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Abstract

:

In land battlefield environments, aerosol particles can cause laser beams to undergo attenuation, thus deteriorating the operational performance of military laser devices. The particle size distribution (PSD) and extinction coefficient are key optical properties for assessing the attenuation characteristics of laser beams caused by aerosol particles. In this study, we employed the laser diffraction method to measure the PSDs of graphite smoke screen, copper powder smoke screen, iron powder smoke screen, ground dust, and soil explosion dust. We evaluated the goodness of fit of six common unimodal PSD functions and a bimodal lognormal PSD function employed for fitting these aerosol particles using the root mean square error (RMSE) and adjusted R2, and selected the optimal PSD function to evaluate their extinction coefficients in the laser wavelength range of 0.249~12 μm. The results showed that smoke screens, ground dust, and soil explosion dust exhibited particle size ranges of 0.7~50 µm, 1~400 µm, and 1.7~800 μm, respectively. The lognormal distribution had the best goodness of fit for fitting the PSDs of these aerosol particles in the six unimodal PSD functions, followed by the gamma and Rosin–Rammler distributions. For the bimodal aerosol particles with a lower span, the bimodal lognormal PSD functions exhibited the best goodness of fit. The graphite smoke screen exhibited the highest extinction coefficient, followed by the copper and iron powder smoke screens. In contrast, the ground dust and soil explosion dust exhibited the lowest extinction coefficients, reaching their minimum values at a wavelength of approximately 8.2 μm. This study provides a basis for analyzing and improving the detection and recognition performance of lasers in land battlefield environments.
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1. Introduction


Lasers are high-energy, narrow beams with an active mode of transmission and outstanding angular resolution, owing to which, they have become widespread in military applications such as communications, guidance systems, fuzes, active imaging devices, illuminators, target tracking, and remote sensing [1,2]. In particular, lasers are being increasingly applied in land battlefield environments, including in lidar, drones, anti-tank missiles, rockets, bombs, and projectiles [3]. The wavelength of common military lasers (Table 1) is largely in the range of 0.249~12 µm, covering ultraviolet (UV), visible light (VIS), as well as near-infrared (NIR), short-wave infrared (SWIR), mid-wave infrared (MWIR), and long-wave infrared (LWIR) of the infrared (IR) spectrum [3,4,5]. However, when laser devices detect military ground targets, such as battlefield vehicles and troops, laser beams may be absorbed and scattered by smoke screens [6,7,8], fog [9], dust [10], and other aerosol particles encountered in land battlefield environments, potentially deteriorating the detection and recognition performance of the laser. The particle size distribution (PSD) and extinction coefficient, which are two vital optical properties of aerosol particles, are closely related to the attenuation characteristics of laser beams in aerosol environments [11]. However, research on the PSDs and extinction coefficients of aerosol particles in land battlefield environments is in its early stages.



Aerosol particles in land battlefield environments primarily contain smoke screens generated by smoke agents and battlefield dust. A smoke screen acts as a smoke barrier composed of solid or liquid particles suspended in the atmosphere and formed by smoke-forming substances. Smoke screens commonly include graphite, copper powder, iron powder, etc. [12]. Dust refers to airborne particles with a specific size range formed by loose particles on the earth’s surface entering the ambient air under the action of natural or external forces. There are three primary sources of battlefield dust: dust rolled up by wind; ground dust kicked up by moving battlefield vehicles, such as tanks and infantry fighting vehicles; and soil explosion dust scattered by the explosion of shallowly buried or ground attack ammunition [13]. Researchers often use a lognormal distribution to describe the PSD of dust rolled up by wind [14]. For smoke screens and ground dust kicked up by moving battlefield vehicles, scholars have generally adopted generalized gamma, lognormal, Rosin–Rammler, or other PSD functions without assessing or comparing their goodness of fit [15,16]. Moreover, there are few studies on the PSD of soil explosion dust. Researchers have primarily focused on the application of extinction coefficients [17]. For instance, the extinction coefficient has been utilized to calculate the attenuation characteristics of laser beams caused by aerosol particles and monitor the aerosol particles in the air [18,19]. There is limited research on how the extinction coefficient varies with the laser wavelength, particularly in the case of smoke screens, ground dust, and soil explosion dust.



To study the PSDs and extinction coefficients of aerosol particles generated in land battlefield environments, we utilized the laser diffraction method to measure the PSDs of various aerosol particles including graphite smoke screen, copper powder smoke screen, iron powder smoke screen, ground dust, and soil explosion dust. We analyzed the applications and relationships of six common unimodal PSD functions, including the lognormal, generalized gamma, gamma, Rosin–Rammler, exponential, and Rayleigh distributions. Based on the experimental data, we determined the optimal fitting PSD function for each aerosol particle by evaluating the goodness of fit of the six common unimodal PSD functions and a bimodal lognormal PSD function. Using these optimal PSD functions, we calculated and analyzed the extinction coefficients of the aerosol particles in the wavelength range of 0.249~12 μm. This study holds significant promise for advancing research on the optical properties of aerosol particles in land battlefield environments and provides guidance for improving the application of lasers in aerosol environments.




