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Abstract

:

In nuclear facilities, the mandatory atmosphere surveillance is operated by Continuous Air Monitors. This standalone instrument is designed to measure the airborne aerosol activity concentration and to trig an alarm signal when a predetermined activity concentration is exceeded. However, a rapid resuspension event of coarse aerosol leads to a measurement error: the airborne aerosol activity concentration is over-evaluated. Prior results have shown that the coarse aerosol deposit disturbs the background evaluation for the radioactivity measurement. The interactions between radioactive aerosols (with radon daughters) and coarse non-radioactive aerosols have to be investigated by running together aerosol models and nuclear simulations. Therefore, this paper investigates different ways to represent an aerosol deposit in numerical simulations. We developed two numerical aerosol deposit models that we integrated into Geant4, a tool for the simulation of the passage of radiations through matter, and then compared these to experimental results. The simplest model was discarded, and by using the second model, we managed to correctly frame our simulation results as an experimental measurement: an aerosol has been correctly considered in a nuclear simulation. By combining theory, simulations, and experimentations on both aerosol science and nuclear physics, this research will be able to improve the comprehension of monitors’ behaviour in delicate situations and, more broadly, the filtration of aerosols using radioactivity.
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1. Introduction


In nuclear facilities, the mandatory airborne contamination surveillance is operated by Continuous Air Monitors—CAMs. These are designed to measure the activity concentration of the aerosols in the air or the released total activity of aerosols and to trig an alarm signal when either a predetermined activity concentration or a predetermined total released activity of aerosols is exceeded. This device continuously collects all airborne aerosols on a filter, generally a high-efficiency membrane filter, during a predefined duration, generally for one day maximum, and automatically changes the filter, commonly a continuous filter. On a high-efficiency membrane filter, the aerosols are sampled on the surface, which considerably limits the self-absorption of radiation by the filter itself [1].



The monitor will then continuously measure the radiations coming from this aerosol deposit with a radiation detector. These data coming from the detector are integrated over time, typically in steps of 3 s, and thus in pseudo real-time.



Figure 1 illustrates the standard design of a CAM. It represents the air and aerosol flows, the sampling of the latter by a high-efficiency filter, and the measurement of the emitted radiation using an adapted detector.



A dedicated signal treatment converts the nuclear spectrometry to appropriate activity concentrations. Radiations are encountered from both natural radioemitters, primarily 220Rn and 222Rn daughters, and anthropogenic emitters, such as 239Pu or 137Cs. Figure 2 illustrates a CAM radiation measurement. It shows the two relevant regions of interest, dedicated to the artificial alpha (as for the previously cited 239Pu) and the natural alpha (as for the previously cited 222Rn daughters, 218Po and 214Po). This spectrum is measured with a silicon semiconductor diode which is very well-adapted for alpha measurement.



The main difficulty for a CAM is to measure a wide range of activity, especially for artificial alpha emitters in very small quantities in the presence of a much larger natural background (radon daughters). The discrimination against natural activity is a challenging issue in monitoring low-level activity. To measure the low-energy α emitters of interest [2], the CAM has to determine the background affecting the measurement. The main background contributors are naturally occurring radon daughters and high-energy alpha emitters such as 214Po [2]. As illustrated in Figure 2, the events registered here in the alpha artificial region are due to alphas mainly coming from 218Po. These events constitute a background noise that has to be removed for alpha artificial measurement.



Finally, Figure 3 illustrates the CAM whole measurement processes from aerosol sampling to activity concentration.



A specific signal treatment system is used in the measurement instrument to compensate for the influence of natural radioactive aerosol [3,4,5,6]. It generally considers the natural alphas in the artificial alpha region to be proportional to the natural alphas in the natural alpha region [5,7]. The background is correctly evaluated according to the radon daughters’ activity changes. However, if the shape of the peaks (as illustrated in Figure 2) changes, the background (Figure 3) becomes under-evaluated: the presence of coarse non-radioactive particles and the swiftness of particle concentration variation lead to measurement error [7,8,9].



