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Abstract

:

The practical implementation of the European Council Directive no. 2013/59/EURATOM in Romania requires reliable indoor measurements of the radon (222Rn) activity concentration in air. In Romania, several Testing Laboratories were designated for radon activity and/or radon activity concentration in air measurements by the Romanian National Commission for Nuclear Activities Control (CNCAN). The calibration of the instruments used for indoor radon activity concentration measurements is very important. IFIN-HH, through its Ionizing Radiation Metrology Laboratory (LMRI), performed advanced research in the field of radon metrology, using radon standard sources prepared by LMRI, its radon chamber facility and a new reference radon monitor. The most recent results are described in this article. The radon chamber facility from IFIN-HH was technically improved, and new equipment and methods were set up and tested in order to provide new calibration services for customers. Additionally, calibration of the radon monitors was performed, as well as of the systems with solid-state nuclear track detectors, used for radon in air activity concentration measurements. IFIN-HH/LMRI obtained the CNCAN designation as Calibration Laboratory for installations measuring the radon activity concentration in air.
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1. Introduction


The European Council Directive no. 2013/59/EURATOM [1] was implemented in the Romanian national legislation by Law no. 63/9.03.2018, which modified and completed Law no. 111/1996 regarding the safe deployment, regulation, authorization and control of nuclear activities. During the same year, Government Decision no. 526/12.07.2018 for the approval of the National Radon Action Plan (PNAR) was issued. More recently, three Orders of the President of the Romanian National Commission for Nuclear Activities Control (CNCAN) were issued: Order no. 185/22.07.2019 for the approval of the Methodology to determine the radon activity concentration in air inside buildings and at working places, Order no. 180/17.11.2020 for the approval of the Norms for personal dosimetry and radon, and Order no. 237/12.09.2019 for the approval of the Norms regarding the designation procedure for laboratories in the nuclear field. This complex legislation adopted by the European and national authorities from Romania (and other EU countries as well) reflects the significance of the risk of radon (222Rn isotope) to public health [2]. The practical implementation of PNAR requires important efforts of several Romanian Government ministries, but also the involvement of many other institutions: local and central public authorities, academia (universities and national institutes for research and development), designated laboratories, private companies, mass media, etc. The practical implementation of the National Radon Action Plan is based on the measurements performed by the Testing Laboratories designated by CNCAN. These measurements of low activity concentrations of radon in air must be reliable (as accurate and precise as possible), taking into consideration that the national reference level of the annual average concentration of radon in air (indoor) must not exceed 300 Bq/m3.



Presently, in Romania, there are five Testing Laboratories designated by CNCAN for measurements of radon activity or radon activity concentration in air. All these laboratories are potential beneficiaries of the results reported in this article. Until recently, the calibration of the instruments used by these laboratories for radon activity concentration measurements was possible only abroad, requiring the international transport of the instruments (time-consuming and expensive calibrations). Based on the results presented in this article, IFIN-HH, through its Ionizing Radiation Metrology Laboratory (LMRI), is now offering an advantageous alternative for the calibration of the instruments measuring the radon in air activity concentration.



Advanced research in the field of radon metrology was performed at IFIN-HH during the last 15 years, by LMRI and by the former Radionuclide Metrology Laboratory (this laboratory joined the dose metrology laboratory (CMRID), and they formed a new laboratory, LMRI, founded in 2019). Important scientific results in this field were obtained in the framework of several national and European joint research projects: the bilateral collaboration agreement between IFIN-HH and CEA/LNE-LNHB (France), as presented in references [3,4]; the SEPRAD project (see the references [5,6,7,8,9]); the CARSTEAM project, [10,11,12]; the EURAMET EMPIR 16ENV10 MetroRADON joint research project (2017–2020) [13,14] and other projects. The main practical achievements resulting from these completed research projects are: the Radon Standard System (used to produce radon gaseous standard sources or standard sources with radon dissolved in liquid scintillator, in different types of vials/ampoules, with activity values up to about 200 kBq), the radon chamber of 1 m3 volume and its accessories (a vacuum pump; temperature, humidity and air pressure sensors; electrical power supply; pressurized bottle with air having a low radon content; air compressor; pipes with electrical valves for the radon admission and evacuation in the radon chamber) which are used to produce radon reference atmospheres, the assurance of the international metrological traceability and equivalence of radon activity measurements following our successful participation in international comparisons [15], and the possibility to perform reliable radon activity concentration measurements (in air) using a Radon Scout monitor calibrated by the producer SARAD in 2008 and 2019.



