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Introduction

In the context of the Comprehensive Nuclear-Test-Ban Treaty (CTBT), different technologies have been used by the CTBT Organization (CTBTO) in the International Monitoring System (IMS) to detect nuclear tests, including waveform detection (seismic, infrasound, and hydroacoustic) and radionuclide detection (particulates and xenon in air). Two types of system have been developed to detect the radioactive nuclides that are potentially emitted following a nuclear test: that based on the radioactive particle collection and that based on the xenon extraction from atmospheric sampling. The monitoring of radioactive xenon, including 131m Xe (T1/2 = 11.96 d), 133 Xe (T1/2 = 5.25 d), 133m Xe (T1/2 = 2.20 d), and 135 Xe (T1/2 = 9.14 h), is particularly relevant considering the high fission cumulative yields (greater than 1%), the half-lifes of the main isotopes, which allows for sufficient detection time following their emission, and the low chemical reactivity that results in easier transfer to the atmosphere, particularly in the case of an underground nuclear test. Moreover, the isotopic ratios can be used to discriminate between the releases from a nuclear explosion and civilian sources such as nuclear power plants or medical isotope production facilities [START_REF] Kalinowski | Discrimination of nuclear explosions against civilian sources based on atmospheric xenon isotopic activity ratios[END_REF][START_REF] Ringbom | Measurements of radioxenon in ground level air in South Korea following the claimed nuclear test in North Korea on October 9, 2006[END_REF].

According to the CTBT, the installation of 40 xenon monitoring stations globally has been scheduled [START_REF] Medici | The IMS radionuclide network of the CTBT[END_REF]. As of 2019, 31 systems have already been installed, including 25 certified systems. To obtain certification, a noble gas system must meet several minimum requirements, such as a minimum detectable concentration (MDC) lower than 1 mBq m -3 ( 133 Xe), achieved by recovering all of the xenon from at least 10 m 3 of air in 24 h, fully automatic system operation, a sampling time shorter than 24 h, and data availability higher than 95%. These minimum requirements were established over 20 years ago, when the treaty was opened to the signature and ratification of state parties. Three systems meeting these requirements are currently in operation in the IMS network: the Système de Prélèvement Automatique en Ligne avec l'Analyse du Xénon (SPALAX TM ) [START_REF] Fontaine | Atmospheric xenon radioactive isotope monitoring[END_REF], developed by the French Alternative Energies and Atomic Energy Commission (CEA), France; the Swedish Automatic Unit for Noble Gas Acquisition (SAUNA TM ) [START_REF] Ringbom | SAUNA -a system for automatic sampling, processing, and analysis of radioactive xenon[END_REF], developed by the Total-försvarets Forskningsinstitut (FOI), Sweden; and the Automatic Radioanalyzer for the Isotopic Xenon (ARIX TM ) [START_REF] Dubasov | The APИKC-01 Automatic Facility for Measuring Concentrations of Radioactive Xenon Isotopes in the Atmosphere[END_REF], developed by the Khlopin Radium Institute, Russia. Technological breakthroughs, especially new detection systems and new materials for xenon concentration, have enabled considerable improvements in the system performances and a new generation of systems is now being considered for implementation in the IMS network: the SPALAX-New Generation (SPALAX-NG TM ) system developed by CEA, France; the SAUNA-III TM system, developed by FOI, Sweden; the Xenon International TM system, developed by the Pacific Northwest National Laboratory, USA; and finally, the Xenon Isotopes Monitoring System (MIKS TM ), developed by the All-Russia Research Institute of Automatics, Russia. Prior to implementation in the IMS network, each system must be validated by a one-year acceptance test period under the supervision of the Provisional Technical Secretary (PTS) of the CTBTO. This acceptance test consists of verifying that the system meets the minimum requirements by providing compliant data with availability higher than 95%. Moreover, the PTS requires at least six months of the one-year test period to be performed at an independent facility. The first SPALAX TM generation (SPALAX-1) was designed by the CEA in the late 1990s. In 2012, the CEA started the development of a new generation of SPALAX, benefiting from the feedback of 15 years of system operation as well as continuous research and development. The main evolutions in the process include the use of a new type of adsorbent (silver-exchanged zeolite) [START_REF] Topin | SPALAX new generation: New process design for a more efficient xenon production system for the CTBT noble gas network[END_REF], which is particularly efficient for Xe purification and for detection, and for detection a new highresolution βγ coincidence spectrometer (Le [START_REF] Petit | Spalax TM new generation: a sensitive and selective noble gas system for nuclear explosion monitoring[END_REF]. In 2015, the CEA contracted with CEGELEC Defense © for the design and realization of the SPALAX-NG prototype The remainder of this paper is organized as follows: Short descriptions of the system design and the data analysis method are provided. The events that occurred during the six-month operation are summarized. The SPALAX-NG data reliability is verified by comparison with a collocated former version of a SPALAX (SPALAX-1) and by re-measurements of different samples at the CTBT-certified French Radionuclide Laboratory (FRL08). Finally, the data obtained during this period enable a major dataset for radioxenon in western Europe to be recorded.