Prior results have shown the necessity of understanding the impact of the coarse aerosol deposit, the formation of the aerosol layer on the radioactive aerosol deposit, and its measurement by the CAM. However, the kinetics of the deposit remain inaccessible experimentally; thus, it is mandatory to set up a numerical simulation to access a relevant and real-time radioactive and non-radioactive aerosol interaction.



The representation of an aerosol for nuclear simulation, and thus a heterogeneous mixture, is a complex problem and an issue mainly in terms of computational time. Indeed, an aerosol is composed of millions or billions of particles. Each of them is individually represented in the simulation, and each of them may interact with the radiations.



A brute-force approach would consist of representing all these particles. However, this approach allows us to design an aerosol deposit that considers all the interactions between the particles during the collection. It may include Brownian movement, interception, and sedimentation [10]. Moreover, we could study the interactions between the various aerosol dimensions we consider here:




	(1)

	
Coarse aerosol, non-radioactive: 5–100 µm [11];




	(2)

	
Radioactive aerosol: 0.1–0.5 µm [12,13];




	(3)

	
Radioactive cluster: 0.5–5 nm [14,15,16].









This approach will be investigated in the present paper.



An alternative method link to the latter, named “benchmark” [17], consists of randomly generating an elemental volume with particles, simulating the radiation transport through this elemental volume, and repeating the process as necessary.



A standard approach based on an ensemble average is commonly used to represent a complex aerosol deposit structure. This “atomic mix approximation” [17,18] is the fastest of all representations, but may lead to large errors if the mix material is composed of localized heavy absorbers [19]. This is unfortunately the problem with an aerosol (1 to 10 g/cm3) in air (1 mg/cm3). However, this method has been successfully used for radioactive aerosol simulation inside a filter [20], where the filter has been represented by various layers. However, we cannot design as precisely as presented before the placement of radioactivity inside the deposit, except through macroparameters characterizing the aerosol deposit distribution. Nevertheless, this approach will be investigated in the present paper.



Another approach is the so-called “chord-length sampling” [19,21], which consists of generating on the fly the particles encountered by the radiation. This generation is based on various parameters qualifying the distributions (size, shape, position, etc.). Furthermore, because the position material is not constant [19], this method simulates transport through this ensemble, rather than radiation coming from it, as in the case of radioactive particles sampled on a filter. This approach will not be investigated in the present paper.



This approach inspires the fastAerosol model [22] developed for Geant4 [23,24], a hybrid method between the chord-less sampling and the benchmark method, which will not be investigated in the present paper due to the random aspect of the aerosol generation.



STUK (Radiation and Nuclear Safety Authority in Finland) provided a program for simulating energy spectra in alpha spectrometry: AASI (advanced alpha-spectrometric simulation) [25,26]. It is a Monte Carlo code that simulates the geometrical detection efficiency and energy loss of the alpha particles in the source itself and in the material between the source and detector. This software is validated against experimental data; however, it cannot be used in this paper because the detector we use cannot be modelled in the software.



Geant4 [23,24] is an open-source toolkit endorsed by CERN and based on the Monte Carlo method to simulate the passage of particles through matter accurately. It provides a diverse, wide-ranging, yet cohesive set of software components that can be employed in a variety of settings. It is a powerful code that can handle complex geometries, visualization tools, and physical models for various radiation interactions and transport.




2. Materials and Methods


2.1. Reference Experiments


In this paper, we will focus on two experiment results previously obtained on a CAM [8] on the ICARE testing bench [27,28].



A test consists of observing the behaviour of a CAM in a stable atmosphere of 222Rn and daughters that experiences sudden variations in coarse aerosol granulometry. The process is the following:




	
The CAM samples a stable atmosphere of 222Rn and daughters for 2 h;



	
A burst of non-radioactive aerosol is generated;



	
The CAM continues to sample the stable atmosphere of 222Rn and daughters for 2 h.








