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An ultra-compact and unshielded spectrometer for analysis of atmospheric xenon radionuclides has been developed: the MARGOT system. This system works at ambient temperature and high pressure, and has a 54.3 cm 3 inner active volume. Atmospheric xenon radionuclide activities are determined with the electron-photon coincidence technique using both NaI(Tl) detectors and large pixellized Si-PIN detectors. The MARGOT system integrates an enhanced version of the PIPSBox TM , Geant4 simulation and first calibration results are discussed.

Introduction

Opened for signature on 24 September 1996, the role of the Comprehensive nuclear Test Ban treaty (CTBT) is to ban all types of nuclear explosion, whether civil or military. In order to ensure compliance with this treaty, the world-wide International Monitoring System (IMS) has been developed, its purpose being to detect and to characterize all observables released by a nuclear event with a yield greater than 1 kt TNT-equivalent. Therefore, two main categories of detectors are used: waveform detection systems and radionuclide detection systems. The first category consists of infra-sound, hydro-acoustic and seismic sensors. The second one is composed by two technologies: aerosol and noble gas detection systems. This combination of detection techniques ensures that any type of nuclear test can be detected, whether atmospheric, extra-atmospheric, underwater or even underground. For underground events, xenon radionuclide (fission products from 235 U and 239 Pu) are prime indicators, since they diffuse more easily than other elements through rocks, and thus are able to reach the atmosphere. Xenon radionuclides of interest (see Table 1) are finally collected and detected by IMS stations. Today, three noble gas station technologies are deployed on the IMS network: the SAUNA system [START_REF] Ringbom | SAUNA-a system for automatic sampling, processing, and analysis of radioactive xenon[END_REF], the ARIX 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], and the SPALAX system [START_REF] Fontaine | Atmospheric xenon radioactive isotope monitoring[END_REF]. Each of these systems is composed by two operational blocks: the first one is used for enrichment/purification of the sampled gas and the second is dedicated to the detection part.

ARIX and SAUNA use the coincidence measurement technique, whereas SPALAX uses straight high-resolution spectrometry. As these systems are particularly expensive, the CEA has decided to develop a new, low-cost, mobile system using the coincidence measurement technique and working at ambient temperature. This system is described here. Geant4-based simulations of detection efficiencies are discussed, and first calibration and optimization results are presented in this paper.

[TABLE 1]

Material and methods

All uncertainties quoted in this paper are standard uncertainties. MARGOT is standing for "Mobile Analyser of Radioactive Gases OuTflows". The system consists of a leak tight gas cell made of stainless steel, called the PIXELBox. This new gas cell is an update of the PIPSBox TM (Le [START_REF] Petit | Innovative concept for a major breakthrough in atmospheric radioactive xenon detection for nuclear explosion monitoring[END_REF], developed by Canberra SemiConductor NV and integrated into the SPALAX New Generation process (Le [START_REF] Petit | Spalax TM new generation: A sensitive and selective noble gas system for nuclear explosion monitoring[END_REF], (Cagniant et al., 2018). Main updates and operational gains are given in Table 2.

[TABLE 2]

Two silicon wafers (both with (60×60) mm active area, Passivated Implanted Planar Silicon (PIPS TM ) technology) have both been segmented in 4 pixels, in order to reduce drastically the leakage current and thus lowering as much as possible the cut-off energy that must be applied.

Each of the 8 silicon pixels is 500 μm thick and has a (30×30) mm active area. The inner volume of the PIXELBox is (54.3 ± 1.2) cm 3 . The gas sample is introduced into this inner volume through an 1/8 inches stainless steel tube welded to the central housing. This central housing has been perforated to allow the introduction of a custom-made radioactive source mounted on a thick rod for the calibration of both the silicon pixels and the NaI(Tl) detectors. The sealing of this path is ensured by a removable O-ring. Each pixel is independent of the others and produces its own signal. Pixel capacitances are close to 200 pF. Two CAEN A1422 preamplifiers with a gain of 400 mV MeV -1 ensure signal amplification. Amplified signals are digitized directly after the preamplifier output by Pixie-NET digital spectrometers manufactured by XIA LLC (XIA LLC, 2018). The PIXELBox is perforated so that it can be screwed to the flanges of two NaI(Tl) detectors ((83×83×263) mm) including the Ø 76 mm ETL 9265 Photomultiplier Tube (PMT)), manufactured by Scionix Holland. Each of these detectors is composed by a low-background ( 40 K content less than 1 ppm) NaI(Tl) crystal ((70×70×40) mm) enclosed into a high purity (99.99% pure) Oxygen-Free High thermal Conductivity (OFHC) copper housing. The entrance window (500 μm thick) is made of ultra-pure aluminium (AL 000650 by GoodFellow Industry, 99.999 % pure). The sealing of the assembly is ensured by the compression of two indium seals, each placed on either side of the PIXELBox. The assembly is shown on Figure 1.

