban treaty[END_REF], (Czyz et al., 2018b), (Czyz et al., 2018a). A complete description of all of these systems is proposed in [START_REF] Sivels | A review of the developments of radioxenon detectors for nuclear explosion monitoring[END_REF]. Associated to a gas sampling and processing system, such mobile devices might have the capabilities to perform in-situ measurements of interest in the context of an On-Site-Inspection (OSI) according to the treaty requirements (Preparatory Commission for the Comprehensive Nuclear -Test-Ban Treaty Organization (CTBTO), Vienna International Centre P.O. Box 12001400 Vienna, Austria).

CEA decided to design a compact detection system, likely to be coupled to a future gas processing unit complying with a CTBT/OSI mobile noble gas system specification. The concept of this detection system, especially the gas cell, is partially inspired by the PIPSBox TM detector (Le Petit et al., 2013) integrated into the New Generation (NG) of SPALAX (Le [START_REF] Petit | Spalax new generation: A sensitive and selective noble gas system for nuclear explosion monitoring[END_REF], [START_REF] Topin | Spalax new generation: New process design for a more efficient xenon production system for the ctbt noble gas network[END_REF], [START_REF] Cagniant | Spalax ng: A breakthrough in radioxenon field measurement[END_REF] currently under CTBTO testing phase. In this paper, we present simulated and experimental results obtained with a simplified prototype of the final detection system: the Mobile Analyzer of Radioactive Gas OuTflows (MARGOT). Calculation methods used to estimate MDA and MDC are also discussed.

Material and methods

The simplified version of the future MARGOT system has been especially developed to experimentally test and select different materials and thus optimize through Monte Carlo simulations the design of the prototype in terms of both energy resolution and detection efficiency. For electron measurement, the choice was made for large area segmented silicon wafer (Si-PIN technology). For photon measurement, germanium detectors were rejected due to the size of the cooling systems as well as their high sensitivity to acoustic and mechanical vibrations. The cerium-doped lanthanum bromide (LaBr3(Ce)) has also been eliminated because it has relatively high intrinsic radiation background (1.5 ± 0.1 s -1 cm -3 in the range [0,1.6 MeV] [START_REF] Quarati | Study of 138la radioactive decays using labr3 scintillators[END_REF]) due to the naturally occurring 138 La radioisotope (0.09%), which emits X-rays between 30 and 38 keV [START_REF] Bé | Table of radionuclides[END_REF], interfering with the 131m Xe and 133m Xe main Region Of Interest (ROI).

Two scintillator materials with the same custom designed geometry have been experimentally tested: the well-known thallium-doped sodium iodide (NaI(Tl)) and cerium bromide (CeBr 3 ). Experiments showed that in the considered energy range [10-300 keV], NaI(Tl) has a slightly better energy resolution than CeBr 3 (16% @ 30 keV and 9% @ 81 keV for NaI(Tl) detector versus 21% @ 30 keV and 11% @ 81 keV for CeBr 3 ). Furthermore, one can notice that NaI(Tl) is 4 times less expensive than CeBr 3 .

The simplified prototype described here consists of a stainless steel housing (100*100*14.5 mm) with an inner sample volume of 58 cm 3 . A doublesided silicon wafer (60.2*60.2*0.5 mm) is mounted on an epoxy board (70*70 *1.55 mm) and is segmented into 4 distinct squared pixels (30.1*30.1*0.5 mm each). Each of these pixels is independent and produces its own signal. Measured pixel leakage currents are all below 15 nA and capacitances are all below 200 pF. Measured energy resolution at 129 keV and 199 keV (conversion electron emitted by the 131m Xe and 133m Xe, respectively) are 10 keV at Full Width at Half Maximum (FWHM). The epoxy board is screwed inside the box. The box is sealed by a 500 µm thick carbon window on a side, and by a stainless steel cover screwed on the other side. Seal between the cover and the box is ensured by an indium seal. A set of M4 screws crimp the assembly to the NaI(Tl) detector flange. We refer to this assembly as the PIXELBox prototype (shown in Figure 1). The Associated NaI(Tl) detector (83*83*263 mm including Photomultiplier Tube (PMT), 70*70*40 mm crystal), manufactured by Scionix Holland B.V., is composed of a NaI(Tl) crystal encapsulated into a low background Cu housing. The 500 µm thick entrance window is made of ultra-low background aluminum (AL000650, 99.999% pure). The crystal volume has been optimized to effectively stop γ-rays with energy below 300 keV. The MARGOT prototype has been simulated with Geant4 [START_REF] Agostinelli | Geant4a simulation toolkit[END_REF] in order to evaluate its detection efficiency performances. The assembly is shown in Figure 2. The MARGOT prototype therefore integrates the PIXELBox prototype, the NaI(Tl) detector as well as the electronic devices related to signal processing.