The CAM’s performance is evaluated in this complex situation where a coarse aerosol deposit suddenly disturbs the nuclear measurement. Notably the spectrum is registered for the 2 h after the coarse aerosol burst (point n° 3).



The reference spectrum, as shown in Figure 4, is subjected to any coarse aerosol deposit. It consists of 2 h of natural aerosol sampling. This natural aerosol, as produced in the ICARE test bench, is composed of a 0.2 µm median diameter aerosol that contains one of the radon daughters. The other of the radon daughters is not attached to the aerosol and is “free” in the air. On the sampling filter, as we focus on the alpha part of the spectrum, we measure only the polonium 218 and 214.



The second reference spectrum has undergone a coarse aerosol. The CAM samples an aerosol of SPM105 alumina powder up to 7.5 mg/m3 in less than 2 min. The sampled aerosol has a diameter of 5.7 µm (non-radioactive) aerosol and is up to 1.4 mg on the filter. The natural (radioactive) aerosol atmosphere is still sampled for 2 h. The spectrum is thus the result of the interaction between the alpha radiations coming from the natural aerosol and the deposited alumina particles. One can notice the variation in the left tail, which is highly noticeable on the 214Po peak.




2.2. Particle Deposits


To represent particles depositing on the monitor filter surface, we compare two approaches: atomic mix approximation and brute force.



The heterogeneous material is represented as a mix of all its individual materials with an equivalent density. For the alumina particles used during the experiments, the density of a deposit is linked to the packing porosity that has been defined by Yu [29]:


  ϵ  (   d  ev    )  = 0.567 +  (  1 − 0.567  )   e  − 0.446  d  ev   0.749      



(1)




with



	
ε, the packing porosity;



	
dev, the median diameter in equivalent volume of the particles.



	
Then, the equivalent density can be calculated as follows:







    ρ  eq   = ρ  (    Al  2   O 3   )   (  1 − ϵ  )  +  ρ   (  Air  )  ϵ   



(2)





with



	
ρeq, the equivalent density;



	
ρ(Al2O3), the alumina density, 3.97 g/cm3;



	
ρ(Air), the air density, 1.21 mg/cm3.






We consider the aerosol deposit layer as a cylinder with a diameter equal to that of the filter. The height of this cylinder is then driven by the deposited mass and the defined equivalent density.



To be closer to a real deposit, we developed a spheres stacks approach. The aerosol deposit is represented by an ensemble of spheres, log-normalized distributed in diameter and uniformly distributed on a disc (the filter) along the X and Y axes. The height (Z axis) of each particle is then adjusted so that it does not overlap any other particle. This algorithm determines all the positions for all the particles and serializes these data in a file. However, this algorithm is in O(n2), which is much more time consuming than the layer approach. The calculation presented in Figure 5 (3.5 × 106 particles) was executed in 8 h on an i5-7200U, a duration that remains acceptable. The file that saves all sphere positions and diameters for the transfer to Geant4 is 0.2 Go. Figure 5 enhances a log-normal spherical particle distribution centred on a 100 × 100 µm square on the simulated filter.



This approach has two advantages:




	
The distribution is computed according to a dedicated aerosol model and then integrated in the nuclear simulation tool;



	
Each particle position and diameter are known and can be used as a starting point for a radiation.








Thus, the interaction between the different sizes of aerosol can be challenged, according to a correction particle distribution representation and the nuclear simulation results.




2.3. Simulation of Radiation Transport and Interactions in Matter


The geometry, i.e., the physical representation of the object in Geant4, chosen for the simulations is first based on an ABPM203M [30] by Mirion Technologies, a mobile α-β particulate monitor that uses a silicon semiconductor detector (PIPS [31]). This CAM has been used in previous experiments [8]. This monitor is equipped with a membranous filter of type FSLW (polytetrafluoroethylene membrane from Merck Millipore); thus, the aerosols are sampled on its surface. Figure 6 presents the monitor sampling and detection zones as defined in Geant4, and notably the radial fins specific to the ABPM.