Before the construction, the MARGOT system has been designed with Geant4 (version 10.4.0) (Agostinelli et al., 2003). Monte Carlo simulations have made it possible to quantify the impact of the radiopurity of different materials (NaI(Tl), CeBr3, LaBr3(Ce), CdZnTe) on the background of the detector and to choose the most suitable one, as well as optimizing dimensions of each detector (i.e. stopping power) in order to enhance detection efficiency. An exploded view of the simulated system is shown in Figure 2.

[FIGURE 1 AND 2]

As 10 signals must be analyzed (8 from pixels from the silicon detectors plus 2 from the NaI(Tl) detectors), and one Pixie-NET module has only four inputs, overall three of these modules are used. In order to reconstruct coincidence events, the modules must be time-synchronized. Instead of using a shared external clock and to optimize the compactness of the system, we used the IEEE 1588 Precision Time Protocol [START_REF] Lee | IEEE-1588 standard for a precision clock synchronization protocol for networked measurement and control systems[END_REF], [START_REF] Eidson | Measurement, control, and communication using IEEE 1588[END_REF]. We used a simplified prototype with same NaI(Tl) and silicon pixel detectors, and developed a dedicated network. Then we measured the timing accuracy of the whole system using a MOXA EDS-405A switch [START_REF] Hennig | Network Time Synchronization of the Readout Electronics for a New Radioactive Gas Detection System[END_REF]. The accuracy was (8 ± 3) ns, which is highly acceptable compared to the width of the coincidence window of 800 ns.

Geant4 simulations

Silicon detectors

Due to electronic noise, a cut-off energy must be applied to the silicon detectors. Ideally, this cutoff energy must be just high enough to suppress the electronic background without influencing the energies of interest. The silicon pixel detectors should mainly measure the β particles emitted by the 133 Xe and 135 Xe. As the β-particle energies exhibit a continuous distribution from 0 keV to Eβ max, the cut-off will have a strong influence on the efficiency of the detector for β particles.

Figure 3 shows the simulated β detection efficiencies as a function of the cut-off energy applied.

As a result, we expect a reduction in β detection efficiency of 0.34 % keV -1 for 133 Xe and 0.21 % keV -1 for 135 Xe when increasing the cut-off energy threshold.

[FIGURE 3] The other role of the silicon pixel detectors is to measure the conversion electrons of interest that are emitted at 129.3 keV ( 131m Xe) and 198.7 keV ( 133m Xe). Due to these relatively high energies, the cut-off energy will not directly influence their Full Energy Peak (FEP) efficiency. An interesting aspect using multiple silicon detectors is that one can take into account multiplicities, which arise from the fact that a particle can "simultaneously" deposit some energy in two or more silicon pixels. Thus, reconstructing the energy depositions measured in coincidence between multiple pixels improves total detection efficiency. As for the β detection efficiency, the gain is strongly dependent on the cut-off energy applied. Figure 4 shows a comparison between the ideal case (cut-off energy equal to 0 keV) and the real case (cut-off energy equal to 30 keV). In this simulation, 10 6 conversion electrons at 129.3 and 10 6 conversion electrons at 198.7 keV have been generated. If a multiple deposition occurs, the signals are summed. If the reconstructed energy corresponds to an energy of interest (within a width of ± 3 Gaussian standard deviations of the full energy peak measured; this width is the value recommended by the CTBT/PTS/INF.96/Rev.9 procedure for determining the minimum detectable activity of radionuclide gas detection systems), the event is saved, if not, it is rejected.