Experimental

SPALAX-NG set up

The principle and design of SPALAX-NG have been described extensively in previous publications (Cagniant et al, 2018 -a;[START_REF] Petit | Spalax TM 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]. The system consists of five main units, including all of the relevant equipment: the sample production is performed in three units (the sampling, purification, and concentration modules); the sample analysis is performed in the detection unit; and the system operation is performed in the control and command unit, which includes the programmable logic controller, graphical user interface, and electric board (Figure 1). For the sample production, the originality of the SPALAX-NG process is primarily based on the preenrichment of the xenon using permeation membranes. This enables automatic production of the carrier gas (N2), which is dedicated to the purification and concentration steps. The sampling unit includes two dry piston compressors that operate simultaneously to deliver approximately 40 Nm 3 h -1 of air under 10 bar. The purification unit includes one dryer membrane (DN60 series from Beko Technologies © ) and eight commercial nitrogen membranes (NM-C10 from UBE © ), which are set in series to remove water (below -40 °C dew point) and to produce pure nitrogen with a higher level of xenon. The flow rate at the membrane outlet is controlled to obtain a xenon concentration of approximately 2 to 3 parts per million by volume (ppmv). The concentration unit includes an initial separation and concentration step on two sets of activated charcoal columns operating alternatively, which mainly enables the separation of radon and krypton from xenon and the recovery of xenon at a higher concentration into N2. These gas fractions, including Xe, are transferred every two hours into the final concentration column, which contains a silver-exchanged zeolite developed at the CEA [START_REF] Deliere | Role of silver nanoparticles in enhanced xenon adsorption using silver exchanged zeolites[END_REF][START_REF] Deliere | Breakthrough in Xenon Capture and Purification Using Adsorbent-Supported Silver Nanoparticles[END_REF][START_REF] Monpezat | Migration and growth of silver nanoparticles in zeolite socony mobil 5 (ZSM-5) observed by environmental electron microscopy: Implications for heterogeneous catalysis[END_REF]. At the end of the cycle, the maximum amount of N2 is removed from this column by pumping it through a vacuum pump before transferring the sample into the PIPSBox ™ gas cell by heat and expansion. The final sample contains approximately 35% of Xe and 65% of N2 for a volume of roughly 13 Ncm 3 .

The detection unit is mainly based on use in the coincidence mode of a high-purity germanium detector (HPGe) and two silicon pin detectors set on the inner face of a gas cell (PIPSBox ™ ) and installed on top of the hyper-pure germanium crystal (Le [START_REF] Petit | Spalax TM new generation: a sensitive and selective noble gas system for nuclear explosion monitoring[END_REF]. The entire unit is set in lead shielding, surrounded by a plastic scintillator used as cosmic veto on the top to reduce the cosmic radiation background of the spectrometer. This setup provides high resolution for γ/Xrays photons detection (HPGe) within an energy range of 0 to 700 keV on 4,096 channels and a typical full width at half maximum (FWHM) of 0.4 keV at 30 keV, and high resolution for β/conversion electron (CE) detection (PIPSBox ™ ) within an energy range of 0 to 900 keV on 1024 channels and a typical FWHM of 12 keV at 129 keV. The HPGe detector is calibrated using a multi-gamma source in a specially designed geometry imitating the PIPSBox ™ cell. The PIPSBox ™ detector is calibrated in coincidence with the HPGe by measuring a standard radioxenon gas. Moreover, automatic quality control (QC) of the detector is performed between each cycle by acquiring a spectrum after pushing the Cs-137 point source on the top of the PIPSBox ™ cell into the lead shielding. In this manner, the detection system produces unambiguous signals for the four relevant radioxenon isotopes and provides highly reliable data.