Based on this representation, we simulated 200 000 alpha radiations. They are uniformly distributed on the filter and their energy momenta are isotropic, with half at 6.0 MeV (214Po) and half at 7.7 MeV (218Po). We then adjusted the height of the resulting peaks to match the height of the reference spectrum (Figure 4), an activity calibration. Figure 7 represents both spectra which validate the code: the R2 for the comparison is up to 99.5%, which validates the geometry implementation of the CAM in Geant4.




2.4. Radioactivity Distribution


Radioactivity (i.e., alpha starting points) may be distributed in a variety of ways in the geometry. In the layer approach, it is assumed to be homogeneously distributed within the layer.



In the spheres stacks approach, it is assumed that all the particles have the same probability of being marked by radioactivity. Indeed, in natural radioactivity, 222Rn daughters, as used for the experiments, are carried by fine and ultra-fine particles in size ranges of 100–300 nm (attached fraction) and 0.5–5 nm (free fraction), respectively. In the Kanaoka representation [32], these radioactive aerosols tend to be distributed homogeneously on the surface of the coarse aerosol because the mechanism seems mainly diffusive, as the Stokes and Peclet numbers highlight for both size ranges (Table 1). Thus, as a worst-case scenario, we consider the radioactive nano-aerosol localized uniformly around the coarse aerosol.





3. Results and Discussion


For the reference spectrum for which the measurement is impacted by the alumina particles (Figure 4), the calculated packing porosity is 74% and the equivalent density is 1.03 g/cm3.



Figure 8 presents the comparison figure. One can notice a significant shift to the low-energy part of the simulated spectrum; this approach cannot represent an aerosol deposit. Equation 1 may not be valid here because there are not enough particles to constitute a cake on the filter. Indeed, the presented experiment result involves 3.5 × 106 particles that cover roughly 4% (projected surface) of the filter surface (491 mm2).



Finally, Figure 9 presents the comparison between the measured spectrum and two simulated spectra. The latter consider two radiation sources: the filter and the coarse aerosol. By normalizing the peaks to the maximum, the measured spectrum (the solid grey line) is framed by the two simulations: those with α on the filter and those with α on the whole spheres. It thus becomes possible to correctly represent the experimental spectrum influenced by aerosol deposits.



The simulation results correctly frame the experimental measurement. However, these results were obtained under a few hypotheses:




	
The measure is the sum of two effects:




	
Some alphas come from the filter through the deposit;



	
Some alphas come from the aerosol deposit.








	
The radioactivity is homogeneously distributed on the aerosol surface;



	
The coarse aerosol deposit is made of spherical particles.








These hypotheses seem acceptable. Though, the best fit of the experimental reference as a sum of the two simulations is 50% of the “alphas from filter” plus 50% of “alphas from particles”, with an R2 of 98.9%. This suggests that 50% of the radioactivity comes from the aerosol deposit, despite it representing 13% of the accessible surface compared to the 491 mm2 of the filter. This highlights the necessity to look further in aerosol modelling with various sizes interacting with each other. The method described in this paper, which uses aerosol deposit models and nuclear simulations running together, grants convergence toward a fine understanding of the interactions of multiple aerosol size ranges and the impact of these interactions on the nuclear measurement. This is necessary to study the behaviour of CAM that faces aerosol size and concentration variation. As a corollary, nuclear measurement will be useful to understand an aerosol deposit.




4. Conclusions


An aerosol deposit has been represented in a Monte Carlo simulation using Geant4. Two approaches have been followed. The “atomic mix approximation” to represent a complex material is not appropriate for an aerosol deposit. It cannot handle a mix material composed of localized heavy absorbers.