Readout electronic and system compactness optimization

Five signals must be processed: 1 signal per silicon pixel and 1 signal from the NaI(Tl) detector. The four signals from the silicon pixels are shaped with a 4-channels CAEN A1422 charge sensitive preamplifier. This preamplifier possesses a sensitivity of 400 mV MeV -1 (Si equivalent) and can support a detector capacitance up to 200 pF, making it particularly well suited for relatively low energy electrons processing. The signal from NaI(Tl) detector is shaped via one CAEN A1424 scintillation preamplifier.

These five output signals are transmitted and digitalized with two 4channels Pixie-Net TM digital acquisition modules, from XIA LLC. These modules have been selected in order to optimize the compactness of the MAR-GOT system (82*82*156 mm volume per Pixie-NET module). The Pixie-Net combines an embedded Linux system with XIA digital pulse processing developed on the Pixie PXI spectrometer series. Incoming signals are digitized at 250 MHz. Using a ZYNQ All Programmable System on Chip (SoC) with programmable logic (FPGA) and dual-core ARM processor on the same chip, the ADC data stream is captured and processed in the FPGA section and the ARM processor writes the results to a removable USB drive [START_REF] Xia Llc | Pixie-Net User Manual version 2[END_REF]. Data are recorded in list mode 0x400. Run type 0x400 creates single-channel event records in binary format, and coincident events are reconstructed in post-processing treatment using the ROOT software toolkit [START_REF] Brun | Root: An object oriented data analysis framework[END_REF]. The two Pixie-NET modules must be synchronized, which is traditionally accomplished by distributing clocks and triggers via dedicated connections. To optimize MARGOT prototype compactness, Xia LLC implemented time synchronization between multiple XIA Pixie-Net detector readout modules through the existing Ethernet network, based on the IEEE 1588 Precision Time Protocol (PTP) [START_REF] Cho | Precision time synchronization using ieee 1588 for wireless sensor networks[END_REF], [START_REF] Kannisto | Software and hardware prototypes of the ieee 1588 precision time protocol on wireless lan[END_REF]. Thus, each Pixie-Net operates from its local clock, but clock frequen-cies and timestamps are adjusted by software that uses special PTP messages exchanged through the data network (one of the two modules acts as a master clock). The choice of network switch may have a very large impact on time accuracy. Several switches have been tested in cooperation with XIA LLC, their performance are compared in [START_REF] Hennig | Network time synchronization of the readout electronics for a new radioactive gas detection system[END_REF]. The choice was made for a Moxa EDS-405A switch which includes IEEE 1588v2 PTP with hardware timestamping for precise time synchronization of networks. In the present network, this switch acts as a transparent clock, and the PTP protocol is only activated on the channels to which the two Pixie-NET modules are connected. In order to evaluate switch accuracy, we compared time accuracy measured with this configuration and the classical configuration (shared external clock). For both configurations, a 22 Na point source (who emits γ ± @ 511 keV in coincidence) was sandwiched between two identical NaI(Tl) detectors, as described above. Each detector is connected to the channel 0 of the Pixie-Net modules. In addition, a pulser output has been split, each wire being connected to the channel 1 of the Pixie-Net modules. Measuring the timestamping differences between channels allows quantifying the timing accuracy of the synchronization method used. Figure 3 shows histograms obtained by considering the timestamp difference of true coincidence events (γ ± /γ ± on channels 0, pulses on channels 1). The synchronization accuracy obtained with the shared external clock configuration is 5.5 ns, while that obtained with the IEEE 1588 PTP protocol is 8.3 ns, which is comparable in our case. Use of PTP synchronization is then validated.

Simulations

The detection performances of the system were simulated with Geant4 in order to: a) estimate coincidence efficiencies, b) determine the values of experimental parameters.

