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Radon, a naturally occurring radioactive gas, poses a significant health risk by accumulating in buildings and potentially leading to lung cancer. Depending on building construction and geographical location, radon levels can vary substantially both within individual buildings and between different buildings. While previous studies have primarily focused on the impact of temperature and relative humidity on radon devices, the influence of aerosols remains largely unexplored. This paper presents a comprehensive evaluation of the influence of indoor aerosol sources on the performance of real-time radon sensors, encompassing consumer, medium, and research-grade devices. Measurements were performed at relatively low (300 Bq/m3) and high (2′000–3′000 Bq/m3) radon levels in a controlled environment—a stable atomic shelter with constant temperature and humidity conditions. Six different aerosols sources were introduced to produce aerosols of different sizes and concentrations. The results suggest that the tested indoor aerosols did not significantly influence the performance of radon devices, irrespective of their grade or detection method. Consequently, sensor performance and the radon levels being investigated may exert a more significant influence on the obtained results than aerosol levels alone. This paper provides valuable insights into the influence of indoor environment on the performance of radon measuring devices, underscoring the importance of understanding their utility and application scope for researchers, professionals, and the general public alike.
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1 INTRODUCTION
Western population spends on average 90% of their time indoors, which underlines the critical importance of indoor air quality (IAQ) (Klepeis et al., 2001). Among the myriad of pollutants present in indoor air, radon is of particular concern due to its noble, natural, and radioactive properties and capability of accumulating indoors (World Health Organization, 2009). Prolonged exposure to radon has been linked to an increased risk of lung cancer, contributing globally to 3%–14% of all lung cancer cases, depending on national average radon level and smoking prevalence (World Health Organization, 2023). Consequently, various radon national plans emerged in recent years, notably in Switzerland, Canada, and the USA (Swiss Federal Office of Public Health, 2020; Swiss Federal Office of Public Health, 2011; U.S. Environmental Protection Agency, 2022; Health Canada, 2022), emphasizing the ongoing need for action in both existing and new buildings, as well as initiatives for professional training and public awareness. The impact of radon exposure on human health is typically evaluated through the effective dose, which is determined by factors such as the average radon concentration, equilibrium factor, exposure duration, and effective dose coefficient (ICRP, 2018; Bertoni, El Hajj, and Gandolla, 2022). To ensure precise effective dose estimation, it is important to enhance the accuracy of radon measurements and the equilibrium factor assessment.
While previous research has primarily focused on the influence of temperature and relative humidity (Xianjie et al., 1993; Vargas and Ortega, 2007; Heidary et al., 2011) on radon measurement devices and temperature and humidity operational ranges are specified by manufacturers, it is important to recognize that indoor environmental conditions extend beyond these factors alone. Indoor aerosols, varying in source, composition, shape, size, and concentration (Vincent, 1995; Hussein et al., 2006; Salma et al., 2013), contribute to the complexity of indoor air dynamics. While radon is gaseous, its solid decay products interact with indoor aerosols. Following decay, solid radionuclides rapidly react with vapors and trace gases to form unattached clusters in the size range 0.5–5 nm (Porstendörfer, 1994). The attachment process, influenced by aerosol sources such as cigarette smoke or cooking emissions, has been studied extensively (Porstendörfer, 1994; Vaupotic, 2011; Skubacz and Wołoszczuk, 2019), with findings indicating differing attachment rates based on aerosol size and composition (Porstendörfer, 1994). In enclosed indoor environments, surface deposition serves as the primary mechanism for reducing radon decay product concentrations, with studies indicating that higher aerosol concentrations result in reduced deposition rates (Porstendörfer, 1994).
The equilibrium factor [image: image], representing the ratio between radon concentration and its progeny’s equivalent concentrations plays an important role in assessing the impact of radon on human health (Vaupotic, 2011; Chen and Harley, 2018; ICRP, 2018). Dynamic processes in indoor environments, including the variable concentration of indoor aerosols, often lead to the absence of equilibrium between radon and its progeny (Chen and Harley, 2018). Since assessing the equilibrium factor is difficult and expensive, a standard value of 0.4 for standard occupied spaces is used in most of the European countries. However, elevated aerosols levels result in an equilibrium factor higher than 0.4, leading to higher impact on human health.