Most of the recent work performed at IFIN-HH in the field of radon metrology, in the framework of the Program Nucleu, project no. PN 19 06 02 04 (2020–2021), is presented in this paper. The research work had three objectives: the development and testing of a calibration method for the monitors measuring the radon activity concentration in air, the testing and improvement of the radon chamber tightness, and the controlled radon exposure of several nuclear track detectors placed in the radon chamber. The results obtained are presented and discussed, together with proposed new research objectives of IFIN-HH/LMRI in this field for the near future.




2. Materials and Methods


The materials, equipment and methods used for this work are presented below, focusing on the description of the installations introduced recently and the way these are/will be integrated by LMRI in new procedures for the calibration of the instruments measuring the radon activity concentration in air (average or integrated (exposure) values).



2.1. The Reference Radon Monitor


A new high-performance radon monitor model AlphaGuard DF2000 (produced by Bertin Instruments, Montigny-Le-Bretonneux, France) was recently introduced by IFIN-HH/LMRI, together with a dosimetry system provided with optical reading for nuclear track detectors (TASTRAK, produced by Track Analysis Systems Ltd., Bristol, UK) and several TASTRAK detectors.



The AlphaGuard DF2000 monitor [16] is used as a reference instrument for the calibration of other radon monitors received from the customers. This new reference instrument is portable, compact, and uses an ionization chamber (0.62 L volume) for measurements. The main characteristics of the monitor are: operation in diffusion mode, flow mode or sampling; the measurement range of the radon activity concentration is from 2 Bq/m3 up to 2 MBq/m3; it allows the simultaneous discrimination between radon (222Rn) and thoron (220Rn); integrated pump with tunable flow rate in the range [0.05; 2] L/minute; radon sensitivity: 1 count per minute/20 Bq/m3; integrated sensors for temperature, pressure and relative humidity, with the possibility to connect additional external sensors; three interfaces for data transfer: USB, serial RS232 and Bluetooth; DataVIEW software for recording, processing and storing the experimental data. The radon monitor AlphaGuard DF2000 (Figure 1) was calibrated by the Bundesamt für Strahlenschutz (BfS) from Germany, at three different radon activity concentrations, assuring the metrological traceability to the National Standards of Germany: (10,902 ± 545) Bq/m3, (1259 ± 63) Bq/m3 and (431 ± 36) Bq/m3 (the uncertainty corresponds to a coverage factor, k = 2). The first test of the introduced monitor was to measure the radon activity concentration in air, in the seminar room of the DRMR department (IFIN-HH), during 12–13 October 2020 (24 h). The experimental results of the test were in the range [10; 110] Bq/m3, which are normal for a well-ventilated room and are compatible with previous measurements performed in the same building using other radon activity concentration measurement systems.



This type of detector measures the average radon activity concentration in air (Ā) for a given time period (Δt), according to the formula:


Ā = A(t1)·(1−e−λ·Δt)/(λ·Δt),



(1)




where A(t1) is the radon activity concentration at the start of the measurement/exposure and λ (2.0984·10−6 s−1) is the decay constant of 222Rn (equal to ln(2)/T1/2, where T1/2 is the half-life of this radionuclide: (3.8232 ± 0.0008) days, according to the reference [17]).