2. Methods


2.1. Aerosol Particle Sampling


To mitigate potential interference from other types of aerosol particles, the graphite, copper, and iron powders used for making smoke agents were directly used as the samples of graphite, copper powder, and iron powder smoke screens to be tested. Ground dust was sampled using a ground dust sampling device (Figure 1a), which comprised a sampler, a vacuum pump, a battery, and a silica gel tube. The VCY6020 series brushless micro vacuum pump was used as the vacuum pump, and the inner diameter of the transparent silica gel tube was 8 mm. The filter membrane was placed in the sampler, and the transparent silica gel tube was connected to the air inlet of the vacuum pump. After the tank had passed by at a speed of 40 km/h, the sampler was immediately placed at a height of 1 m in the ground dust environment and positioned as far away as possible from the location of the tank’s exhaust emissions and diffusion. Then the vacuum pump was started to suck the air containing dust particles into the sampler (Figure 1b). Thereafter, the filter membrane intercepted and adsorbed the dust particles in the air, finally completing the sampling of ground dust.



Samples of soil explosion dust were collected by conducting tests with explosives detonated in three types of soil: silt, silt loam, and sandy loam. Figure 2 shows the schematic of the sampling of soil explosion dust. A volume of ϕ3 × 1 m of soil around the initiation site was backfilled and compacted with three different types of soil. Explosion tests were conducted at a shooting range in Hefei, China. The mass of the explosive (JH-2) was 290 g, and the burial depth was 20 cm. Four transparent plastic Petri dishes with a diameter of 150 mm were uniformly placed 4 m away from the initiation site to collect the soil explosion dust, and then these four Petri dishes of soil explosion dust were evenly mixed to measure the PSD. Under the action of detonation, within a short period, the smoke generated by the explosion dispersed and suspended in the air. Consequently, the predominant aerosol particles collected in the Petri dishes were the soil explosion dust.



The following nine aerosol particle samples (Figure 3) were collected: a sample of graphite smoke screen (GrSS); a sample of copper powder smoke screen (CuSS); a sample of iron powder smoke screen (FeSS); three samples of ground dust collected from Baotou City (GD-Bt, loam), Fangshan District (GD-Fs, silt), and Xuzhou City (GD-Xz, silt loam); and three samples of soil explosion dust (SED-A, silt; SED-B, silt loam; SED-C, sandy loam) from three different types of soil. The scanning electron microscope images (Figure 4) of the aerosol particle samples were captured using an SU5000 scanning electron microscope (Hitachi, Japan).




2.2. PSD Measurement


The PSD of aerosol particles refers to the percentage of each particle size class in terms of the number, mass, volume, length, or area within the total distribution. The percentage basis depends on the measurement method of particle size. PSD measurement methods include microscopy, sieving, sedimentation, electrozone sensing, imaging, spectrophotometry, and laser diffraction [20]. The laser diffraction method has the advantages of broad applicability, high accuracy, good repeatability, and high test speed. Therefore, the PSDs of the aerosol particles collected in this study were measured using a volume-based LA-95V2 Laser Scattering Particle Size Distribution Analyzer (Horiba, Japan) based on the Mie scattering theory with a measuring range of 0.01~3000 µm. Graphite, copper powder, and iron powder smoke screens were dispersed in distilled water, while the ground dust and soil explosion dust were dispersed in sodium hexametaphosphate [21]. Before measuring the particle size, the bubbles in the dispersion medium were excluded, and the background values were measured and deducted. The PSD was obtained after gradually adding the samples for ultrasonic dispersion. Each sample was measured thrice in parallel, and the results were averaged.



The testing report recorded the particle size distribution of the particles and parameter values such as    D  4 , 3    ,    D  10    ,    D  50    ,    D  90     and span. The volume-weighted mean diameter    D  4 , 3     is the prevalent mean value used in the laser diffraction method; it is sensitive to the presence of large particles in the distribution and can be expressed as follows [22]:


   D  4 , 3   =    ∑   n i     D i 4     ∑   n i     D i 3     



(1)




where    n i    is the occurrence frequency of particles in size class  i  with a mean diameter of    D i   . Span is the dimensionless width of the PSD, which reflects the PSD uniformity, and can be calculated as follows [23]:


  S p a n =    D  90   −  D  10     /  D  50    



(2)




where    D  10    ,    D  50    , and    D  90     represent the particle diameters at which particles smaller than these sizes account for 10%, 50%, and 90% of the total volume, respectively.    D  50     also means the median diameter of the cumulative volume distribution. The lower the span value, the narrower the PSD, and the better the uniformity of the aerosol particles.