Conversion Electron and β efficiency: parametric study

The intrinsic electron detection efficiency depends mainly on the solid angle subtended by the silicon pixels (1.9 π sr for the PIXELBox prototype). Cut-off energy has a major role in electron efficiency; it depends on a) the leakage current of the silicon pixels, b) their capacitance and c) the preamplifier electronic noise. Figure 4 shows the variation in the detection efficiency of the β particles emitted by the 133 Xe and 135 Xe as a function of the considered cut-off energy. The CEs of interest are not influenced by this threshold value. Simulations show that the lower this energy, the better the detection efficiencies. One should notice that these yields are very sensitive to cut-off energy, which is explained by the distribution of β particles. This is especially true as the E max of the β emission considered is low.

Preliminary measurements show that a 40 keV energy threshold is sufficient to substantially reduce the electronic noise from each silicon pixel and dedicated preamplifiers.

Gas composition and gas pressure influences

Xenon molar mass (131.3 g mol -1 ) being 4.6 times higher than that of air (29.0 g mol -1 ), the proportion of xenon in a xenon-nitrogen mixture will favor collisions of electrons in the sample volume. The electrons will then lose a certain amount of energy before being absorbed into the silicon pixels. Considering nitrogen and air as perfect gases, the density of a mixture consisting of a% xenon and b% nitrogen can be calculated as follow:

ρ = ρ air T 0 T P P 0 aM Xe + bM N 2 M air (1) 
With T and P the laboratory temperature (K) and pressure (Pa), T 0 and P 0 the NTP temperature and pressure, M i the molar mass of gas i (i=Xe, N 2 or air), and ρ air the density of air (1.29 kg m -3 ). Figure 5 shows the influence of the composition of the sample gas on the detection efficiency of CE emitted @ 129.3 keV and 198.7 keV by 131m Xe and 133m Xe, respectively. As the proportion of xenon increases, Coulomb interactions probability leading to straggling effects and occurring between the gas and CE increase before the CE reach the silicon detector. Back scattered electrons contribution is negligible considering this geometry.

Figure 6 shows the 133m Xe CE energy spectrum deposited in the silicon pixels when the sample gas is either 100% nitrogen or 100% xenon. The energy loss by straggling effect is visible by the appearance of a tail at left part of the Gaussian distribution. This tail is more marked as the electron energy is low.

Pressure

In parallel with the development of this detection prototype, an ultracompact xenon enrichment system is in progress. This system is expected to provide a gas output composed of 25% Xe and 75% N 2 . Accordingly the effect of gas pressure was considered. The higher the pressure, the larger the sample, but the more the energy resolution will be affected due to the higher probability of collision before particles reach detectors. Simulated results are shown in Figure 7. The graphic on the left shows a loss of only 27.6 % in 131m Xe detection efficiency from 0.2 bar to 1.4 bar (maximum pressure that the carbon window can withstand), while sample volume has been multiplied by a factor 7. One can express working pressure by number of atoms in the sample; thus, right graphic on Figure 7 shows the number of atoms detected as a function of number of atoms initially present in the sample. These graphics highlight it is better to have a larger sample (meaning working at high pressure) than privilege a high efficiency (meaning working at low pressure and thus reducing the number of radioxenons in the sample).

Figure 8 shows the β-efficiency as a function of the working pressure for both 133 Xe and 135 Xe β 0,1 emission. β-efficiency is more influenced by cut-off energy than working pressure. Finally, large sample volume is more advantageous than optimized energy resolution. Nevertheless, in order to avoid damaging the carbon window, the working pressure selected is 1.0 bar. In the final version of the MARGOT system, the carbon window will be removed and the pressure can be increased up to 2 bar, thus bringing the sample volume from 58 to 116 cm 3 .

Photon Efficiency

While the composition of the gas mixture has a significant influence on the electron detection efficiency (due to straggling effect), it only slightly alters the photon detection efficiency below 90 keV and has no influence at higher energies, as shown in Figure 9. For energies above 100 keV, the ratio of stopped photons over emitted photons number gradually decreases as the photons have sufficient energies and so do not deposit all their energy in the NaI(Tl) crystal.