2.2. The Solid-State Nuclear Track Detectors and the Associated Dosimetry System with Optical Reading


In the case of solid-state nuclear track detectors (SSNTDs), the radon detection is based on the interactions with the alpha-particles emitted after the radioactive decay of 222Rn and its short half-life daughters—the alpha-particle emitters 218Po and 214Po. The TASTRAK solid-state nuclear track detectors were used in the present work, purchased together with the dosimetry system with optical reading TASLIMAGE (produced by Track Analysis Systems Ltd. (TASL), Bristol, UK) and all the necessary accessories and materials. The alpha-particles are usually travelling a few centimeters in air and a few tens of micrometers in TASTRAK detectors (this distance is called “the range”). Table 1 presents the range values of the alpha-particles emitted following the 222Rn decay, in air and in a TASTRAK detector [18].



The dimensions of the TASTRAK detectors are 25 × 25 (mm × mm) (length and width), while their thickness is 1.5 mm. These detectors are inserted in plastic external capsules allowing the radon diffusion, as shown below, in Figure 2.



The optical system TASLIMAGE reads an area of 1 cm2 in the center of each detector. These SSNTDs are made from a rigid plastic polymer material called “Polyallyl Diglycol Carbonate” (PADC, CR-39), having a density of 1.30 g/cm3. When it is exposed to ionizing radiation, such as alpha-particles or protons, a trail of damage is created along the path of the particles within the plastic track detector. These trails are invisible, but can be revealed by chemical etching. The TASTRAK detectors will record all natural alpha-particles at their full energy, with a cut-off angle of 20° for the standard recommended etch conditions (with a NaOH solution of 6.25 M concentration, at 98 °C, for one hour etch time).



A Clifton Digital etching equipment (20 L capacity) is used to prepare the NaOH solution where the TASTRAK detectors are placed and processed after their radon exposure (Figure 3a). This equipment includes: the heating element, the temperature regulating device, the stirrer, a chronometer, an electronic display to set up the optimum temperature and etching time, and a sensor showing the filling level in order to keep a constant volume of the NaOH solution. The optical reading system of the processed TASTRAK detectors is called TASLIMAGE and it uses a dedicated software to measure the radon exposure of these passive detectors (Figure 3b). The TASLIMAGE system has the following characteristics (references [19,20]): analysis system for multiple images captured with a microscope, fully automated, designed to analyze and evaluate the tracks produced by the ionizing radiation in the nuclear track detectors; scanning and automatic analysis of up to 49 track detectors during a single run. The main technical characteristics for radon dosimetry are: reading time per detector: between 40 s and 100 s; lower detection limit: 10 Bq/m3; upper detection limit: 10 MBq/m3; linear response within 5% accuracy for a radon exposure of 500 kBq·h·m−3; the uncertainty of the computed dose values: from 4% up to 8% in the range [200; 5000] kBq·h·m−3.



The time integrated radon activity concentration (or integrated radon exposure, or sometimes called simply “radon exposure”), IA, mentioned above, can be computed according to the following formula:


IA = A(t1)·(1−e−λ·Δt)/λ,



(2)




where A(t1) is the radon activity concentration at the start of the exposure, λ (2.0984·10−6 s−1) is the decay constant of 222Rn (equal to ln(2)/T1/2, where T1/2 is the half-life of this radionuclide: (3.8232 ± 0.0008) days) and Δt is the time period of the radon exposure of the detector. The combined uncertainty values corresponding to the radon activity concentration (see Equation (1)) and the time integrated radon activity concentration (Equation (2)) can be computed according to the reference [21].




2.3. Description of the First Calibrated Radon Monitor


The first radon monitor selected for a calibration study at IFIN-HH/LMRI was a Pylon AB5 model. The instrument was kindly offered for this experiment by the SALMROM laboratory from IFIN-HH/DFVM (DFVM is the Department of Life and Environmental Physics).



For this instrument, the measurement is based on the use of Lucas scintillation cells, active and passive. The instrument manual reports a sensitivity in the range [0.0367; 0.0421] counts per minute per Bq·m−3, for different Lucas cells. This means that the counting statistics component of the relative uncertainty associated to a radon activity concentration of about 40 Bq·m−3 (the usual background level in the radon laboratory from IFIN-HH/LMRI) will be approximately equal to 21%, for a coverage factor k = 2 (when the rapid method is used, with an integrated measurement period of one hour).