The chronology of the sampling and detection is schematized in Figure 2. The system is flushed for approximately 1 h 30 min before starting the first sampling (sampling 1). Following the first sampling period and in parallel with sampling 2, approximately 1 h 20 min is required to flush the gas cell and to transfer sample 1 into it. The QC spectrum is acquired during this period. Thereafter, the sample is counted for a period that is dependent on the cycle duration. Approximately 10 min before the end of the cycle, the spectral acquisition is stopped, the sample is transferred into an archive volume, and the full spectrum is sent to the International Data Center (IDC) of the CTBTO as well as to the French National Data Center (NDC). The sampling duration can easily be modified to 4, 8, or 12 h, with respective counting times of approximately 2 h 30 min, 6 h 30 min, or 10 h 30 min. This is mainly of interest for an appropriate compromise between high sensitivity and high time resolution. Indeed, in the case of high and regular detections (a high xenon background), it may be relevant to perform a short sampling cycle (4 h) with lower sensitivity but a potentially higher localization ability, whereas in the case of a low Xe background, it may be more relevant to perform a long sampling cycle (12 h) with higher sensitivity, close to about 0.1 mBq m -3 Xe-133 (Le [START_REF] Petit | Innovative concept for a major breakthrough in atmospheric radioactive xenon detection for nuclear explosion monitoring[END_REF]. The standard collection period, which can be considered as the best compromise, is set to 8 h. Thereafter, the French NDC processes the data to deliver a report on the sample activity, as described in the following section.

Data analysis

The γ emission probabilities lead to efficient detection in single γ spectrometry of the Xe-133 and Xe-135, but not of the metastable isotopes, namely Xe-131m and Xe-133m, as the internal conversion is the main decay process (Table 1). The internal conversion process is characterized by the emission of CEs and Xrays at specific energies following electronic rearrangement. The coincident detection of the characteristic CE and Xrays emissions, is the most sensitive means of measuring the Xe-131m and Xe-133m isotopes. Furthermore, the Xe-133 and Xe-135 isotopes can be analyzed efficiently in the coincidence mode by detecting the β and γ emissions simultaneously (Table 1).

The French NDC has developed specific software to analyze the coincident spectra (2D spectra) provided by SPALAX-NG automatically: the RadioNuclide ELectron-PHoton (RNELPH) software. The SPALAX-NG system converts the spectra into the ASCII format (which is compliant with the IMS format), and delivers the single electron spectra and 2D spectra together in a unique file. The photon spectra are analyzed independently using the Genie 2000 software (Mirion Technology © ) as for the SPALAX-1 system to determine the radioxenon activities based on their γ emissions only. The 2D spectrum is analyzed based on the Ready To Go method, detailed in Cagniant et al, 2018-b. The major aspects are detailed here. Several regions of interest (ROIs) have been defined for the 2D analysis (Table 1): ROI-5 and ROI-6 are related to the metastable isotopes, ROI-2 and ROI-3 are related to the Xe-135 and Xe-133 isotopes, respectively, and ROI-0 and ROI-1 are related to two Rn-222 progenies, Bi-214 and Pb-214, respectively, which interfere with the xenon isotope ROIs. The total number of counts in a given ROI(RNi) is defined as

= + + , Eq. 1
where is the number of counts from the radionuclide RNi itself, is the number of counts from the background determined by a blank measurement performed during the system setup, and is the number of counts from all other radionuclides of the sample that interfere with ROI(RNi).

This final variable is the addition of the interference factor of each isotope RNj to RNi (with j different to i), , multiplied by the number of counts from RNj in the RNj ROI, . Equation 1 can then be written as

= - -∑ ∈ , .
Eq. 2

The interference factors have been calculated by Monte Carlo simulation (Geant-4) as described by Cagniant, et al (2018 -c). The count rate is determined by dividing by the counting live time in seconds. The RNi activity at the counting start time is subsequently calculated by applying the coincidence efficiency determined during the calibration including the decay correction. The HPGe detector has been calibrated by using a radioactive source (provided by the National Physical Laboratory -UK) of geometry that reproduces the PIPSBox. In consequence, when different radioxenon sources are injected into the PIPSBox, the calibrated HPGe enables to established the radioxenon activities that are then used as reference to calibrate the coincidence efficiency (Cagniant et al, 2018c).

An example is provided for a typical sample obtained on August 2, 2018 in which the four relevant isotopes were detected (Figure 3). The ROI that exhibited the most interference according to Equation 2 2) × 10 -3 , (4.8 ± 1.0) × 10 -3 , (1.4 ± 0.3) × 10 -3 , (9.3 ± 2.0) × 10 -3 , (1.0 ± 0.2) × 10 -1 )) multiplied by the net count of each isotope in its own ROI (see Eq.