2.3. Fitting and Evaluation of PSD Functions


The PSD of aerosol particles can be expressed using tabular, graphical, or functional methods. The functional method is the most convenient for modeling and simulation. Common PSD functions for aerosol particles are the normal, lognormal, generalized gamma, gamma, Rosin–Rammler, exponential, and Rayleigh distributions. Because aerosol particles rarely exhibit a normal distribution and are generally asymmetrically distributed, we often take the logarithm of particle size to obtain the lognormal distribution. The generalized gamma distribution was first proposed by Stacy in 1962. The Rosin–Rammler distribution, proposed by Rosin and Rammler in 1933, is also known as the two-parameter Weibull distribution [24]. Table 2 lists the probability density function of each PSD. Here,   Γ ( ⋅ )   is the Gamma function,   x > 0   is the diameter of the aerosol particle,   α > 0   and   β > 0   are the shape parameters,   θ > 0   and   γ > 0   are the scale parameters, and  μ   σ  are the mean and standard deviation of   ln x  , respectively [25]. As shown in Table 2, the generalized gamma distribution can be converted into a gamma distribution (  β = 1  ), Rosin–Rammler distribution (  α = 1  ), exponential distribution (  α = 1  ,   β = 1  ), or Rayleigh distribution (  α = 1  ,   β = 2  ,   θ =  2  γ  ) by taking some special values for  α ,  β , and  θ , and it also evolves into a lognormal distribution as  α  approaches  ∞  [24]. The gamma distribution can be transformed into an exponential distribution (  α = 1  ), and the Rosin–Rammler distribution can be transformed into an exponential distribution (  β = 1  ) or a Rayleigh distribution (  β = 2  ,   θ =  2  γ  ).



Generalized gamma and gamma distributions have been widely used to describe liquid spray drops, clouds, sea fog, and smog [26,27,28]. The Rosin–Rammler distribution is generally utilized to represent the PSD of various widely distributed dust particles produced by crushing, grinding, sieving, and other processes, as well as of fog droplets and smoke [29,30]. An exponential distribution is commonly utilized to represent the PSD of dust particles [31], and a Rayleigh distribution is typically introduced to represent the PSD of fly ash and wear particles [32]. A lognormal distribution is frequently applied to represent the PSD of aerosol particles with a large dispersion, such as marine aerosol particles, dust in natural environments, and fog produced by explosives and small bombs [33]. In this study, the six unimodal functions listed in Table 2 were used to fit the PSD of the nine aerosol particle samples. If the PSD of an aerosol particle exhibited a bimodal distribution, a bimodal lognormal distribution was simultaneously employed for fitting, and the bimodal lognormal probability density function is expressed as follows [34]:


  f ( x ;  μ 1  ,  σ 1  ,  μ 2  ,  σ 2  ) =  w    2 π    σ 1  x   exp   −     ( ln x −  μ 1  )  2    2  σ 1    2      +   1 − w     2 π    σ 2  x   exp   −     ( ln x −  μ 2  )  2    2  σ 2    2       



(3)




where   w ∈ [ 0 , 1 ]   is the weight coefficient between the two peaks;    μ 1  <  μ 2   , are determined by taking the natural logarithm of the diameters corresponding to the two peaks in the bimodal particle size distribution; and    σ 1    and    σ 2    are the standard deviation of the first and second lognormal distribution, respectively.



The OriginPro 2021 software was used to fit the nine aerosol particle samples according to the six PSD functions listed in Table 2 and Formula (3). The goodness of fit of a fitting function typically describes how well it fits a set of observations, or summarizes how close a curve (data points) is to another curve (data points). Statistically, the root mean square error (RMSE) and coefficient of determination R2 are frequently used to compare the goodness of fit of two or more functions. The RMSE and R2 values can be expressed as follows [35]:


  RMSE =       ∑  i = 1  n        y i  −   y ^  i     2     n     



(4)






   R 2  = 1 −   R S S   T S S   = 1 −     ∑  i = 1  n        y i  −   y ^  i     2        ∑  i = 1  n        y i  −  y ¯     2       



(5)




where  n  is the total number of samples; RSS and TSS represent the residual sum of squares and the total sum of squares, respectively;     y ^  i    denotes the predicted value of the ith sample; and    y i   ,   y ¯   are the measured values of the ith sample and the mean of the measured values, respectively. However, a higher value of positive R2 does not necessarily imply a better goodness of fit, as the degree of freedom also affects the R2 value, which will increase if more parameters are introduced, but this does not imply a better goodness of fit [36]. Thus, we used the adjusted R2 as a modified version of R2 accounting for the degrees of freedom to compare the goodness of fit of the different PSD functions in this study. The adjusted R2 can be expressed as follows [36]:


   R a 2  = 1 −   R S S / D O  F  R S S     T S S / D O  F  T S S      



(6)







Here,   D O  F  R S S     and   D O  F  T S S     denote the degrees of freedom of RSS and TSS, respectively.