Given that aerosol levels influence the behavior of radon daughters and related processes, it is essential to assess the impact of aerosols on different radon measurement devices. Although the aforementioned processes do not directly correlate with radon devices, we hypothesize that aerosols levels may bias radon measurements by accumulating aerosols within the sampling chamber of the sensors. Thus, there is a clear need and value to assess the performance of real-time radon devices under different aerosols conditions. Consequently, this paper seeks to determine the impact of diverse indoor sources of aerosols on real-time radon measurements devices. We explored the variation of measurement device grade (from consumer-to research-grade) and different radon detection methods.
The objective of this paper is to bring new insights into the reliability of different radon devices used by researchers, professionals, and the general public. From a wider perspective, this paper aims to reduce uncertainties in radon measurements, ensuring the highest measurement reliability, and consequently enabling a refined assessment of radon exposure among the population.
2 MATERIALS AND METHODS
The experiments were conducted in one of the atomic shelters located in the basement of the Anthropole building at the University of Lausanne. This shelter was chosen due to its stable indoor environmental parameters, specifically air temperature and relative humidity. Indeed, average air temperature and relative humidity ranges vaulted respectively 20.9°C–23.5°C and 52.4%–61.2% with a maximal standard deviation of 0.27°C and 1.09%. This stability ensured that the influence on radon sensors is minimized, allowing for an isolated assessment of the impact on aerosols. The shelter has a floor area of 40 m2 and a volume of approximately 144 m3. Radon sensors were strategically placed on a table in the center of the room. To ensure homogeneous radon and aerosols concentrations, fans were installed at each corner of the shelter.
2.1 Experiment design
The experiment comprised two main stages. First, the influence of common indoor aerosols on radon sensors was tested at high radon levels (2′000–3′000 Bq/m3) in July 2021, and second, at low radon levels, i.e., close to Switzerland’s national reference value of 300 Bq/m3 (Swiss Federal Office of Public Health, 2020), in September 2022. During both stages, a consistent and strict protocol was followed. Radon sensors were sequentially exposed to different aerosol sources for at least 48 h (Owen, Ensor, and Sparks, 1992; Demanega et al., 2021). To assess the influence of different aerosol sources, we compared the performances of radon sensors exposed to different sources with those in the absence of aerosol generation beyond existing ambient aerosols. Between each experiment, the shelter air was purged by turning on the ventilation system.
2.1.1 Aerosol generation
Aerosols were generated based on the specifications outlined in Table 1, emulating usage scenarios typical in Swiss households (He, 2004; Demanega et al., 2021). In cases where usage recommendations were unavailable, aerosols were generated based on practical and reasonable criteria for a product use (e.g., simulating cooking fumes by preparing three meals daily). Additionally, all products used to generate aerosols were sourced from large retail stores to ensure a realistic representation of indoor aerosol conditions.
TABLE 1 | Experimental design and description of the aerosol sources. Aerosol levels were retrieved for the highest 1-min total counts (tot. counts) value during each experiment.
[image: Table 1]2.1.2 Radon generation
Given the subterranean location of the atomic shelter, a natural radiative background was initially assessed. However, to establish both high and low radon levels, two highly active natural radon sources were employed. The “Swiss Radon Mega Source Facility” was used for high radon levels, consisting of a mobile lead and steel enclosure filled with 20 kg of high-grade uraninite (UO2 + UO3 85%–94%) sourced from La Creusaz uranium mine in Switzerland (Meisser, 2012). For low radon levels, we used a fragment of pure uraninite (“pitchblende” variety (UO2 + UO3 87%–93% - 550 g) from the Mine of La Crouzille-Bessine in Limousin, France (Geffroy and Sarcia, 1955).
High radon levels were established by releasing radon at the beginning of the experiment, gradually decreasing after approximately 15 min when the source was moved outside the shelter. In contrast, low radon levels were maintained by keeping the uraninite source within the shelter due to its lower weight.