[FIGURE 4]

We also simulated the effect of different values for the working pressure: figure 5 shows the FEP detection efficiency of the 8 silicon pixel detectors as function of the absolute pressure of the sample gas. The maximum simulated pressure is 200 kPa; above this value, the silicon wafers may be damaged. It can be seen that the more the pressure increases, the more the FEP efficiency decreases. Indeed, this is explained by the fact that the interaction probability between an electron and an atom of the sample gas increases as the pressure increases, degrading energy resolution and accordingly the FEP efficiency (for a fixed width). This effect is more pronounced when the electron kinetic energy is low. From the data shown in the figure one can also deduce that it is more efficient to work at high pressure, at the cost of loss in energy resolution. If one looks at the detection efficiency of the two metastable xenon isotopes, the FEP efficiencies are (32.1 ± 0.7) % ( 131m Xe) and (34.7 ± 0.8) % ( 133m Xe) at atmospheric pressure and (24.9 ± 0.5) % ( 131m Xe) and (29.2 ± 0.6) % ( 133m Xe) at a pressure of 200 kPa. The number of atoms in the sample is directly proportional to the gas pressure (i.e. to the volume injected), whereas the detection efficiency drops less sharply when the pressure is increased. Thus, if one considers that 10 3 electrons at 198.7 keV are present "per 100 kPa" (meaning 10 3 xenon radionuclides in the volume of the PIXELBox at 100 kPa), (347 ± 8) of them will be detected if the pressure is at 100 kPa, while (584 ± 13) electrons will be detected, if the pressure is at 200 kPa. At a pressure of 200 kPa the energy resolution remains good enough for the separation of the conversion electron peaks. One can notice that above 400 keV the FEP efficiency decreases, because electrons have sufficient kinetic energy to pass through the silicon without being stopped.

[FIGURE 5]

NaI(Tl) detectors

In order to increase the detection efficiency of the NaI(Tl) detectors we take advantage of the Compton scattering. Indeed a photon has a rather high probability of depositing part of its energy in one of the two crystals, being scattered and depositing the rest of its energy in the second crystal. Figures 6 shows the NaI(Tl) 1/NaI(Tl) 2 coincidence histograms obtained with a Monte Carlo simulation of 10 6 photons at 81.0 keV and 249.6 keV, respectively, randomly distributed in the sample volume. Taking into account the coincidences gives as detection efficiency for γ-ray photons emitted at 249.6 keV (2.24 ± 0.03) %, and for 81.0 keV γ-ray photons (1.31 ± 0.02) %.

However, for the X-rays emitted by the various xenon isotopes with energies between 29.6 and 35.2 keV, coincidence measurements are not possible, due to their interaction with NaI(Tl) being through the photoelectric effect, and so no gain is achieved for X-rays.

[FIGURE 6] FEP efficiency and gain due to Compton scattering consideration are reported in Table 3.

[TABLE 3]

First calibration results

First tests with calibration sources show that a cut-off energy of 10 keV applied to the NaI(Tl) detectors is high enough to suppress electronic background and ensure data stability. Regarding the silicon pixel detectors, we shielded the CAEN A1422 preamplifiers and used custom-made SMB to SHV cables, as short as possible, with double shielded LMR-100A cables (capacitance of 101.1 pF m -1 ), provided by Pasternack Industry. Leakage currents were measured using CAEN DT5521HEN High Voltage power supply desktop modules, and are reported in Table 4. [TABLE 4] Finally, data taken with a 241 Am source inserted in the inner volume show the peak at 32.4 keV from the Kβ rearrangement (from the Iodine atoms present in the two NaI(Tl) detectors) in most of the silicon pixels (numbers 3 to 8 in Table 4). The γ2,1 (Np) transition (2.3 % emission probability) which emits γ-rays at 26.3 keV is not visible because the attenuation factor of the stainless steel support of the source is 99.7 % for this energy. The response function of each silicon pixel is shown in Figure 7. [FIGURE 7] Finally, the coincidence background of the detector measured during one week showed that only 168 coincidence events fall within the (1000×1000 keV) Si/NaI(Tl) grid (2.78 10 -4 cps). Using the coincidence mode grants a background rejection close to 4.0 10 6 (compared with the number of single events recorded by the system (mainly due to the energy deposition of the cosmic rays in the NaI(Tl) detectors)). Such a low count rate will not affect the detection limits of the system. However, additional environmental sample measurements are required to quantify the performance of the system. Such measurements will be carried out in the near future.