2) yield (8.07 ± 1.60) × 10 -2 , (34.1 ± 8.30) × 10 -2 , (8.1 ± 4.7) × 10 -3 , (18.1 ± 4.10) × 10 -1 , and (6.3 ± 2.9) × 10 -1 interferent counts, respectively. The total number of interferent counts is 2.9 ± 0.8.

Consequently, the net count owing to Xe-131m in ROI-5 (noted CNet in Figure 3) is 14.2 ± 4.2 and the count rate is (6.42 ± 1.90) × 10 -4 count s -1 . The coincidence detection efficiency ε for the Xe-131m detection in ROI-5, calculated during the calibration, is (4.002 ± 0.20) × 10 -2 counts s -1 Bq -1 , which includes the emission probability. The global decay correction coefficient Cdecay for Xe-131m from the end of the acquisition to the collection start time is 1.02. Subsequently, the activity concentration Ac (Xe-131m), calculated as follows:

= !" # $ % & ,
is 0.33 ± 0.10 mBq m -3 (k=1). The same process is applied for all ROIs except for ROI-0 and ROI-1, which are considered as free of interference. The numbers of net counts for the critical level LC and detection limit LD of a radionuclide are calculated according to [START_REF] Currie | [END_REF]. As the number of counts in the ROI is small, Gaussian statistics are not confidently applicable for the counts distribution and Poisson (for blank and raw counts) / Skellam (for net counts) statistics are preferred [START_REF] Skellam | The frequency distribution of the difference between two Poisson variates belonging to different populations[END_REF]. To prevent from discrepancies with the Currie formula, conservative lower bounds of 3.3 and 9.3 counts are set respectively for LC and LD values. Thereafter, the MDC is calculated according to
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Eq. 3

In the example, the MDC for Xe-131m is 0.22 mBq m -3 , which corresponds to approximately 9 net counts. The example illustrates also the fair agreement obtained for Xe-133 and Xe-135 concentrations measured by βγ coincidence (RNELPh) and by γ spectrometry (Genie2000). Moreover, the βγ analysis (RNELPh) for Xe-131m and Xe-133m is more than an order of magnitude more sensitive than γ spectrometry (Genie2000) (Figure 3).