The brute-force method to represent the aerosol deposit with a stack of spheres has been developed and successfully used here. This approach demonstrates the possibility to generate an aerosol deposit model and then add it to a nuclear simulation, thanks to the sphere representations that are known in both software. The computation time for the brute force method is acceptable for the deposit we considered, and the file transfer from aerosol model to Geant4 is light enough.



The presented result also highlights the necessity to look further in the aerosol modulization. The correct distribution of ultra-fine aerosols, and thus radioactivity, in the deposit has been considered uniform and homogeneous. The current aerosol deposit model cannot handle physical processes, so other models have to be investigated, such as DALEC, an IRSN code that aims to create a physically credible digital deposit of spherical particles that are polydisperse according to a log-normal, and entrained by the air at a constant velocity [36]. It notably considers the Brownian movement and the drag force.



These kinds of methods, which run together the latest advances in aerosol deposit model and nuclear simulations, open the road to progress in the understanding of interactions between multiple aerosol size ranges in high velocities, as well as their impact on measurement. As a corollary, nuclear measurement will be useful to understand aerosol deposits.



This research will make it possible to progress on the remaining questions concerning the behaviour of monitors in delicate situations and more generally on the filtration of aerosols by combining multiple theories, simulations, and experimentations in both aerosol science and nuclear physics.
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Figure 1. Illustration of the aerosol sampling and measurement of a CAM. The grey circles represent a radioactive aerosol, the black circles a non-radioactive aerosol. Both are sampled and interacts with each other. Dashed arrows represent the air flow and plain arrows the radiations. 
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Figure 2. Illustration of a CAM radiation measurement. It shows the two regions of interest, one for artificial alpha and one for natural alpha. A third one dedicated to the beta, below 2 MeV, is not highlighted here because it is not relevant. 
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Figure 3. Illustration of the CAM measurement processes from aerosol sampling to activity concentration display. 
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Figure 4. The two reference spectra used in the present paper. Grey-dotted line—a 2 h sampling without additional alumina aerosols in the stable atmosphere of radon; black-dashed line—a 2 h sampling with additional SPM105 alumina aerosols (1.4 mg on the filter) in the same atmosphere. 
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Figure 5. Enhancement of spherical particle distribution on a 100 × 100 µm square in the simulated filter. 
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Figure 6. Representation of the sampling and detection zones, as defined in Geant4 and based on a Mirion ABPM203M. 
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Figure 7. Comparison between an experimental spectrum and a simulated one for the two alpha emissions of 218Po and 214Po. Both plots are quite undistinguishable. 
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Figure 8. Comparison between an experimental spectrum and a simulated one for the two alpha emissions of 218Po and 214Po in the equivalent layer approach. 
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Figure 9. Comparison between an experimental spectrum and two simulated spectra, centred on the 214Po alpha peak. The alpha-radiation source in the two simulations differs: one comes from the filter, while the other from the coarse particles. 
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Table 1. Data for Stokes and Peclet numbers calculations (Equations (9-5), (9-8), (9-11) and (9-13) [33]), (Equations (10-5), (10-8), (10-11) and (10-13) [34]), (Equations (9-13)–(9-33) [35]).






Table 1. Data for Stokes and Peclet numbers calculations (Equations (9-5), (9-8), (9-11) and (9-13) [33]), (Equations (10-5), (10-8), (10-11) and (10-13) [34]), (Equations (9-13)–(9-33) [35]).





	
Parameter

	
Attached Fraction

	
Free Fraction






	
Temperature

	
293 K




	
Pressure

	
1013 hPa




	
Median diameter

	
0.2 µm

	
0.5–5 nm




	
Particle density

	
CsCl—4 g/cm3

	
Po/Bi/Pb—10 g/cm3




	
Sampling velocity

	
1.2 m/s




	
Diffusion coefficient

	
2 × 10−10 m2/s

	
2 × 10−7 m2/s




	
Peclet number

	
30 × 103

	
30




	
Stokes number

	
2 × 10−1

	
7 × 10−3
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