2.2 Measurement devices
Monitoring of time- and size-resolved particle levels was done using an aerosol spectrometer (size range 0.01–35 µm divided into 40 size channels, Mini-WRAS, GRIMM Aerosol Technik). Equilibrium factor was assessed by a SARAD EQF 3220, which was measuring both radon concentrations and its daughters’ concentrations (EEC). Various radon sensors representative of the European market were tested in the experiments, differing in brand, grade, detection method, accessibility, and price (see Table 2). We categorized sensor grades based on their selling price as follows: 1) Consumer-grade, sold below 950 USD; 2) Medium-grade, ranging between 950 and 5000 USD, and 3) Research-grade, sold over 5000 USD. Radon detection methods were aggregated in three main categories: 1) alpha spectrometry, 2) scintillation cell, 3) ionization chamber. These three categories are the most widespread among the European market.
TABLE 2 | Manufacturer-specified technical characteristics for the different radon real-time sensors tested in this study.
[image: Table 2]To ensure cross-comparison between different sensors, Radonmapper (TECNAVIA SA, 2016) served as the reference sensor. An AlphaGUARD (Bertin Technologies S.A.S 2012) served as a backup reference instrument in case of Radonmapper failure.
2.3 Data analysis
To identify the influence of common indoor aerosols on radon measurement devices, several statistical analyses were carried out. We first compared the tested sensors to the reference to ensure comparison among all sensors. To that end, ratios were calculated by comparing the average values measured by each tested sensor X to the average values measured by the reference sensor (Janik et al., 2009; Mamont-Cieśla et al., 2010; Papp, Cosma, and Cucos, 2016; Rey et al., 2024) during a time series t (Eq. 1). A ratio value close to 1 indicates similar means between the tested sensor and the reference. These ratios enabled comparisons within sensors and across different aerosol situations.
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In a second step, ratios were grouped into distributions based on grade (i.e., consumer-, medium-, research-grade) and detection method (i.e., scintillation counter, ionization chamber, alpha spectrometry). For each group, the relative standard deviation (also called the coefficient of variation) was computed to assess the dispersion relative to their proper mean. The relative standard deviation [image: image] is the ratio between the standard deviation [image: image] and the mean [image: image] computed on a group with a defined experiment [image: image], grade [image: image], and aerosol situation [image: image] (Eq. 2).
[image: image]
Then, different distributions of ratios were statistically compared in relation to the different aerosol sources and background concentration. Wilcoxon tests were employed to statistically assess the statistical influence of different aerosol sources and background on these distributions (Wilcoxon, 1945). We used a non-parametric statistical test due to the low sample size, indicating that the normality cannot be assumed. The null hypothesis posits that no difference exists between the distributions of two ratios, while the alternative hypothesis suggests that distributions of the two ratios differ. p-values were adjusted using the Bonferroni method to minimize errors.
The statistical analyses and graphical representations were performed using the R language and RStudio (Version 1.4.1717 March 2022) (RStudio Team, 2022). Graphics and figures were produced using the ggplot2 package within RStudio (Wickham, 2016).
2.4 Quality assurance
The reference instruments were high-grade sensors with a stable calibration accredited by METAS (DFJP, 2012). Where possible, we used multiple sensors of the same type in our experiments. Among all the real-time radon sensors, only AlphaE, RadonScout Pro, RadonScout Home, and Ramon were single tested (without a pair). Most of real-time radon sensors (AER, AER+, AlphaE, RadonEye RD200, RadonScout Home, Ramon, Wave Plus, RadonScout Pro and AlphaGUARD) were tested in multiple samples (Table 2). These sensors were provided to our research team by different institutions from Switzerland and France, implying variations in their usage history. To minimize differences between sensors of the same type, all sensors were powered on 1 week before the experiments and deployed in accordance with manufacturer-specified recommendations. Finally, the experimental protocol was strictly followed to reduce measurement uncertainty and increase repeatability of results.