Results and discussion

SPALAX-NG operation and data reliability

Phase 1 of the official PTS acceptance test period took place at the CEA/DIF premises from October 1, 2018 for six months. During this period, the station data, including the state of health data and spectral raw data, were sent to the IDC and French NDC. The air equivalent volume, Pb-214 counting level (Rn-222 progeny), and Xe-133 MDC are reported in Figure 4 as the main operating characteristics, together with the significant events that occurred during the period. Among the 546 expected spectra, 542 valid spectra were produced, leading to data availability higher than 99%. The four invalid spectra were a result of pressured gas pipe leakage in the system. The first leakage occurred in October 2018, only several weeks after starting the test period, and was due to a hosepipe failure. Consequently, all hosepipes were preventively replaced with flexible reinforced tubes during scheduled maintenance in November 2018. The second and third leakages were a result of the disconnection of a fast fitting connector on a compressor at the system entrance in November 2018 and in February 2019. It should be noted that, even in this degraded mode and after system stabilization, the other compressor still delivered air effectively, and was able to produce valid samples regarding IMS requirements. The fast fitting connector responsible for the leakage was replaced with a standard fitting following the first test period. Several other events took place during this period: the CEA had to stop the cycle for 32 h for internal purposes in January 2019, a power outage for annual regulatory control occurred in February 2019, and the PTS required a spike test (an injection of radioxenon into the system) at the end of the period (March 2019), which led to deterioration of the MDC. Moreover, a progressive decrease in the air equivalent volume was observed after January 2019, owing to compressor wear after approximately one year of operation. Nevertheless, the produced samples were still valid for the entire period. should be noted that comparison was not available for four cycles in January, when the SPALAX-NG was switched off for internal purposes (see above) and for two cycles in February during power outages (see above). The sensitivity of the SPALAX-1 (Xe-133 MDC of approximately 1 to 2 mBq m -3 ) did not allow for concentrations below 0.5 mBq m -3 (under the critical level) to be reported. Within a range from 0.5 to 2 mBq m -3 , the discrepancies between the Xe-133 concentrations reported for SPALAX-1 and SPALAX-NG reached a maximum factor of two. This could be explained by the higher uncertainty of the SPALAX-1 measurements when reaching activity concentration levels as close to the MDC (approximately 50% relative uncertainty at the MDC level). In contrast, similar values within the uncertainties were reported for both systems within a range from 2 to 100 mBq m -3 . The Xe-133 activity concentrations measured by single γ analysis and βγ coincidence analysis are also presented for the same period to illustrate the ability of SPALAX-NG to cross-check the produced data (Figure 6). Good agreement was observed for concentrations higher than 0.3 mBq m -3 . Values are more scattered below this concentration (up to a factor of two) so close to the MDC. Nevertheless, the concentrations measured for both methods were consistent considering the associated uncertainties. Several injections of different radioxenon standards mixture provided by the Seibersdorf Laboratories (Austria) were performed before and during the qualification period to verify various parameters: the activity concentration measurements, memory effect of the gas cell (PIPSBox TM ), and overall crosscontamination of the system. The mixtures were injected at the system air inlet with a syringe. The activity concentration measurements were quality controlled by comparing the data obtained at the station and those obtained when re-measuring the sample at the FRL08 laboratory, which is certified by the PTS for Xe sample measurements. The PTS certification process includes annual intercomparison exercise and a PTS assessment visit every three years. The memory effect was estimated by injecting a spike directly into the gas cell, and calculating the ratio between the activity measured from the spike and that from a sample measurement after pumping PIPSBox TM cell to vacuum. The cross-contamination level was controlled by injecting a spike at the air inlet pipe of the system, and calculating the ratio between the activity measured for the spiked sample and that for the following cycle performed under air or nitrogen. The results are summarized in Table 2a (Supplementary information). The activity concentrations were re-measured on three samples (Supplementary information, Table 2b) at the certified FRL08 laboratory before and during the test period (June 2018, September 2018, and March 2019). There, the samples were transferred into a double-sided cell and measured by single γ spectrometry on the Gamma 3 spectrometer [START_REF] Cagniant | An introduction to γ 3 a new versatile ultralow background gamma spectrometer. Background description and analysis[END_REF] to obtain the activities and by gas chromatography to determine the air equivalent volume. The first two samples contained almost only Xe-131m (with trace of Xe-133 into the 2 nd sample), whereas other isotopes were detected at high level in the final sample. Good agreement was obtained for all measurements within a range from several mBq m -3 to more than 1000 mBq m -3 (Figure 7). Furthermore, the Xe-131m/Xe-133, Xe-135/Xe-133, and Xe-133m/Xe-133 isotopic ratios measured on the SPALAX-NG for the September 20, 2018, March 20, 2019, and March 25, 2019 spiked samples were plotted with the reference isotopic ratios of the standard certificate from the Seibersdorf Laboratory (Figure 7) for the sake of comparison.

Perfect agreement was observed for all of the isotopic ratios. This strong correlation, in addition to the good agreement between the βγ and single γ measurements at the station itself, as well as the good agreements with the collocated SPALAX-1 and the certified FRL08 laboratory, provides a high level of confidence in the reliability of the data produced by the SPALAX-NG.

The cross-contamination and memory effect were verified several times over the test period. The memory effect, which represented the residual level of Xe remaining in the gas cell (PIPSBox TM ) between two cycles, was checked twice and was always below 0.1% for an IMS specification below 1%. The cross-contamination, representing the residual level of Xe remaining between two cycles in the SPALAX-NG from the air inlet to the gas cell (including the PIPSBox TM memory effect), was measured in the four samples and was found to be between 0.1% and 0.3%. 

SPALAX-NG measurements over six months of testing at CEA/DIF premises

During the testing period, numerous detections of the four relevant Xe isotopes occurred (Figure 8) ranging from 0.2 to approximately 100 mBq m -3 for Xe-133, 0.2 to approximately 5 mBq m -3 for Xe-133m, 0.2 to approximately 7 mBq m -3 for Xe-131m, and 0.2 to approximately 6 mBq m -3 for Xe-135.