The three types of Pylon scintillation cells, Continuous Passive Radon Detector (CPRD), model 110A and model 300A, are metallic, cylindrical, with a transparent window at one end (except CPRD) and an air admission entry at the other end. The interior of both types of cells has a thin deposition of a scintillator material sensitive to alpha-particles (ZnS, activated with Ag). The light produced when the scintillator is hit by alpha-particles passes through the window, is collected and the resulting signal is amplified by a photomultiplier, before being recorded and stored by a counting system.



The main characteristics of the Pylon AB5 radon monitor are presented below, in Table 2.




2.4. Testing and Optimizing the Tightness of the Radon Chamber Calibration Stand


The calibration stand with the radon chamber and its accessories is an important facility from IFIN-HH/DRMR Department/LMRI. Following the experiment testing the calibration of the Pylon AB5 radon monitor (described below, in Section 3), a loss of radon gas from the radon chamber was detected. Tightness tests of the radon chamber were performed by decreasing the air pressure in the chamber (a vacuum pump was used) and checking the pressure changes in time with a pressure sensor.



Tightness problems were identified at the four lateral and two upper steel pipes crossing the radon chamber wall, after using penetration liquids (at atmospheric pressure) and, alternatively, checking the penetration inside the radon chamber (at a relative pressure of −50 kPa) of several small drops of alcohol spiked from the exterior part of the crossings. The four lateral pipes and one of the upper pipes were completely dismantled (after cutting the exterior metallic enclosure and extracting the polyurethane foam used as thermal insulator from the two areas of interest) and were mechanically processed in order to increase their thickness and resistance of the threaded ends. Finally, the pipes were mounted and welded from inside the radon chamber (continuous argon welding). In order to improve the tightness even more, at the exterior of the six crossings mentioned above a layer of a substance containing an epoxy resin (Torr Seal, used to seal vacuum enclosures, [23]) was applied. For the only crossing from the lower part of the radon chamber, a large threaded screw with a sealing gasket was mounted inside the pipe, from the interior of the radon chamber.



A reinforcement of the metallic plate from the bottom of the radon chamber was carried out by welding a “star” steel piece in the center of the plate with 6 radial steel strips. In addition, a new inner continuous argon welding of the bottom plate of the radon chamber was successfully performed.



All these improvements of the radon chamber tightness allowed to keep a preliminary vacuum (−99.5 kPa relative pressure) in the chamber for several hours (after night). More details about the results are presented in Section 3 and some of these technical improvements are shown below in Figure 4 and Figure 5.





3. Results


Three main results were obtained: the capability of IFIN-HH/LMRI to calibrate radon monitors was demonstrated, the tightness of our radon chamber was significantly improved, and for the first time, nuclear track detectors were exposed to radon for more than 6 days, in a controlled manner, inside the radon chamber.