Radioxenons separation

To validate that the separation of the radioxenons ROIs is achievable, energy resolution of each detector must be measured. Energy resolution depends on two main parameters: a) intrinsic energy resolution of the detector material used and b) energy of the incident particle. The response function of a detector for a given incident energy depends on statistical noise [START_REF] Knoll | Innovative concept for a major breakthrough in atmospheric radioactive xenon detection for nuclear explosion monitoring[END_REF]. This noise is related to the fact that the charge Q deposited in the detector by a radiation quantum is not a continuous variable but is represented by a discrete number of charge carriers. In the case of scintillators, variations in the number of photoelectrons produced in the photocathode also play a major role [START_REF] Knoll | Innovative concept for a major breakthrough in atmospheric radioactive xenon detection for nuclear explosion monitoring[END_REF]. Americium-241, 60 Co, 137 Cs and 22 Na point sources were used to determine the response function of NaI(Tl) detector, while response function of each silicon pixels had been determined using both an 241 Am point source and a pulser. In the simulation, each deposited energy E dep in a detector is associated with its standard deviation σ(E dep ) according to fitted curves obtained. A random generator will then compute a value within a normal distribution centered at E dep and of σ(E dep ) standard deviation. Four million events had been simulated (one million per radioxenon). Simulation results are shown in Figure 10 and Figure 11 which is the 30 keV X-ray gated spectrum (corresponding to the Figure 10 dark red insert). The measured resolutions are adequate to effectively separate each radioxenon.

Compared to low-resolution IMS systems that use plastic scintillators for electron detection, the high resolution at room temperature of silicon makes it possible to distinguish the emission peaks of the two metastable radioxenons and considerably simplifies algorithms required to estimate net count obtained in each region of interest.

Optimized set of parameters

Previous investigations allowed determining the experimental parameters that will be used for the PIXELBox prototype. Working pressure is 1.0 bar, corresponding to a 58 cm 3 active sample volume, composed by a mixture of 75% N 2 + 25% Xe. Simulated direct /coincidence at Full Energy Peak (FEP) results obtained with this setup are shown in Table 2 and compared to the SPALAX-NG efficiencies. Differences between coincidence efficiencies of the MARGOT prototype and the SPALAX-NG detection system are well explained by the fact that the MARGOT prototype cell possesses only one silicon wafer (instead of two for the PIPSBox TM cell of the SPALAX-NG), its solid angle being reduced by a factor of 2 compared to the one of the PIPSBox TM . Note that the MARGOT system will have coincidence efficiencies at least two times better than that tabulated here (the MARGOT prototype), since it will integrate two large Si-PIN wafers (see section 9).

Measurement of Xe standards

In order to confirm simulated efficiencies, measurements of a quasi-pure gaseous 131m Xe standard (referred to as sample 1) and of a mix of 133 Xe/ 135 Xe standard (referred to as sample 2) delivered by the Radiation Seibersdorf laboratories (Austria) has been performed. These two samples were enclosed into two 300 cc SPALAX archive bottles at a pressure of 1200 ± 50 mbar (carrier gas: 100% nitrogen). For each measurement, the sample of interest was injected by expansion into the PIXELBox prototype previously evacuated. The overpressure of the sample was calculated in such a way that the gas will be at a pressure of 1 bar in the cell. Xenon-131m activity (sample 1) at the beginning of measurement was 94 ± 4.7 Bq. Xenon-133 and 135 Xe activities (sample 2) at beginning of measurement were 79 ± 4.7 Bq and 167 ± 10 Bq, respectively. The measurements were made without any shielding.

Pure 131m Xe standard

Sample 1 was measured during 12h with the MARGOT prototype. Results are shown in Figure 12 and coincidence efficiency (K-X/K-CE) are tabulated in Table 3 and compared with simulated coincidence efficiency.

Mixture of 133 Xe and 135 Xe standards

Sample 2 was measured during 3h with the MARGOT prototype. Results are shown in Figure 13 and coincidence efficiency of the two radioxenons (β 0,1 /γ 1,0 ) are tabulated in Table 3 and compared with simulated coincidence efficiencies.

Experiments vs simulations

Measured coincidence efficiencies fit well with simulated ones (see Table 3). Experimental uncertainties take into account the uncertainties on the sample pressure, on the inner volume of the PIXELBox prototype as well as the volume of the injection circuitry, and uncertainty on the sample activity. Due to the low activities, PIXIE-Net dead times are negligible. Xenon-133m being at trace level in sample 2, it could not be quantified. These preliminary results provided a high level of confidence in the accuracy of the Geant4-based code developed to predict the performances of this prototype. The same code was used to predict the performances of the final MARGOT system.