2.4. Extinction Coefficient Calculation


The extinction coefficient is a fundamental parameter in studying the optical absorption and scattering of laser beams by a medium and represents the total cross section per unit volume [37]. The higher the extinction coefficient, the more severe the attenuation of the laser beams by the aerosol particles. The extinction coefficient of multiple homogeneous aerosol particles at the volume concentration of 1 µm3∙µm−3 can be given by [38,39]:


   u  ext   =    ∫   x  min      x     max         3  2 x       Q  ext   f ( x ) d x  



(7)







Here,  x  is the diameter of the aerosol particle;    x  min     and    x  max     are the minimum and maximum diameters of the aerosol particles, respectively;   f ( x )   denotes the volume-based probability density function of the PSD defined such that      ∫   x  min      x     max        f ( x )    d x = 1  , where   f ( x ) d x   represents the probability that an aerosol particle has a diameter between  x  and   x + d x  ; and    Q  ext     is the extinction efficiency factor of an aerosol particle depending on the diameter  x , wavelength  λ , and complex refractive index  m , which can be expressed by [40]:


   Q  ext   =  2   τ 2      ∑  n = 1  ∞     2 n + 1   Re    a n  +  b n       



(8)







Here,   τ = π x / λ  , is defined as the size parameter;    a n    and    b n    are Mie scattering factors, and can be determined by [41,42]:


   a n  =     ψ ′  n  ( m τ )  ψ n  ( τ ) − m  ψ n  ( m τ )   ψ ′  n  ( τ )     ψ ′  n  ( m τ )  ζ n  ( τ ) − m  ψ n  ( m τ )   ζ ′  n  ( τ )    



(9)






   b n  =   m   ψ ′  n  ( m τ )  ψ n  ( τ ) −  ψ n  ( m τ )   ψ ′  n  ( τ )   m   ψ ′  n  ( m τ )  ζ n  ( τ ) −  ψ n  ( m τ )   ζ ′  n  ( τ )    



(10)







Here,    ψ n    and    ζ n    are Riccati–Bessel functions. In computational programming, an appropriate value  N  for the iteration count in the Formulas (8)~(10) is crucial for balancing computational accuracy and memory efficiency, which can be excellently determined using the following empirical formula [43]:


  N =       τ + 4  τ  1 / 3   + 1     0.02 ≤ τ ≤ 8       τ + 4.05  τ  1 / 3   + 2     8 < τ < 4200       τ + 4  τ  1 / 3   + 2     4200 ≤ τ ≤  20,000         



(11)









3. Results and Discussion


3.1. PSDs of Aerosol Particles


Table 3 presents the characteristic parameters of the reference aerosol particles. Figure 5 shows the volume-based PSD graphics of the nine types of aerosol particles. The smoke screens had a particle size ranging from 0.7 to 50 µm with a volume-weighted mean diameter lower than 10.63 µm, exhibiting a unimodal distribution with the peak particle size ranging from 5.87 to 15.17 µm and a span range of 0.77~1.76. The ground dust had a particle size range of 1~400 µm with a volume-weighted mean diameter range of 26.36~69.71 µm, presenting a unimodal or bimodal PSD with a peak particle size of less than 88.58 µm, and the span was in the range of 2.20~3.48. The soil explosion dust had a particle size range of 1.7~800 μm with a volume-weighted mean diameter range of 70.34~112.28 μm, exhibiting a bimodal PSD with the first peak at tens of microns and the second peak at hundreds of microns, the span being 2.03~11.35. Overall, the PSDs of the dust had wider widths and higher span values with poor uniformity. In particular, SED-A had the worst uniformity with a span value of 11.35, whereas the PSDs of the smoke screens had narrower widths with lower span values, and the uniformity of the particle size was better than that of dust.




3.2. Goodness of Fit of PSD Functions


Figure 6 shows the RMSE and adjusted R2 values of the PSD functions listed in Table 2 used for fitting the PSDs of the graphite smoke screen, copper powder smoke screen, iron powder smoke screen, ground dust, and soil explosion dust. The RMSE values of the exponential and Rayleigh distributions were higher than those of the lognormal, generalized gamma, gamma, and Rosin–Rammler distributions (Figure 6a). The RMSE values of the Rosin–Rammler distribution were higher than those of the gamma distribution. The RMSE values of the lognormal distribution were very close to those of the generalized gamma distribution, and their RMSE values were essentially the minimum among the six PSD functions. Because the RMSE is the average distance between the values predicted by the fitting curve and the measured values, taking values in the range [0, +∞), the lower the RMSE, the better the goodness of fit of the fitting function [44]. Thus, a comparison of the RMSE values indicated that the unimodal PSD functions with the optimal goodness of fit for fitting these aerosol particles were the lognormal and generalized gamma distributions, followed by the gamma and Rosin–Rammler distributions; the worst were the exponential and Rayleigh distributions.



The adjusted R2 values of the exponential and Rayleigh distributions were partially negative (Figure 6b), indicating that their goodness of fit was worse than the average line or that their PSD functions omitted a constant [45]. Their adjusted R2 values were chiefly less than those of the lognormal, generalized gamma, gamma, and Rosin–Rammler distributions. The adjusted R2 values of the Rosin–Rammler distribution were lower than those of the gamma distribution. The adjusted R2 values of the lognormal distribution were very close to those of the generalized gamma distribution, and their adjusted R2 values ranged from 0.775 to 0.997, which mainly represented the maximum among the six PSD functions. The fitting curves of the lognormal and generalized gamma distributions essentially coincided (Figure 7). The positive adjusted R2 is a percentage of the response variable variation explained by the fitting function, and the closer R2 is to 1, the better the goodness of fit of the fitting function. The results obtained by comparing the adjusted R2 values were consistent with those obtained by comparing the RMSE values. Furthermore, the adjusted R2 values of the lognormal and gamma distributions, when used to fit the aerosol particles exhibiting a unimodal distribution and a bimodal distribution with a high span value of 11.35, ranged from 0.956 to 0.997, which was remarkably close to 1. However, for aerosol particles with a bimodal distribution and low span values of no more than 4.0, the adjusted R2 values of the lognormal and gamma distributions ranged from 0.775 to 0.852.