3.1. The Calibration of the Radon Monitor Model Pylon AB5


The Radon Standard System from IFIN-HH/LMRI was used to prepare a standard radon gas source in a stainless-steel recipient (volume of about 100 cm3), perfectly sealed (source no. 3), according to a specific LMRI working instruction regarding the preparation of radon standard sources. The radon activity, after reaching the secular equilibrium with its daughters (214Pb, 214Bi), was measured with the radon calibrated high-resolution gamma-ray spectrometer from DRMRLAB (IFIN-HH/DRMR). This equipment and the testing method are described in references [24,25,26]. The source was measured at 45.5 cm above the HPGe detector of the gamma-ray spectrometry system. According to the experimental data from the Testing Report no. 85/02.12.2020, issued by IFIN-HH/DRMRLAB, the radon activity of source no. 3 was (387 ± 30) Bq (the uncertainty corresponds to a coverage factor k = 1, similar with the other uncertainties reported in this section, with the exception of the data for which a different coverage factor is mentioned) at the reference date and time (3 December 2020, 12:00 h Romanian time (UTC + 2)). The radon from the source was transferred into the closed radon chamber, which contained three radon monitors: Pylon AB5 (for calibration), described in Section 2.3, AlphaGuard DF2000 (the new reference instrument) and Radon Scout. The radon background, measured with the AlphaGuard monitor before the radon transfer from source no. 3, was (58 ± 24) Bq/m3. One must note that the radon background activity concentration values were measured several times with the two monitors (AlphaGuard DF2000 and Radon Scout) and the corresponding values were in good agreement, within the reported uncertainties. The experimental setup is shown in Figure 6. The calibration experiment in the radon reference atmosphere created in the closed radon chamber was performed during a 24 h period (the reference date and time were mentioned above), with repeated radon activity concentration measurements (every hour with the Pylon AB5 monitor, and every 10 min with the reference monitor AlphaGuard DF2000) and the monitoring of temperature, relative humidity and air pressure indicated by the sensors from the radon chamber. The calibration was performed according to the specifications from the specific working procedure adopted by the LMRI. Table 3 presents the obtained results. At the reference date and time, the temperature, pressure and relative humidity of the air inside the radon chamber were 22.21 °C, 101.22 kPa and 37.65%, respectively, as indicated by the monitor AlphaGuard DF2000 (see the data from Table 3, crt. no. 1). For the other data (from Table 3, crt. no. 2), the corresponding temperature, pressure and relative humidity of the air inside the radon chamber were 22.53 °C, 101.11 kPa and 37.39%, respectively (according to the monitor AlphaGuard DF2000).



IFIN-HH, through LMRI, obtained the CNCAN designation as Calibration Laboratory for the instruments measuring the radon activity concentration in air (Designation Certificate no. LE 338/2020). The Calibration Certificate includes extensive experimental data and technical information, such as: the temperature, humidity and air pressure inside the radon chamber at the reference time (from the sensors reading), the nuclear decay data used for computations, the technical characteristics of the customer monitor and the experimental values of the radon activity concentration indicated by the customer monitor and the reference monitor, and the relative difference between these two values.




3.2. The Tightness Improvement of the Radon Chamber


During the calibration experiment described in the previous Section 3.1, a linearity test with the Pylon AB5 monitor was performed as well. The activity concentration value measured on 4 December 2020, 8:24 h, which was 379 Bq/m3, is lower than the value measured the day before (3 December 2020, 16:24 h) corrected for the radioactive decay: 400 Bq/m3 (value corresponding to 4 December 2020, 8:24 h). The relative difference between these two values is about −5.2%. This was a strong indication that there was a loss of radon gas from the closed radon chamber during the considered time period (16 h).



Following this experimental result, the tightness of the radon chamber was significantly improved, by performing the technical work described above in Section 2.4. This improvement was experimentally confirmed during the period 26 November–1 December 2021 (about 4.5 days), by performing radon activity concentration measurements with the AlphaGuard DF2000 monitor placed in a reference radon atmosphere (in the same radon chamber). This time, the experimental data trend was much better: from an initial value of 2820 Bq/m3 the activity concentration went down to 2770 Bq/m3 (reference date and time for all these measurements: 26 November 2021, 12:00 h (UTC + 2)), which estimates a radon relative loss of only about 1.8% in 4.5 days (see Figure 7). This means that, after the technical improvements, the radon loss from the closed radon chamber was reduced about 20 times.




3.3. The Radon Exposure of the TASTRAK Nuclear Track Detectors in the Radon Chamber


A radon decaying reference atmosphere was produced recently (26 November 2021–2 December 2021) in the radon chamber from IFIN-HH/LMRI, in a similar method as described above in Section 3.1. The radon was kept in the radon chamber for about 6 days (147 h), in order to perform a controlled integrated exposure of several solid-state nuclear track detectors (TASTRAK and RADOSYS types). Only the results obtained with the TASTRAK detectors are reported in this work. The experimental arrangement of the TASTRAK detectors in different regions inside the radon chamber is presented in Figure 8 (two other detectors were placed outside the radon chamber for the radon background monitoring).