Detection Limit and estimate of Minimal Detectable Activity (MDA)

The Minimal Detectable Concentration (MDC) is a fundamental parameter characterizing any detection system. As the compact gas enrichment system who will be associated with the detection system presented here is still under development, we preferred to indicate the Minimum Detectable Activities (MDAs) of the MARGOT prototype. Therefore MDCs will be given as guidelines with typical values of SPALAX-NG sampling and processing times. For identical risk values (k * =k 1-α =k 1-β ), decision threshold (referred to as L C ) and detection limit (referred to as L D ) are given by [START_REF] Weise | Bayesian decision threshold, detection limit and confidence limits in ionising-radiation measurement[END_REF], [START_REF] Vivier | Optimization of the decision threshold for single radioactive counting[END_REF] :

L C = k * 2( B + 1)
(2)

L D = k * 2 + 2L C . ( 3 
)
Where quantile k * is tabulated in [START_REF] Vivier | Optimization of the decision threshold for single radioactive counting[END_REF]; and B is the total count in the considered ROI. For 131m,133m,135 Xe, the MDA is derived from the decision limit using equation :

M DA( i Xe) = c 1 ( i Xe) L D ( i Xe) ( i Xe)T acq . ( 4 
)
Where T acq is the acquisition time (s), the coincidence efficiency in the ROI considered (%), i =131m, 133m or 135, and c 1 is a correction factor that takes into account radioxenon decay during the measurement. For the four relevant radioxenons, c 1 is given by: c 1 ( i Xe) = λ( i Xe)T acq 1 -e -λ( i Xe)Tacq .

(

) 5 
Where i =131m, 133m, 133 or 135, and λ is the disintegration constant of the considered isotope (s -1 ). For 133 Xe, to consider the creation of 133 Xe resulting from the disintegration of the 133m Xe during measurement, the MDA is calculated following equation 6:

M DA( 133 Xe) = c 1 ( 133 Xe) L D ( 133 Xe) ( 133 Xe)T acq -c 1 M DA( 133m Xe) . (6) 
With c 1 the cross-decay factor:

c 1 = λ( 133 Xe) λ( 133 Xe) -λ( 133m Xe) 1 -e -λ( 133m Xe)Tacq λ( 133m Xe)T acq - 1 -e -λ( 133 Xe)Tacq λ( 133 Xe)T acq . (7) 
The MDC of 131m,133m,135 Xe are then estimated using the equation proposed by [START_REF] Petit | Spalax new generation: A sensitive and selective noble gas system for nuclear explosion monitoring[END_REF]:

M DC( i Xe) = L D ( i Xe)λ( i Xe) 2 ( i Xe)F (1 -e -λ( i Xe)Tc )(e -λ( i Xe)T d )(1 -e -λ( i Xe)Tacq ) . (8) 
With λ the disintegration constant of the relevant isotope (s -1 ), i =131m, 133m or 135, the coincidence efficiency of the relevant isotope, F the flow rate corresponding to the sampled volume/ sampling time ratio (m 3 s -1 ), t c , t d and T acq are respectively the sampling time, the time elapsed between end of sampling process and beginning of measurement, and the acquisition time (s).

In the case of 133 Xe, the MDC calculation is different because 133m Xe will decay and thus produce 133 Xe during the sampling and collection time, as well as during the acquisition time. The equation is then:

M DC( 133 Xe) = L D ( 133 Xe)λ( 133 Xe) 2 ( 133 Xe)F (1 -e -λ( 133 Xe)Tc )(e -λ( 133 Xe)T d )(1 -e -λ( 133 Xe)Tacq ) -c 2 ( 133m Xe) -c 2 ( 133 Xe) λ( 133 Xe)M DC( 133m Xe) λ( 133 Xe) -λ( 133m Xe) . (9) 
Where c 2 ( i Xe) (i=133 or 133m) is expressed as follow:

c 2 ( i Xe) = (1 -e -λ( i Xe)Tc )(e -λ( i Xe)T d )(1 -e -λ( i Xe)Tacq ) λ( i Xe)T acq . (10) 
Figure 14 shows the silicon/NaI(Tl) coincidence background measurement obtained for a 12h acquisition time, without shielding. Calculated values are given in Table 4. Estimated MDC obtained with timing typical values of the SPALAX-NG (T acq =12h, t c =8 h, t d =1.2 h, F=9.2 m 3 h -1 ) are also proposed. F value was adjusted by a factor equivalent to the ratio of active gas volume in the MARGOT prototype (58 cm 3 ) and SPALAX-NG (11.7 cm 3 ) to account for differences in active gas volume in the two detectors in term of sample gas transfer efficiency (60% transfer efficiency for SPALAX-NG, 89% transfer efficiency for MARGOT prototype).