3 RESULTS
3.1 Influence of aerosols on radon sensors by grade
Figure 1 illustrates the statistical assessment of common indoor aerosol influence on radon sensors, showcasing the distributions of ratios categorized by sensor grade and aerosol source at both high and low radon levels. Overall, the distributions of ratios exhibited greater variability for consumer-grade sensors compared to medium- and research-grade sensors, irrespective of the aerosol source at high radon levels. This observation is supported by relative standard deviations (RSD) ranging from 9 to 11% for consumer-grade sensors, and from 3.9% to 6.8% for medium- and research grade sensors (Table 3). Conversely, the distributions were more similar for consumer and medium-grade radon sensors at low radon levels compared to research grade sensors. Specifically, RSD ranged from 9.2% to 17.5%, 4%–14.8% and 2.2%–3.8% respectively for consumer-, medium-, and research-grade sensors. Across the different aerosol sources, the interquartile range for research-grade sensors consistently exceeded a value of 1, a trend not observed for medium and consumer-grade sensors, especially at low radon levels during cigarette smoke generation.
[image: Figure 1]FIGURE 1 | Distributions of ratios based on sensor grade (consumer-, medium-, and research-grade) under different aerosol types at high (right) and low (left) radon levels.
TABLE 3 | Results of relative standard deviations (coefficients of variation) in percent for each ratios grouped according to the experiment, grade and aerosol situation.
[image: Table 3]Table 4 presents the results of pairwise Wilcoxon tests carried out to assess the influence of common indoor aerosols on radon sensors. Although most p-values were not significant, indicating no discernible influence of aerosols on radon measurements, statistically significant differences were observed for consumer-grade sensors during candles smoke generation at high radon levels and cigarettes smoke generation at low radon levels. However, the influence noted for candles at high radon levels was not evident at low radon levels. Overall, these results did not indicate any significant influence between measurements performed by devices of different grades under common indoor aerosol sources.
TABLE 4 | Results of paired Wilcoxon tests according to the sensor grade. p-values adjusted with the Bonferroni method.
[image: Table 4]3.2 Radon detection method analysis
Figure 2 presents sensors’ ratios classified according to the radon detection method. The widest distributions were observed for sensors using alpha spectrometry, while those using ionization chamber and scintillation counter exhibited narrower spreads. At high radon levels, differences were identified between ionization chamber and scintillation counter sensors, while they appeared more similar at low radon levels. Across different aerosol sources, only sensors employing alpha spectrometry exhibited varying ratio distributions at both high and low radon levels. These observations align with the measured RSD presented in Table 5. At high radon levels, RSD ranged from 7.4% to 10%, 6.3%–7.5% and 2.3%–5.4% respectively for alpha-spectrometry, ionization chamber, and scintillation counter devices. This trend was also observed at low radon levels, where scintillation counter devices presented lower variability (2%–3.7%), while ionization chamber devices exhibited higher variability (5.6%–8.1%), and alpha-spectrometry devices the higher variability (8.4%–15.7%).
[image: Figure 2]FIGURE 2 | Distributions of ratios based on sensor detection method under different aerosol types at high (right) and low (left) radon levels.
TABLE 5 | Results of relative standard deviations (variation coefficients) in percent for each ratios grouped according to the experiment, detection method and aerosol situation.
[image: Table 5]These observations were further supported by paired Wilcoxon statistical tests, revealing significant differences for sensors using alpha spectrometry during candles and cooking at high radon levels and cigarette smoke at low radon levels (Table 6). Similar to the grade analysis, the influence detected with cooking and candle at high radon levels was not evident at low radon levels, despite higher aerosol concentrations. Notably, the lowest radon levels were recorded during cigarette smoke generation at low radon levels, suggesting potential challenges in detecting radon at these lower levels. Therefore, these results do not suggest any significant influence of aerosols on radon measurements in relation to different methods of detection.
TABLE 6 | Results of paired Wilcoxon tests according to the radon detection method. p-values adjusted with the Bonferroni method.
[image: Table 6]3.3 Equilibrium factor
Table 7 presents the descriptive statistics of the equilibrium factor monitored during the two experiments. The results provided at high radon levels highlighted a trend: higher aerosol levels corresponded to higher equilibrium factors. For instance, the average and the maximum values retrieved for the equilibrium factor were 0.46 and 0.79, respectively, for candles, while they were 0.05 and 0.1 for background levels. Unfortunately, due to sensor failure, the equilibrium factors assessed during the experiments at low radon levels were not deemed reliable and, consequently, are not reported.
TABLE 7 | Descriptive statistics of the equilibrium factor monitored during the experiments at high radon level.