The radon activity concentration in air, inside the radon chamber, was monitored with the monitors AlphaGuard DF2000 and Radon Scout (LMRI). For the radiation protection of the staff, during all the experiments with radon, the radon activity concentration in air in the radon laboratory of LMRI was monitored using a portable, small monitor model AlphaE (produced and calibrated by Saphymo GmbH, Frankfurt am Main, Germany).



The radon background inside the radon chamber was measured with the Radon Scout monitor for several hours before and after the exposure of the nuclear track detectors: the radon activity concentration values were in the range [121; 354] Bq/m3, with an estimated average of 270 Bq/m3.



Table 4 presents the experimental results of the time integrated radon activity concentration obtained with the TASTRAK detectors. As this was the first experiment of this type at IFIN-HH, the experimental data are in a satisfactory agreement with the calculated value (according to Equation (2) in Section 2.2) based on the radon maximum activity concentration value indicated by the monitor AlphaGuard DF2000 ((2992 ± 175) Bq/m3), corresponding to the beginning of the radon exposure of the detectors inside the radon chamber: (271 ± 20) kBq·h·m−3 (k = 1). This estimated value includes the radon background exposure contribution as well. One must note that the arithmetic mean of the integrated radon exposure values of the SSNTDs placed inside the radon chamber (from I to X) is (262 ± 17) kBq·h·m−3 (the relative difference from the calculated value is only −3.3%).





4. Discussion


A few considerations regarding the results presented in Section 3 are necessary. Regarding the results from Table 3, the activity concentration values indicated by the two monitors (Pylon AB5 and AlphaGuard DF2000) at the same reference time (3 December 2020, 12:00 h (UTC + 2)) are in agreement within the stated uncertainties (for k = 1). One must note that the values measured later (between 16:24–17:24) are closer, which suggests either that a longer time is needed to obtain a homogeneous radon distribution in the radon chamber, or the Pylon AB5 monitor needs more working time in order to perform correct measurements of relatively low radon concentrations (results must be considered after 3.5 h). The higher uncertainty of the results indicated by the AlphaGuard DF2000 monitor is explained by the fact that the measurements were performed in a short period of time (measurements series, each only 10 min long). A future improvement of the calibration procedure for these types of radon monitors consists in using technical air (or nitrogen gas) with very low radon content inside the radon chamber or another enclosure, in order to measure the radon background.



As presented in Section 3.2, the radon losses from the radon chamber were minimized after the technical improvements implemented. This now allows performing radon exposures of nuclear track detectors for a longer period of time (for a period of up to about 10 days). For even longer exposures in the radon decaying reference atmosphere, the estimation of a correction factor for radon loss would be necessary. A new working procedure for the calibration of the systems using nuclear track detectors should be drawn in the near future and implemented in the LMRI Quality Management System.



The results from Table 4 appear to illustrate a non-homogeneous distribution of radon inside the radon chamber (see the references [27,28]). This might be explained by the fact that the two fans placed in the radon chamber were active only for a few hours after the radon transfer. The highest time integrated radon activity concentrations were recorded close to the pipe used for the radon transfer (IV) and the nearby bottom plate of the chamber (V), but also in the central area of the radon chamber (VI–VII). The lower values indicated by the other detectors (positions I–III, VIII–X) might be determined also by some wall effects (further investigations are necessary). The fact that the lowest value of the integrated exposure was recorded by the exterior detectors is normal, because it corresponds to the radon background in the laboratory. Nevertheless, it is important to underline that the detectors placed in the center of the radon chamber had the closest values to the one obtained by the AlphaGuard DF2000 monitor. A uniform radon distribution in the radon chamber is important for the calibrations. Presently, when only radon activity-decaying sources are used (and not continuous radon flow sources), the air tightness of the radon chamber is essential for the metrological traceability of the activity of the radon source transferred into the radon chamber.