The aforementioned analyses showed that the exponential and Rayleigh distributions are generally unsuitable for fitting the PSDs of aerosol particles in land battlefield environments. Consequently, we further evaluated the parameters of the lognormal, generalized gamma, gamma, and Rosin–Rammler distributions to fit the PSDs of the reference aerosol particles. In statistics, the p-value is the probability of obtaining results at least as extreme as the observed results of a statistical hypothesis test, assuming that the null hypothesis is correct. If the p-value is less than the significance level of 0.0001, it indicates sufficient evidence to reject the null hypothesis. The p-values of the F-test for function fitting of the four probability density functions were all less than the significance level of 0.0001, indicating that the four PSD fitting functions were significantly better than linear curves. The p-values of the t-test for the parameter values of lognormal, gamma, and Rosin–Rammler probability density functions were less than the significance level of 0.0001, indicating sufficient evidence to reject the null hypothesis that the parameter was equal to zero (Table 4). However, some of the p-values of the t-test for the parameters of the generalized gamma distribution were greater than the significance level of 0.1, and most of the scale parameters  θ  were very close to 0. Moreover, the dependency values of each parameter were close to 1, indicating that the parameter of the generalized gamma distribution may be redundant. Additionally, because obtaining an optimal parameter initialization value for the generalized gamma distribution proved challenging, we initially employed the Downhill Simplex algorithm to approximate the parameter values for subsequent fitting calculations using the Levenberg–Marquardt algorithm when fitting the PSDs of reference aerosol particles using the OriginPro 2021 software. However, the Downhill Simplex algorithm is generally slower than the Levenberg–Marquardt algorithm, particularly when approaching a local minimum [46].



Table 5 shows the parameter values of bimodal lognormal probability density functions for fitting the aerosol particles with a bimodal distribution. The p-value of the parameter values and fitting bimodal lognormal probability density functions were all less than the significance level of 0.0001. The RMSE and adjusted R2 value ranges of bimodal lognormal probability density functions were 0.093~0.209%∙µm−1 (Figure 8a) and 0.938~0.980 (Figure 8b), respectively. Comparing the RMSE and adjusted R2 values between lognormal and bimodal lognormal PSD functions indicated that the bimodal lognormal PSD functions exhibited better goodness of fit than lognormal PSD functions for fitting aerosol particles with a bimodal PSD, excepting for SED-A with a higher span value of 11.354 (Figure 8).



In summary, compared to generalized gamma, exponential and Rayleigh PSD functions, lognormal, gamma, and Rosin–Rammler PSD functions were more suitable for fitting the PSDs of aerosol particles in land battlefield environments, with their goodness of fit decreasing in the following order. The goodness of fit of these three PSD functions for the aerosol particles with a unimodal PSD was better than that in the case of a bimodal PSD unless the aerosol particles with the bimodal PSD had a high span value, such as the SED-A with a span value of 11.354 (Figure 9). For the bimodal aerosol particles with a span value of no more than 4.0, the bimodal lognormal PSD functions exhibited better goodness of fit than the lognormal PSD functions (Figure 9d,h,i).




3.3. Extinction Coefficients of Aerosol Particles


Based on the results described in Section 3.2, we utilized fitting bimodal lognormal PSD functions of GD-Bt, SED-B, SED-C and fitting lognormal PSD functions of the remaining aerosol particles to calculate their extinction coefficients in the wavelength range of 0.249~12 µm. Figure 10 shows the complex refractive indices of the graphite smoke screen, copper powder smoke screen, iron powder smoke screen, ground dust, and soil explosion dust in the laser wavelength range of 0.249~12 µm [47,48]. In this wavelength range, the extinction coefficient ranges for graphite smoke screen, copper powder smoke screen, iron powder smoke screen, ground dust, and soil explosion dust at the volume concentration of 1      μ m   3  ·    μ m    − 3     were 0.717~0.932, 0.439~0.508, 0.357~0.444, 0.081~0.339, and 0.061~0.227 µm−1, respectively (Figure 11). Notably, at the same laser wavelength and volume concentration, the graphite powder smoke screen exhibited the highest extinction coefficient, followed by the copper powder and iron powder smoke screens, whereas those of the ground dust and soil explosion dust were the lowest. In other words, the attenuation effects of the graphite, copper powder, and iron powder smoke screens on the laser beam transmission were more significant than those of ground dust and soil explosion dust. Additionally, the extinction coefficients of ground dust and soil explosion dust showed similar trends with respect to wavelength variation: (a) in the UV, VIS, and NIR bands (0.249~1.4 μm), their extinction coefficients roughly increased with wavelength; (b) in the SWIR, MWIR, and LWIR bands (1.4~12 μm), their extinction coefficients exhibited oscillatory variations with wavelength and showed trough values of approximately 3, 6.2, and 8.2 μm, respectively; and (c) their extinction coefficients reached a minimum at a wavelength of approximately 8.2 μm, followed by the region near a wavelength of 6.2 μm. Therefore, when prioritizing the anti-interference capabilities of laser detection and identification in ground dust or soil explosion dust environments, laser devices operating at wavelengths near 6.2 μm and 8.2 μm should be the optimal choices.