The MDC values for each isotope were reported according to the SPALAX-NG and SPALAX-1 performances when operated for an 8 h cycle with the same reference time (Figure 8). The high sensitivity of the SPALAX-NG in comparison with the SPALAX-1 was ilustrated, as the mean MDC was approximately 0.2 mBq m -3 for all isotopes with the SPALAX-NG, whereas it was approximately 1 mBq m -3 with the SPALAX-1 for Xe-133/Xe-135, and 6 mBq m -3 and 20 mBq m -3 for Xe-131m and Xe-133m, respectively. As the γ emission probability is relatively high for both Xe-133 and Xe-135, the single γ (SPALAX-1) versus β/γ coincidence (SPALAX-NG) sensitivities were quite similar, and the MDC gap was mainly owing to the difference in the volume produced by the two systems in 8 h (approximately 50 to 60 m 3 for SPALAX-NG vs. 15 to 20 m 3 for SPALAX-1). However, the γ emission probability is low for the metastable isotopes and the detection is more efficient when using the CE/Xrays coincidence (SPALAX-NG). Over the test period, Xe-133, Xe-133m, Xe-131m, and Xe-135 were detected 315, 64, 120, and 54 times, respectively, while these would have been detected only 254, 8, 0, and 13 times, respectively with the SPALAX-1. This led to the establishment of major set of data for radioxenon background assessment in western Europe. It should be noted that, considering the level of activities measured near Paris, operation with a 4 h sampling duration (MDC ≈ 0.6 mBq m -3 for all isotopes) would also enable a large amount of detections (at least 202, 48, 68, and 22 for Xe-133, Xe-133m, Xe-131m, and Xe-135, respectively) with improved sensitivity to define the possible source region or to distinguish consecutive plumes from a known source. In an area in which many detections occur, it could be more relevant to operate the SPALAX-NG at a 4 h sampling frequency, whereas for a low background area, it would be more relevant to operate the system at a 12 h sampling frequency (MDC ≈ 0.1 mBq m -3 for all isotopes). Over the period, 537 relevant spectra were reported (Figure 9), excluding the spiked samples. At least one xenon isotope was detected above the critical limit in 319 samples (59.4%) versus 218 samples that were free of radioxenon (40.6%). Among the 319 samples containing radioxenon, a large majority of 183 samples (34.1%) contained only Xe-133 and two samples (0.4%) contained only Xe-131m at very low levels: 0.25 ± 0.08 mBq m -3 (k=1) directly above the MDC and 0.09 ± 0.05 mBq m -3 directly above the critical level LC. The detection of Xe-131m alone is meaningful. This finding may reflect the use of a radioactive medical source including I-131 (a direct precursor of Xe-131m), and may be uncorrelated with a release from a fission product mixture, in which all radioxenon isotopes could be present. Such low activities can be explained by the relatively low source term (Achim et al, submitted). A Xe-133/Xe-131m mixture was regularly detected (59 samples; 11.0%), whereas the detection was much less frequent for the Xe-133/Xe-135 (13 samples; 2.4%) and Xe-133/Xe-133m (3 samples; 0.6%) mixtures.

Two sets of three isotope mixtures were reported: Xe-133/Xe-131m and Xe-135 in three samples (0.6%), and Xe-133/Xe-131m and Xe-133m in 22 samples (4.1%). A mixture with Xe-135 is generally less frequently detected owing to its short radioactive period (t1/2 = 9.14 h). Finally, the four isotope mixtures were frequently detected (34 samples; 6.3%). Most of these detections were correlated with the main radioxenon contributor in Europe, which is the IRE institute located near Fleurus (Belgium), approximately 300 kms north east from the SPALAX-NG place. This medical isotope production facility is devoted to produce radioisotopes for medical purpose by separating components from irradiated uranium targets. While the particulate components (as iodine) are well contained, some of the noble gas (xenon, krypton,…) are released to the atmosphere after a decay period [START_REF] Saey | Isotopic noble gas signatures released from medical isotope production facilities-Simulations and measurements[END_REF][START_REF] Deconninck | High resolution monitoring system for IRE stack releases[END_REF]. The radioxenon releases are small enough to comply with the regulatory limits but are detectable with such sensitive system as SPALAX-NG. The four and three isotopic ratios of Xe-135/Xe-133 to Xe-133m/Xe-131m and Xe-135/Xe-133 to Xe-133m/Xe-133, calculated at the counting start time, were plotted for the entire period, and compared to the separation lines established by [START_REF] Kalinowski | Discrimination of nuclear explosions against civilian sources based on atmospheric xenon isotopic activity ratios[END_REF] to discriminate between civilian and nuclear test sources (Figure 11). The Xe-135/Xe-133 ratios extended over two orders of magnitude from 10 -1 to 10 -3 , whereas they ranged from 10 0 to 10 -1 for Xe-133m/Xe-131m and from 10 -1 to 10 -2 for Xe-133m/Xe-133. The uncertainties associated with activity close to LC were high, which explains the measurements deviating from the mean values. When the four isotopes are detected, the isotopic ratios rightly indicate always a civilian source according to the separation line calculated by [START_REF] Kalinowski | Discrimination of nuclear explosions against civilian sources based on atmospheric xenon isotopic activity ratios[END_REF]. When only three isotopes (without Xe-131m) are detected, all the isotopic ratios are categorized as nuclear test considering the separation line calculated by the same authors. That confirms the conclusion of the authors that explained the way to calculate this separation line is not reliable when Xe-131m is missing (only 12.6 % of the detections matched with this screening line) and that Xe-131m is a key isotope to detect to discriminate a medical isotope production facility release from a nuclear test release. 