Regarding 133 Xe that has two regions of interest, we prefer to refer to the one with the lowest MDC (β 0,1 /γ 1,0 emissions) rather than combine them to produce a single MDC (weighted average of the errors), as proposed in [START_REF] Mcintyre | Calculation of minimum-detectable-concentration levels of radioxenon isotopes using the pnnl arsa system[END_REF], where the author acknowledges that it is not mathematically rigorous.

Radioxenon cross interferences contribution

We call cross interference the counting in the ROI of a given radioxenon due to the decrease of other radioxenons. As an example, incomplete energy deposited of the CE 1,0K emitted by the 133 Xe decay may fall into the 131m Xe or 133m Xe ROI, as shown in Figure 15. The contributions of each radioxenon to the ROI considered were obtained by Monte-Carlo simulations and are synthetized in Table 5. Values in brackets are the ratios of radioxenon interference efficiency over its detection efficiency in its own ROI. Thus, if 10,000 net counts are recorded in 135 Xe ROI, then 76 counts recorded in 133 Xe will be attributable to 135 Xe decay. To estimate 133m Xe decay influence only, decay of its daughter ( 133 Xe) was virtually blocked in the simulation. Interferences due to 222 Rn and its progenies ( 214 Pb and 214 Bi) will be discussed in a future paper concerning the final MARGOT system.

Light version vs heavy version

A 5 cm thick custom cylindrical lead shield was used to quantify the gain in MDA. The use of this shield would add around 150 kg to the total weight of the prototype. The MDAs obtained with this shield are compared with those obtained without shielding in Figure 16. Estimated MDCs are also proposed in Figure 17. The MDA is enhanced by a factor 2.5 and 2.1 for metastable radioxenons ( 131m Xe and 133m Xe, respectively) when MARGOT prototype is shielded; while the MDA of 133 Xe is enhanced by a factor 2.2 and by a factor 2.9 for 135 Xe. Such 135 Xe MDA enhancement is explained by the better efficiency of the system for this radioxenon compared to the others (Table 3).

MARGOT System overview

The final MARGOT design is under construction at Mirion Technologies and will be tested early 2019. Key parameters of the final version will be calculated using the same methods proposed in this paper. This system will consist of a gas cell equipped with two pixellized Si-PIN and sandwiched between two NaI(Tl) detectors, see Figure 18. We expect MDAs 2 to 2.4 times better than those presented here, due to optimized solid angle, carbon window suppression which will allow working in overpressure conditions, and taking into account Si-PIN multiplicity.

Conclusion and outlook

A prototype gas detection system was designed and developed by CEA and Mirion Technologies. This prototype is composed of a gas cell (58 cm 3 active volume) equipped with a large Si-PIN detector who has been pixellized in 4 independent silicon pixels, in order to reduce leakage and cut-off energy. The gas cell, named PIXELBox, is screwed to a flange of a NaI(Tl) detector. Silicon pixels are for electron emission measurement while NaI(Tl) are for photon emission measurement. The system compactness was optimized using desktop electronic modules and the implementation of the IEEE 1588 PTP protocol for synchronizing Pixie-NET acquisition modules. Geant4based simulation allowed us to obtain best experimental conditions in terms of sample volume, working pressure and xenon enrichment. MDAs were calculated (with a 97.5% confidence level) based on multiple 12h background measurements, without shielding nor cosmic veto, and are approximately 42, 37, 63 and 48 mBq for 131m Xe, 133m Xe, 133 Xe and 135 Xe, respectively. Adding a 5-cm lead shield enhances these MDA by a factor 2 up to 3, but consequently having a significant impact on the weight of the system. MDC have been estimated and are lower than 1 mBq m -3 for the four radioxenon of interest. Experimental results, such detection efficiencies, fitted well with simulated ones, allowing confidence in the handmade code developed for this work. The same code had been used to predict the final MARGOT system. 
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Table 1: Main decay mode of the four relevant radioxenons. Associated emission probabilities are given in brackets. Data of 131m Xe and 133 Xe are from [START_REF] Bé | Table of radionuclides[END_REF], data of 133m Xe are from [START_REF] Bé | Table of radionuclides[END_REF] and data of 135 Xe are from [START_REF] Singh | Nuclear data sheets for a = 135[END_REF]. 2: Simulated efficiencies of MARGOT prototype at Full Energy Peak (FEP) for both silicon wafer and NaI(Tl) detectors (1,000,000 decay per radioxenon, P=1 bar, T=300 K, gas mixture: 25% Xe and 75% N 2 ). Coincidence efficiency is low because of the low prototype solid angle ( 1.9 π sr). Coincidence efficiencies of the SPALAX-NG detection system are given in parenthesis for comparison. (*): measured efficiencies, (**): simulated efficiencies.
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Figure 1 :