4. Conclusions


In this study, we measured and fitted the particle size distributions (PSDs) of graphite smoke screens, copper powder smoke screens, iron powder smoke screens, ground dust, and soil explosion dust in land battlefield environments. Additionally, we utilized the optimal PSD functions for fitting the reference aerosol particles to calculate and evaluate their extinction coefficients in the wavelength range of 0.249~12 μm. The following conclusions can be drawn from the results:



(1) The particle size ranges of smoke screens, ground dust, and soil explosion dust were 0.7~50 µm, 1~400 µm, and 1.7~800 μm, respectively. The spans of the ground dust and soil explosion dust were greater than those of the smoke screens, with a wide PSD width and poor uniformity. The smoke screens and soil explosion dust exhibited unimodal and bimodal PSDs, respectively, whereas the ground dust exhibited a unimodal or bimodal PSD.



(2) By comparing the root mean square error (RMSE) and adjusted R2, the lognormal, gamma, and Rosin–Rammler distributions were better suited for describing the PSDs of the aerosol particles, with their goodness of fit decreasing in this order. For the aerosol particles exhibiting bimodal PSDs with a lower span value (≤4.0), bimodal lognormal distributions had the best goodness of fit.



(3) For the same laser wavelength (within 0.249~12 µm) and volume concentration (1 µm3∙µm−3), the graphite smoke screen exhibited the highest extinction coefficient (0.717~0.932 µm−1), followed by the copper powder smoke screen (0.439~0.508 µm−1) and iron powder smoke screen (0.357~0.444 µm−1). In contrast, the extinction coefficients were lowest for the ground dust (0.081~0.339 µm−1) and soil explosion dust (0.061~0.227 µm−1). Specifically, these extinction coefficients reached their minimum values at a wavelength of 8.2 μm, followed by the region near a wavelength of 6.2 μm.