In the future, a better solution to perform long radon exposures of nuclear track detectors in the radon chamber (for two weeks or more) would be to use low activity radium (226Ra) sources with certified radon emission rates, directly connected to the radon chamber (in a closed/open circuit). Such a new experimental setup would allow us to obtain radon activity concentrations in air at values to be kept (relatively) constant in time. This option will be investigated in the frame of the European joint research project EURAMET EMPIR 19ENV01 traceRadon (2020–2023), where IFIN-HH/LMRI participates as a funded partner [29,30].



Other future improvements to be considered are related to the assurance of the international metrological traceability of the radon activity concentration measurements. LMRI has primary and secondary standard installations for radon activity measurements. This equipment and the activity standardization methods were successfully confirmed by our participation in two international comparisons. As mentioned in Section 2.1, IFIN-HH/LMRI assures the metrological traceability of the radon activity concentration in air measurements using the reference radon monitor AlphaGuard DF2000 (tertiary standard), calibrated by the BfS, with traceability to the National Standards of Germany. The precise calibration of the radon chamber volume (m3) would allow IFIN-HH/LMRI to assure the metrological traceability of radon activity concentration measurements (Bq/m3), using the Romanian National Standard of activity. The future use of automatic data processing programs (including the possibility to issue Calibration Certificates), together with continuous measurements of the radon background, are considered as well.




5. Conclusions


The new equipment introduced (a high-performance radon monitor to be used as a reference instrument and a modern system for the complete processing and analysis of nuclear track detectors exposed to radon) were successfully tested at the Ionizing Radiation Metrology Laboratory (LMRI) from IFIN-HH. The new pieces of equipment are used for radon metrology research and for metrology services offered to the customers.



The radon chamber of IFIN-HH was technically improved (minimization of the radon loss), allowing the calibration of systems with nuclear track detectors and new research work with low-level radon activity concentrations in air.



The most important future improvements foreseen have the aim to assure the metrological traceability of the radon activity concentration measurements, based on the Romanian primary activity standard for radon.



As a recognition of the results obtained in the field of Ionizing Radiation Metrology, it must be underlined that IFIN-HH, through LMRI, is a Calibration Laboratory, designated by CNCAN in 2020, to perform calibrations of the activity of radioactive sources and of different installations used for ionizing radiation measurements (radioactivity, dosimetry), including, for the first time in Romania, the instruments measuring the radon activity concentration in air, in the range [100; 10,000] Bq/m3.
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Figure 1. The new radon monitor AlphaGuard DF2000 (IFIN-HH/LMRI reference instrument). 






Figure 1. The new radon monitor AlphaGuard DF2000 (IFIN-HH/LMRI reference instrument).



[image: Atmosphere 13 00363 g001]







[image: Atmosphere 13 00363 g002 550] 





Figure 2. The plastic capsules containing TASTRAK detectors, in the IFIN-HH radon chamber. 
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Figure 3. The equipment for etching and optical reading of the TASTRAK detectors exposed to radon: (a) the Clifton Digital bath; (b) the TASLIMAGE system. 
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Figure 4. The tightness improvement of the radon chamber (the four lateral pipes processing): (a) cutting the external enclosure of the radon chamber and extraction of the lateral pipes; (b) two lateral pipes dismantled; (c) the final setup of the lateral pipes (after improvement). 
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Figure 5. The tightness improvement of the radon chamber (the continuous argon welding): (a) inner welding (detail) of the bottom steel plate of the radon chamber; (b) general view inside the radon chamber, with the “star” steel piece and the 6 radial steel strips welded on the bottom plate. 
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Figure 6. (a) Experimental setup in the radon chamber for the calibration of the Pylon AB5 monitor: 1—the AlphaGuard DF2000 monitor; 2—the Radon Scout monitor; 3—the Pylon monitor; 4—humidity sensor; 5—fan. (b) Diagram of the radon chamber, its accessories and the connections used for monitor calibrations: 1—the AlphaGuard DF2000 monitor; 2—the Radon Scout monitor; 3—the customer monitor; 4 and 5—temperature and humidity sensors, respectively; 6—radon activity-decaying source in a closed steel recipient; 7—computer with specific software; 8—air pressure sensor; 9—vacuum pump; 10—two fans used for the uniformity of the radon distribution. 
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Figure 7. Evolution of the radon activity concentration in the radon chamber, as indicated by the AlphaGuard DF2000 monitor (all the data are calculated at the reference date and time of 26 November 2021, 12:00 h (UTC + 2)). 
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Figure 8. Experimental arrangement of the TASTRAK and RADOSYS nuclear track detectors (I–X) inside the radon chamber (small black disks and cylinders, respectively): close to the radon injection pipe (I–IV), at the bottom plate and in the center of the chamber (V and VI–VII, respectively), near the two upper pipes (VIII–IX) and near the bottom pipe (X). 
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Table 1. The range of the alpha-particles following the 222Rn decay, in air and in a TASTRAK detector.
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	Radionuclide
	Alpha-Particle Energy (MeV)
	Range in Air