Conclusions

The SPALAX-NG system was tested for six months at the CEA/DIF premises near Paris. The system, which was operated automatically and continuously, exhibited high reliability with a data availability rate higher than 99%. The strong data correlation with the SPALAX-1 system operated in parallel and with the FRL08 re-measurements provided strong confidence in the SPALAX-NG data reliability.

Among the 542 spectra produced during this period, the high sensitivity of the SPALAX-NG enabled a large amount of detections that have led to us reconsidering our knowledge on the radioxenon signatures

  . The system was delivered to the CEA in late 2017 and was operated for several months prior to initiating the official PTS acceptance test period on October 1st, 2018. The first test period in the CEA facility (32 km south west of Paris) was completed in April 2019 after six months of operation. A summary of the results obtained during the SPALAX-NG test phase is presented in two companion papers. This work constitutes Part I, and aims to provide an overview of the performances and results obtained during this first test period. Part II (Achim et al., submitted) focuses on the interpretation of the data by means of atmospheric transport modeling.
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 1 Figure 1: Top. Schematic of four major steps for production and analysis of atmospheric xenon sample by SPALAX-NG station (Cagniant et al, 2018 -a). Bottom. Picture of the SPALAX-NG system

Figure 2 :

 2 Figure 2: SPALAX-NG sampling and detection chronology: A is the period dedicated to flushing the gas cell, performing the QC measurement, and transferring the sample into the gas cell; B is the period dedicated to generating the full spectra and archiving the sample

  , namely ROI-5, is considered to illustrate the Xe-131m activity concentration calculation. ROI-5 includes (noted Craw in Figure 3) = 17.1 ± 4.1 counts; that is for a live time acquisition t of 22,121 s and an air equivalent volume Veq of 49.5 ± 1.98 m 3 (details of the Veq calculation are provided by Topin et al. (2015)). The fraction of counts is related to the counts that cross the ROI border. The blank measurement (DETBK for the detector background) (noted CDetBk in Figure 3) = 0.1 count when normalized to an acquisition time of 22,121 s. The interference factors for Bi-214, Pb-214, Xe-135, Xe-133, and Xe-133m (respectively (1.4 ± 0.

Figure 3 .

 3 Figure 3. Signals and activities reported for SPALAX-NG sample collected from 08/02/2018 7 h (UTC) to 08/02/2018 15 h (UTC). The six windows correspond to the six ROIs of the four relevant radioxenon isotopes and the two progenies from radon (Pb-214 and Bi-214). The counts are colored to illustrate the overlap possibility. For example, the blue counts into the Xe-133 ROI correspond to 2 counts at the same energies. The interference contributions are listed alongside each ROI. The concentrations and Minimum Detectable Concentration (MDC) calculated considering βγ coincidence (RNELPH) and direct γ measurements (Genie 2000) when the values are above the critical level LC are provided in the table at the bottom

Figure 4 .

 4 Figure 4. Air equivalent volume Veq, Pb-214 number of counts, and Xe-133 MDC reported for each sample of phase 1 of PTS acceptance test. The events that led to a loss of spectra are marked in orange, while the scheduled interruptions are indicated in blue A collocated SPALAX-1 was available for approximately one month, from January 18, 2019 to

Figure 5 .

 5 Figure 5. Activity concentrations from 0.1 mBq/m 3 and MDC reported for SPALAX-NG (light green) and collocated SPALAX-1 (light red) from January 18, 2019 to February 19, 2019. The SPALAX-NG was switched off for internal purposes for four cycles around January 24 and both systems were stopped owing to power outages on February 9

Figure 6 .

 6 Figure 6. Comparison of Xe-133 activity concentrations (from 0.2 mBq/m 3 ) measured by SPALAX-NG: single γ analysis (green) and βγ coincidence analysis (orange) from January 18, 2019 to February 19, 2019

Figure 7 .

 7 Figure 7. Top: activity concentration comparison between SPALAX-NG SPX81 and FRL08 laboratory for spiked samples; bottom: isotopic ratio comparison between SPALAX-NG and Seibersdorf Laboratory certificated spike. Dash lines are parallel lines to appreciate the gap between the measurements

Figure 8 .