 1 Figure 1: Sketch of the PIXELBox prototype.

Figure 2 :

 2 Figure 2: Overview of the MARGOT prototype. The cables have been removed for visibility.

Figure 3 :

 3 Figure 3: A. Left: timestamping difference recorded on both Pixie-NET channel 0 (NaI(Tl) detectors); Right: timestamping difference recorded on both Pixie-NET channel 1 (Pulser output), using the 1588 PTP Protocol (Moxa EDS405-A switch). B: same measurement but using an external shared clock instead of PTP protocol.

Figure 4 :

 4 Figure4: Top: Silicon response function for 133 Xe and 135 Xe β 0,1 decay. Fermi, screening and shape factor corrections are taken into account in the simulations. Bottom: influence of the cut-off energy on the β efficiency of silicon pixels. Red curve corresponds to the 133 Xe β 0,1 transition and the blue curve to the 135 Xe β 0,1 transition. 1,000,000 events, P=1 bar, T=300 K, gas mixture: 25% Xe and 75% N 2 . β-efficiency difference at cut-off energy = 0 keV is explained by straggling process.

Figure 5 :

 5 Figure 5: Simulated CE-efficiency of the Si-PIN wafer as a function of the composition of the sample gas. 1,000,000 events per point of each curve, P=1 bar, T=300 K.

Figure 6 :

 6 Figure 6: Illustration of electron peak enlargement (shown in red) due to the gas composition (100,000 133m Xe decays were simulated for each spectrum, P=1 bar, T=300 K). Left: pure nitrogen gas, right: pure xenon gas. Cut-off energy (at 40 keV) is represented in green.

Figure 7 :

 7 Figure7: Left: simulated Full Energy Peak (FEP) efficiency of a silicon wafer (i.e. the 4 silicon pixels) as a function of the sample gas pressure. 1,000,000 events per point on each curve, T=300 K, gas mixture: 25% Xe and 75% N 2 . Right: equivalent graphic but expressed as a function of number of desintegration of atoms detected.

Figure 9 :

 9 Figure9: Simulated photon efficiency of the NaI(Tl) detector of MARGOT prototype as a function of the composition of the sample gas. (P=1 bar, T=300 K). 1,000,000 events were simulated for each point (from 20 keV to 300 keV, step: 10 keV). Gas mixture has no significant influence on the detection efficiency. The low energy fall off is due to absorption of the photons in Silicon detectors, carbon window material and Al entrance window.

Figure 10 :

 10 Figure 10: Geant4-based simulation of a sample containing the four radioxenons (1,000,000 decays per radioxenon, P=1 bar, T=300 K, gas mixture: 25% Xe and 75% N 2 ). The main regions of interest (ROIs) of each radioxenon are highlighted in dashed red.

Figure 11 :

 11 Figure 11: Simulated 30 keV X-ray gated spectrum. This plot corresponds to the dark red insert in Figure 10 (projection on X axis). The three ROI (highlighted in red) of conversion electron from 131m Xe, 133m Xe and 133 Xe are well separated.

Figure 12 :

 12 Figure 12: 2D histogram obtained with a 12h acquisition of sample 1, without shielding. Insert in dashed red shows the X-rays gated conversion electrons emitted at 129.3 keV. Pixie-Net modules were synchronized by PTP protocol.

Figure 13 :

 13 Figure 13: 2D histogram (zoom) obtained with a 3h acquisition of sample 2, without shielding. Xenon-133 main region of interest (β 0,1 /γ 1,0 ) is framed in dashed red at the bottom of the figure. Upper frame corresponds to the 135 Xe main region of interest (β 0,1 /γ 1,0 ). Pixie-Net modules were synchronized by PTP protocol.