In our system, lowering cut-off energy is important for optimizing conversion electron detection efficiency and optimizing the β detection efficiency. Regarding other detector systems of atmospheric xenon radionuclides that also focus on low energy charged particles detection (as 133 Xe conversion electrons emitted at 45.0 keV), [START_REF] Czyz | A radioxenon detection system using PIPS and CZT[END_REF], [START_REF] Foxe | Conceptual Silicon Beta Cell Design[END_REF], we strongly recommend the use of dedicated cables and insulated preamplifiers which may grant interesting benefits.

Conclusion and outlook

A prototype xenon radionuclides detection system was designed and developed by CEA and Mirion Technologies. This system called MARGOT (Mobile Analyzer of Radioactive Gases OuTflows) is made of a large gas cell ((54.3 ± 1.2) cm 3 inner volume) equipped with two large Si-PIN detectors, which were both pixellized in 4 independent silicon pixels, to reduce efficiently the leakage current and the cut-off energy. The gas cell, named PIXELBox, is screwed to the flange of two low-background NaI(Tl) detectors. Use of indium seals and welded SMB connectors ensure a rather small leakage rate of the cell ((7 ± 1) 10 -12 Pa m 3 s -1 ). The silicon pixel detectors are used for measuring the electron emissions (conversion electrons and β particles), while the NaI(Tl) detectors are used for measuring the photons. Desktop electronic modules and implementation of the IEEE 1588 PTP protocol for synchronizing the three Pixie-NET spectrometers allow us to optimize the system compactness. The removal of carbon windows with respect to the former detector enables high pressure operations. Finally, the reduction of the silicon surface of the silicon pixels compared to the surface of the wafer integrated in the PIPSBox TM (900 mm 2 and 1232 mm 2 respectively) gives lower leakage currents, which in turn allows a) the detection of low energy events (near 25 keV), and b) optimizes the β detection efficiency and the multiplicity. Some measurements with xenon radionuclide standards will be carried out soon to complete the validation of the results of the Monte Carlo simulations. Tables Table 1: Main decay mode of the four relevant xenon radionuclides. Associated emission probabilities are given in brackets. Data for 131m Xe and 133 Xe are from (Bé et al., 2016), data for 133m Xe are from [START_REF] Bé | Table of radionuclides[END_REF] and data for 135 Xe are from [START_REF] Singh | Nuclear Data Sheets for A = 135[END_REF] 
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 1 Figure 1: Photography of the MARGOT system completely assembled.
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 2 Figure 2: Exploded view of the MARGOT system taken from Geant4. The system consists of the
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 3 Figure 3: Simulated total absorption efficiency of the MARGOT system for β particles as a function of cut-off energy applied. For each curve, 10 6 β particles were randomly generated in the
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 4 Figure 4: Multiplicity at two different cut-off energies for the two conversion electrons of
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 5 Figure 5: Simulated FEP efficiency as a function of the pressure of the sample gas. In the Monte
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 6 Figure 6: Response of the two NaI(Tl) detectors in the MARGOT system. 10 6 γ-rays were randomly generated at 81.0 keV (main emission of 133 Xe, top histogram) and 249.6 keV (main emission of 135 Xe, bottom histogram), respectively. Red dashed lines are cut-off energies applied
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 7 Figure 7: Silicon pixels response function. The calibration source ( 241 Am) mounted on a rod has

  

  

Table 2 :

 2 ). Comparison between the PIPSBox TM detector and the PIXELBox in the MARGOT system. Data for the PIPSBox TM are taken from[START_REF] Petit | Innovative concept for a major breakthrough in atmospheric radioactive xenon detection for nuclear explosion monitoring[END_REF].

		PIPSBox TM	PIXELBox
	Number of Signals	2	8
	Silicon Active surface (mm 2 )	2×1232	8×900
	Cut-off energy (keV)	50	20 to 30
	Gas sample volume (cm 3 )	11	54.3 ± 1.2
	Carbon window	Yes	No

Table 3 :

 3 FEP efficiencies of the MARGOT system for each photon of interest determined by Monte Carlo simulation. Compton scattering values are given with two significant digits to avoid specifying a null uncertainty.

	Pixel ID	1	2	3	4	5	6	7	8
	Leakage current (nA)	12.2	6.1	3.9	4.1	2.1	2.3	2.7	1.7
	Cut-off energy (keV)	30	25	20	20	20	20	20	20

Table 4 :

 4 Measured leakage currents of each silicon pixel inside the PIXELBox. The uncertainty of the monitored current with CAEN DT5521HEN modules is ± 100 pA.