[image: Table 7]4 DISCUSSION
In this study, we aimed to assess the influence of common indoor aerosols on various radon devices, considering differences in sensor grades and detection methods. Radon sensors were exposed to different aerosol sources during at least 48 h at both high and low radon levels, encompassing six artificially generated aerosol types.
Overall, our results suggest that aerosols did not influence the majority of radon measurement devices tested in our experiment setup, while an increase of the equilibrium factor was observed at high radon levels. p-values below the significance level were obtained for research- and medium-grade sensors at both high and low radon levels, as well as for sensors using scintillation counter and ionization chamber methods. This implies that the indoor aerosol sources did not influence the performance of these sensors. Performance of consumer-grade sensors and those equipped with alpha-spectrometry was not altered when exposed to aerosols from air-fresheners, essential oils, candles, cooking, and incense. Thus, our experiments did not detect any influence of the tested indoor aerosol sources on the performance of radon sensors, irrespective of radon levels.
However, some statistically significant p-values were observed at low and high radon levels for consumer-grade sensors and those equipped with alpha-spectrometry during exposure to aerosols generated from candles, cooking, and cigarette smoke. These results should be interpreted cautiously for several reasons. Firstly, at low radon levels, the experiments with cigarette smoke had the lowest average radon levels. Previous studies have indicated lower performances for consumer-grade sensors, especially those utilizing alpha-spectrometry to detect radon, suggesting an alternative explanation for the observed differences (Rey et al., 2024). Secondly, at high radon levels, only consumer-grade sensors or those equipped with alpha-spectrometry had differences compared to background experiments with no aerosol generation. These sensors typically have lower sensitivity, as highlighted in their user manuals, implying that a substantial increase in radon concentration may not be detected as effectively as with other devices. Therefore, the distributions of ratios may be more influenced by the performances of sensors rather than the aerosol levels. Given these considerations, it is premature to conclude that aerosols influence the performance of real-time radon devices. Lastly, certain potential influences observed at high radon levels were not replicated at low radon levels, despite higher aerosol concentrations at the latter. To solidify these preliminary conclusions, it is essential to replicate these experiments using a similar setup.
While the experiment setup, protocol, and statistical analyses were robust, this study does present several limitations. Firstly, our results were obtained within laboratory settings, which may not fully mirror the diverse indoor climate conditions encountered in real-world buildings. To mitigate this potential limitation, future experiments should be conducted in settings that better reflect the variability of indoor environments. Additionally, regarding the examined sensors, two main limitations should be acknowledged: 1) some sensors were tested as single devices (without a pair), and 2) sensor conditions varied as they were not all brand new at the time of the experiments. Finally, we strongly recommend other researchers to monitor equilibrium factor while performing similar experiments. Notwithstanding these limitations, this study marks an initial effort to assess the influence of aerosols on radon device performances, accounting for sensor grade and radon detection methods.
5 CONCLUSION
This study provides insights into the impact of indoor aerosols type and concentration on the performance of real-time radon devices. We studied three different grades of real-time sensors based on their selling price, and equipped with three detection methods, at high (2′000–3′000 Bq/m3) and low (300 Bq/m3) radon levels. Through a robust experimental design, the results revealed that indoor aerosol levels had an insignificant influence on the performance of radon devices at both investigated radon levels. While some differences were observed, it is crucial to acknowledge that other factors, such as radon levels or inherent device performances, may also play a role. Consequently, our results suggest that radon devices remain largely unaffected by aerosol exposure. These findings imply that data obtained from real-time radon sensors can be deemed reliable, regardless of the type and concentration of aerosols encountered.
However, it is important to note that sources and concentrations of aerosols can still influence the clusterization process of radon decay products and thus affect the equilibrium factor. Our findings indicate an increase in the equilibrium factor at higher aerosol levels, which may carry implications for human health. Monitoring indoor aerosols alongside radon levels could prove beneficial, not only for assessing radon exposure but also for estimating the radon effective dose experienced by building occupants. In a broader perspective, radon and aerosols contribute significantly to indoor air quality, each exerting its unique influence on health through distinct mechanisms. This research contributes to a more detailed understanding of indoor air by shedding light on the reliability of radon detection devices available in the market, catering to the needs of researchers, professionals, and the general public alike.
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