The measurement of aerosol particle size by the laser diffraction method relies on the practical and convenient assumptions that every particle is a sphere and that the measured samples are sufficiently discrete without any aggregation. The reported particle diameter is typically equivalent to a spherical diameter. This is essentially taking the physically measured scattered light value and determining the diameter of the sphere that could produce the data. At present, assuming a non-spherical aerosol particle to be spherical in the whole data treatment is widely used to determine the extinction coefficient [49,50]. Future measuring instruments and techniques are expected to further enhance the accuracy of particle size measurements. In summary, this study provides data to support further research on the attenuation characteristics of lasers caused by aerosol particles in land battlefield environments.
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Figure 1. Ground dust sampling: (a) physical diagram of ground dust sampling device; (b) real scene of ground dust sampling. 
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Figure 2. Schematic of soil explosion dust sampling. 
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Figure 3. Physical images of aerosol particle samples. GrSS, CuSS, and FeSS, respectively, represent the graphite, copper powder, and iron powder smoke screen samples; GD-Bt, GD-Fs, and GD-Xz, respectively, represent the ground dust samples collected from Baotou City, Fangshan District, and Xuzhou City, with soil types of loam, silt, and silt loam; SED-A, SED-B, and SED-C, respectively, represent the soil explosion dust samples collected from explosives blasted in silt, silt loam, and sandy loam. 
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Figure 4. Scanning electron microscope images of aerosol particle samples. GrSS, CuSS, and FeSS, respectively, represent the graphite, copper powder, and iron powder smoke screen samples; GD-Bt, GD-Fs, and GD-Xz, respectively, represent the ground dust samples collected from Baotou City, Fangshan District, and Xuzhou City, with soil types of loam, silt, and silt loam; SED-A, SED-B, and SED-C, respectively, represent the soil explosion dust samples collected from explosives blasted in silt, silt loam, and sandy loam. 
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Figure 5. Volume-based PSD graphics of reference aerosol particles: (a) graphite smoke screen (GrSS); (b) copper powder smoke screen (CuSS); (c) iron powder smoke screen (FeSS); (d) ground dust collected from Baotou City (GD-Bt, loam); (e) ground dust collected from Fangshan District (GD-Fs, silt); (f) ground dust collected from Xuzhou City (GD-Xz, silt loam); (g) soil explosion dust collected from explosives blasted in silt (SED-A); (h) soil explosion dust collected from explosives blasted in silt loam (SED-B); and (i) soil explosion dust collected from explosives blasted in sandy loam (SED-C). 
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Figure 6. Heatmap of the RMSE and adjusted R2: (a) RMSE; (b) adjusted R2. LGN, GG, gamma, R-R, Exp, and Ra refer to the lognormal, generalized gamma, gamma, Rosin–Rammler, exponential, and Rayleigh distributions, respectively. GrSS, CuSS, and FeSS, respectively, represent the graphite, copper powder, and iron powder smoke screen samples; GD-Bt, GD-Fs, and GD-Xz, respectively, represent the ground dust samples collected from Baotou City, Fangshan District, and Xuzhou City, with soil types of loam, silt, and silt loam; SED-A, SED-B, and SED-C, respectively, represent the soil explosion dust samples collected from explosives blasted in silt, silt loam, and sandy loam. 
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Figure 7. Comparison between lognormal and generalized distributions for fitting reference aerosol particles: (a) graphite smoke screen (GrSS); (b) copper powder smoke screen (CuSS); (c) iron powder smoke screen (FeSS); (d) ground dust collected from Baotou City (GD-Bt, loam); (e) ground dust collected from Fangshan District (GD-Fs, silt); (f) ground dust collected from Xuzhou City (GD-Xz, silt loam); (g) soil explosion dust collected from explosives blasted in silt (SED-A); (h) soil explosion dust collected from explosives blasted in silt loam (SED-B); and (i) soil explosion dust collected from explosives blasted in sandy loam (SED-C). 
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Figure 8. Comparisons of the RMSE and adjusted R2 values between lognormal and bimodal lognormal PSD functions for fitting aerosol particles with a bimodal distribution: (a) RMSE; (b) adjusted R2. GD-Bt represents the ground dust samples collected from Baotou City with soil types of loam; SED-A, SED-B, and SED-C, respectively, represent the soil explosion dust samples collected from explosives blasted in silt, silt loam, and sandy loam. 
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Figure 9. Fitting curves of the lognormal, gamma, and Rosin–Rammler distributions for reference aerosol particles: (a) graphite smoke screen (GrSS); (b) copper powder smoke screen (CuSS); (c) iron powder smoke screen (FeSS); (d) ground dust collected from Baotou City (GD-Bt, loam); (e) ground dust collected from Fangshan District (GD-Fs, silt); (f) ground dust collected from Xuzhou City (GD-Xz, silt loam); (g) soil explosion dust collected from explosives blasted in silt (SED-A); (h) soil explosion dust collected from explosives blasted in silt loam (SED-B); and (i) soil explosion dust collected from explosives blasted in sandy loam (SED-C). 
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Figure 10. Complex refractive indices of reference aerosol particles: (a) real part depicted with a solid line; (b) imaginary part depicted with a dashed line. UV, VIS, NIR, SWIR, MWIR, and LWIR, respectively, refer to ultraviolet, visible light, near-infrared, short-wave infrared, mid-wave infrared, and long-wave infrared. GrSS, CuSS, and FeSS represent the graphite, copper powder, and iron powder smoke screen samples, respectively. 
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Figure 11. Extinction coefficients of reference aerosol particles at the volume concentration of 1 µm3∙µm−3 in the wavelength range of 0.249~12 µm. GrSS, CuSS, and FeSS, respectively, represent the graphite, copper powder, and iron powder smoke screen samples; GD-Bt, GD-Fs, and GD-Xz, respectively, represent the ground dust samples collected from Baotou City, Fangshan District, and Xuzhou City, with soil types of loam, silt, and silt loam; SED-A, SED-B, and SED-C, respectively, represent the soil explosion dust samples collected from explosives blasted in silt, silt loam, and sandy loam. 
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Table 1. Wavelengths of common military lasers.
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Classification

	
Wavelength

Range/µm

	
Typical Laser

Wavelength/µm






	
Ultraviolet (UV)

	
0.249~0.38

	
0.249




	
Visible light (VIS)

	
0.38~0.75

	
0.532, 0.694




	
Infrared (IR)

	
Near-infrared (NIR)

	
0.75~1.4

	
0.905, 1.06




	
Short-wave infrared (SWIR)

	
1.4~3

	
1.55, 2




	
Mid-wave infrared (MWIR)

	
3~6

	
4.6




	
Long-wave infrared (LWIR)

	
6~12

	
10.6











 





Table 2. Probability density functions [24] of various PSDs commonly employed for aerosol particles.
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	Function Name
	Probability Density Function
	Scale

Parameter
	Shape

Parameter
	Shape or Location

Parameter





	Generalized Gamma
	   f ( x ; α , β , θ ) =   β  x  α β − 1      θ  α β   Γ ( α )    e  −     x / θ    β      
	  θ  
	  α  
	  β  



	Gamma
	   f ( x ; α , θ ) =    x  α − 1      θ α  Γ ( α )    e  − x / θ     
	  θ  
	  α  
	   β = 1   



	Rosin–Rammler
	   f ( x ; β , θ ) =   β  x  β − 1      θ β     e  −   ( x / θ )  β      
	  θ  
	   α = 1   
	  β  



	Exponential
	   f ( x ; θ ) =  1 θ   e  − x / θ     
	  θ  
	   α = 1   
	   β = 1   



	Rayleigh
	   f ( x ; γ ) =  x   γ 2    exp   −    x 2    2  γ 2        
	   θ =  2  γ   
	   α = 1   
	   β = 2   



	Lognormal
	   f ( x ; μ , σ ) =  1    2 π   σ x   exp   −     ( ln x − μ )  2    2  σ 2        
	  σ  
	   α → ∞   
	  μ  










 