 8 Figure 8. Isotope-by-isotope activity concentrations (from 0.1 mBq/m 3 ) obtained from October 2018 to April 2019. The grey background represents the MDC for the SPALAX-NG. The dashed line represents the MDC that would have been obtained for a SPALAX-1 operating with the same time range and frequency (8 h cycle)

  The atmospheric transport modelling calculation and source localization are addressed in Part II of this publication (Achim et al., submitted).

Figure 9 .

 9 Figure 9. Detection statistics of 537 samples from October 2018 to April 2019. The occurrence percentages and detection numbers (in brackets) are indicated at the top of each histogram

Figure 11 .

 11 Figure 11. Isotopic ratios (reference time is counting start time) measured near Paris during test period of October 2018 to April 2019. Comparison with the separation lines (dashed lines) established by Kalinowski et al. (2010)The high performance of the SPALAX-NG system already enables an improvement in the knowledge

Table 1 . Main decay modes related to four relevant CTBT radioactive isotopes of xenon and their interfering isotopes. Selected ROIs are displayed for the electron/photon detection in coincidence. CE indicates a conversion electron and Kα Xrays is the Xrays from the Kα transition Main photon energy (emission probability) Main electron energy (emission probability) Selected ROI: Photon × electron energy Bi-214*

 1 

		γ = 609 keV (45.5%)	β = 0 -3270 keV (100%)	ROI-0 [607.5; 611.5]
				keV × [50; 900] keV
	Pb-214*	γ = 352 keV (35.6%)	β = 0 -1019 keV (100%)	ROI-1 [350.5; 353.5]
				keV × [50; 900] keV
	Xe-135*	γ = 249.8 keV (90.0%)	β = 0 -915.0 keV (96.0%)	ROI-2 [248.5; 251] ×
				[50; 900] keV
	Xe-133*	γ = 81.0 keV (37.0%)	β = 0 -346.4 keV (99.1%)	ROI-3 [80.2; 81.8] ×
		Kα Xrays = 30.9 keV (38.5%)	CE = 45.0 keV (52.9%)	[50; 350] keV
	Xe-131m**	γ = 163.9 keV (1.94%)		ROI-5 [28.0; 30.3] ×
		Kα Xrays = 29.7 keV (44.2%) CE = 129.4 keV (61.4%)	[110; 140] keV
	Xe-133m*	γ = 233.2 keV (10.1%)		ROI-6 [28.0; 30.3] ×
		Kα Xrays = 29.7 keV (45.1%) CE = 198.7 keV (62.9%)	[180; 210] keV

*

(Be et al., 2008) 

and **

(Be et al., 2016) 
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This study enables to obtain a large set of isotopic ratios that are of utmost importance to discriminate from the different radioactive sources. The Xe-133m/Xe-133, Xe-135/Xe-133, and Xe-131m/Xe-133 activity ratios calculated at the counting start time and their distributions are presented in Figure 10. The Xe-133m/Xe-133 ratio is the main ratio used at French National Data Center to discriminate from a civilian to a military source. Fifty nine Xe-133m/Xe-133 activity ratios included roughly into an order of magnitude (from 1.4 x 10 -2 to 2.0 x 10 -1 ) are reported in this study. That enables the consolidation of the limit, set at 8.0 x 10 -2 at the French National Data Center, above which a full analysis including atmospheric transport simulation is done. Indeed, during the test period, only 2 values were above this limit (5% of the data) and these values exhibited large uncertainties. The Xe-131m/Xe-133 and Xe-135/Xe-133 ratios are much more spread, roughly included into 2 or 3 orders of magnitude. The Xe-135/Xe-133 ratio was strongly influenced by the delay between the dissolution of the target containing the fission products and the off-gas releases. This ratio was also considerably influenced by the fractionation rate between Xe-135 and its precursor I-135. This can explain the large range of values from 1.1 x 10 -3 to 1.2 x 10 0 observed in this work. The Xe-131m/Xe-133 ratio was not strongly dependent on the delay between the dissolution and release, but the amount of Xe-131m was also strongly influenced by fractionation from the I-131 precursor. This can also explain the large range of values from 8.0 x 10 -3 and 6.0 x 10 0 observed in the present work.

of the main sources in western Europe. Following this initial six-month qualification period, the system was installed at Health Canada premises (Ottawa, Canada) for an additional six-month qualification period. This will allow for a similar study on radioxenon in northern America.