(cm)
	Range in TASTRAK (μm)





	222Rn
	5.5
	4.0
	33



	218Po
	6.0
	4.9
	40



	214Po
	7.7
	7.0
	58
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Table 2. The main characteristics of the Pylon AB5 radon monitor [22] (IFIN-HH/DFVM/SALMROM).
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	Type of Scintillation Cell
	CPRD
	Model 110A
	Model 300A





	Volume
	(272 ± 3) mL
	(151 ± 3) mL
	(270 ± 3) mL



	Scintillator
	ZnS(Ag)
	ZnS(Ag)
	ZnS(Ag)



	Active surface area
	-
	18,800 mm2
	27,700 mm2



	Type
	Diffusion
	Vacuum
	Vacuum



	Number of connectors
	2
	2
	2



	Detection sensitivity
	1.55 counts per minute/(pCi·L−1)
	0.76 counts per minute/(pCi·L−1)
	1.37 counts per minute/(pCi·L−1)



	Background

(maximum)
	1 count per minute
	1 count per minute
	1 count per minute



	External diameter head/body
	55 mm/58 mm
	55 mm/58 mm
	55 mm/58 mm



	Dimensions

(without connectors)
	149 mm
	86.5 mm
	139 mm



	Total length
	149 mm
	127.5 mm
	180 mm



	Mass
	0.128 kg
	0.270 kg
	0.318 kg
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Table 3. The results obtained in the calibration of the Pylon AB5 radon monitor.
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	Crt. No.
	Date
	Time

Interval
	Reference (Average) Activity Concentration (Bq/m3) 1
	Activity Concentration (Pylon AB5) (Bq/m3)
	Relative Difference

(%)





	1
	3 December 2020
	11:24–12:24
	458 ± 76
	406 ± 21
	−11.4



	2
	3 December 2020
	16:24–17:24
	445 ± 76
	466 ± 24
	+4.7







1 Values indicated by the reference monitor AlphaGuard DF2000.
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Table 4. Experimental results of the time integrated radon activity concentration obtained with different TASTRAK detectors (all the reported uncertainty values correspond to k = 2).
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Region in the Radon Chamber

	
Number

	
Integrated Radon Exposure

(kBq·h·m−3)

	
Average Radon Activity

Concentration (kBq/m3)






	
Lateral pipes

(radon injection area)

	
I

	
311 ± 50

	
1.85 ± 0.30




	
II

	
376 ± 60

	
2.24 ± 0.36




	
III

	
310 ± 40

	
2.01 ± 0.24




	
IV

	
423 ± 50

	
2.52 ± 0.30




	
Bottom plate (in its center)

	
V

	
482 ± 77

	
2.87 ± 0.46




	
Center

	
VI

	
463 ± 74

	
2.52 ± 0.44




	
VII

	
465 ± 74

	
2.77 ± 0.44




	
Upper pipes

	
VIII

	
159 ± 26

	
0.95 ± 0.15




	
IX

	
200 ± 32

	
1.19 ± 0.19




	
Bottom pipe

	
X

	
212 ± 34

	
1.26 ± 0.20




	
Exterior (outside the chamber)

	
-

	
99 ± 16

	
0.59 ± 0.09
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