Table 3. PSD characteristic parameters of reference aerosol particles. GrSS, CuSS, and FeSS, respectively, represent the graphite, copper powder, and iron powder smoke screen samples; GD-Bt, GD-Fs, and GD-Xz, respectively, represent the ground dust samples collected from Baotou City, Fangshan District, and Xuzhou City, with soil types of loam, silt, and silt loam; SED-A, SED-B, and SED-C, respectively, represent the soil explosion dust samples collected from explosives blasted in silt, silt loam, and sandy loam. Dpeak refers to the diameter corresponding to the peak value of PSD; D4,3 refers to the volume-weighted mean diameter; D10, D50, and D90 represent the particle diameters at which particles smaller than these sizes account for the 10%, 50%, and 90% of the total volume, respectively.
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	Sample
	Characteristic
	    D  peak     /µm
	    D  4 , 3     /µm
	    D  10     /µm
	    D  50     /µm
	    D  90     /µm
	Span





	GrSS
	Unimodal
	5.87
	5.56
	2.70
	5.09
	9.16
	1.27



	CuSS
	Unimodal
	8.82
	6.95
	5.12
	7.60
	10.96
	0.77



	FeSS
	Unimodal
	15.17
	10.63
	4.07
	10.42
	22.42
	1.76



	GD-Bt
	Bimodal
	11.56, 88.58
	69.71
	6.74
	49.84
	168.81
	3.25



	GD-Fs
	Unimodal
	13.25
	26.36
	5.71
	14.85
	57.43
	3.48



	GD-Xz
	Unimodal
	44.94
	32.82
	8.69
	26.26
	66.54
	2.20



	SED-A
	Bimodal
	26.11, 517.20
	70.34
	9.10
	23.14
	271.85
	11.35



	SED-B
	Bimodal
	13.25, 200.00
	106.57
	7.20
	63.60
	261.35
	4.00



	SED-C
	Bimodal
	34.25, 174.62
	112.28
	14.10
	104.43
	226.48
	2.03










 





Table 4. Parameter values of PSD functions for fitting reference aerosol particles using the OriginPro 2021 software. The superscript of the parameter value represents its p-values for the t-test, and the p-value less than 0.0001 is omitted. GrSS, CuSS, and FeSS, respectively, represent the graphite, copper powder, and iron powder smoke screen samples; GD-Bt, GD-Fs, and GD-Xz, respectively, represent the ground dust samples collected from Baotou City, Fangshan District, and Xuzhou City, with soil types of loam, silt, and silt loam; SED-A, SED-B, and SED-C, respectively, represent the soil explosion dust samples collected from explosives blasted in silt, silt loam, and sandy loam.
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	Aerosol

Particle
	Lognormal

     μ , σ     
	Generalized Gamma

     α , β , θ     
	Gamma

     α , θ     
	Rosin–Rammler

     β , θ     





	GrSS
	(1.63, 0.50)
	(138.49, 0.17, 2.23 × 10−12)
	(4.91, 1.10)
	(2.57, 5.78)



	CuSS
	(2.03, 0.31)
	(137.65, 0.28, 1.72 × 10−7)
	(11.47, 0.68)
	(3.91, 8.22)



	FeSS
	(2.36, 0.75)
	(7.140.4, 0.550.1, 0.330.8)
	(2.63, 4.47)
	(1.88, 12.53)



	GD-Bt
	(3.46, 1.22)
	[139.63, 0.07, (2.90 × 10−29)0.01]
	(1.36, 29.22)
	(1.20, 43.45)



	GD-Fs
	(2.71, 0.77)
	[136.580.1, 0.11, (1.99 × 10−18)0.8]
	(2.54, 6.49)
	(1.83, 17.60)



	GD-Xz
	(3.25, 0.86)
	(139.66, 0.10, 1.40 × 10−20)
	(2.17, 13.53)
	(1.66, 31.57)



	SED-A
	(3.15, 0.74)
	[17.46, 0.35, (6.36 × 10−3)0.6]
	(2.73, 9.35)
	(1.92, 27.02)



	SED-B
	(3.24, 1.02)
	[138.26, 0.09, (1.73 × 10−24)0.6]
	(1.61, 19.06)
	(1.29, 35.26)



	SED-C
	(4.30, 1.30)
	[141.03, 0.07, (1.68 × 10−31)0.7]
	(1.10, 89.38)
	(1.05, 102.6)










 





Table 5. Parameter values of bimodal lognormal probability density functions for fitting the aerosol particles with a bimodal distribution. GD-Bt represents the ground dust samples collected from Baotou City with soil types of loam; SED-A, SED-B, and SED-C, respectively, represent the soil explosion dust samples collected from explosives blasted in silt, silt loam, and sandy loam.
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	Aerosol Particle
	   w   
	     μ 1     
	     σ 1     
	     μ 2     
	     σ 2     





	GD-Bt
	0.25
	2.45
	0.62
	4.48
	1.76



	SED-A
	1.00
	3.26
	0.80
	6.25
	0.01



	SED-B
	0.54
	2.58
	0.68
	5.30
	0.52



	SED-C
	0.55
	3.53
	0.96
	5.16
	0.34
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