Figure 14 :

 14 Figure 14: Prototype coincident measured background during 12h, without shielding. Radioxenon ROIs are highlighted in dashed red. Integral count rate is 0.13 cps in [30-1000]/[10-300] keV region.

Figure 15 :

 15 Figure 15: 2D simulated spectrum of 133 Xe (1,000,000 events, P=1 bar, T=300 K, gas mixture: 25% Xe and 75% N 2 ). Interferences due to 133 Xe in 131m,133m Xe ROIs are highlighted in dashed red.

Figure 16 :

 16 Figure16: Measured MDA of radioxenons for a 12h background acquisition without shielding (blue) and with a 5-cm lead shield (red). Interferences between radioxenon and interferences due to 222 Rn progeny had been neglected in these estimations.

Figure 17 :

 17 Figure 17: Estimated MDC of radioxenons (SPALAX-NG configuration) for a 12h background acquisition without shielding (blue) and with a 5-cm lead shield (red).

Figure 18 :

 18 Figure 18: Top: draft of the PIXELBox. Bottom: draft of the MARGOT System, consisting of the PIXELBox sandwiched between two NaI(Tl) detectors.

  

  Radioxenon 131m Xe 133m Xe

				133 Xe	135 Xe
	Half-life(days)	12.0	2.2	5.3	0.4
	Major γ-ray energy (keV)	163.9 (1.9%) (10.1%) (37.0%) (90.0%) 233.2 81.0 249.8
	K α X-ray energy (keV)	29.7 (44.2%) (45.3%) (38.5%) (4.1%) 29.6 30.8 30.8
	K β X-ray energy (keV)	33.7 (8.3%) (8.5%) (7.3%) (0.9%) 33.7 35.1 35.2
	β endpoint energy (keV)	-	-	346.4 (99.1%) (96.0%) 915.0
	K shell CE energy (keV)	129.3 (61.4%) (62.9%) (52.9%) (5.6%) 198.7 45.0 213.8

Table

  

Table 3 :

 3 Comparison between simulated and measured main ROI coincidence efficiencies (simulation parameters: P = 1 bar, T = 300 K, gas mixture: 100% N 2 ) for each radioxenon of interest. (*): result obtained for a 12h measurement with sample 1. (**): results obtained for a 3h measurement with sample 2.

	Radioxenon Simulated efficiency (%) Measured efficiency (%)
	131m Xe	2.4	2.6 ± 0.3 (*)
	133m Xe	2.5	-
	133 Xe	3.2	3.4 ± 0.4 (**)
	135 Xe	8.2	8.3 ± 0.8 (**)

Table 4 :

 4 MDA and MDC values of MARGOT prototype. L C and L D were calculated with a 97.5 % confidence level, for a 12h-measurement without shielding. ROI surfaces are specified in the second column. MDCs are given for a SPALAX-NG gas enrichment setup, normalized to sample volumes ratio (t c =8h, t d =1.2h, F=9.2 m 3 h -1 ). (*): Simulated efficiency.

	Radioxenon		B L C L D MDA (mBq) MDC (mBq m -3 )
	131m Xe 2.6 ± 0.3 22 14 32	42.1	0.6
	133m Xe	2.5*	16 12 28	36.7	0.6
	133 Xe 3.4 ± 0.4 170 38 79	63.2	0.9
	135 Xe 8.3 ± 0.8 306 50 105	48.0	0.9

Table 5 :

 5 Simulated interferences between radioxenons. (1,000,000 decays per radioxenon, P=1 bar, T=300 K, gas mixture: 25% Xe and 75% N 2 ). Values in squared brackets are the ratio of interference efficiency over radioxenon efficiency on its main ROI.

	Radioxenon	133 Xe	Interference efficiency (s -1 Bq -1 ) 133m Xe 131m Xe
	135 Xe 6.13E-04 [0.76%] 5.97E-04 [0.74%] 2.92E-04 [0.36%]
	133 Xe	-	1.06E-03 [3.53%] 2.19E-03 [7.29%]
	133m Xe	-	-	2.06E-03 [10.29%]

silicon pixels) as a function of the sample gas pressure. 1,000,000 events per point on each curve, T=300 K, gas mixture: 25% Xe and 75% N 2 . Right: equivalent graphic but expressed as a function of number of desintegration of atoms detected.
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