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ABSTRACT 

Surface dust blown by a lunar lander can spoof sensors and damage lander and other surface and orbital assets. Since 

many countries seek to use and leverage the Moon in the coming decades, this is potentially a defense issue. Empirical 

data on Plume Surface Interactions (PSI) from lander-mounted instruments are needed to determine particle size 

distributions. We report a feasibility study of laser light-scattering for particle sizing. Calculations suggest that 

distributions of particle sizes in the range 0.1 to 10 microns can be accurately determined from laser-propagation 

decay using 4 to 8 wavelengths between 0.4 to 2 microns. Lab standards have been created based on calibrated showers 

of silica spheres and known concentrations and sizes of SiC grit in resin rods. Experiments were performed using 

lasers from 0.4 to 10 micron wavelength. For visible wavelengths, a point Si detector or images taken with a Si CCD 

camera were used to record scattered intensity vs propagation distance. At long-wave infrared, a pyroelectric detector 

or bolometer array were used. Characteristic decay lengths were determined by an algebraic sliding aperture method 

suitable for rapid and automated analysis. The experiments confirm theoretical expectations for Mie scattering by 

simple distributions of spherical particles. These results inform future experiments for testing the inverse problem of 

extracting more complicated size distributions from decay lengths measured using multiple wavelengths.   

 

1. INTRODUCTION 

Lunar lander plume ejecta transport is poorly understood. Problems include soil erosion under conditions of supersonic 

flow, transitionally rarefied gas lacking viscosity and lacking a conventional boundary layer or turbulence spectrum, 

low gravity, and irregular particles unsmoothed by conventional weathering [1]. Empirical data is needed to inform 

models and solve the erosion physics.   

Flow codes predict plume-surface interaction (PSI) phenomena [2-4], but unsolved parts are represented by empirical 

correlations [5-10], and the data remain severely limited. Terrestrial granular physics experiments must discard parts 

of the physics when scaling to the smallest needed grain size. Injecting large-scale supersonic gas plumes into a 

chamber under lunar vacuum and simulated low gravity is impractical. Therefore, high-quality data must be collected 

from actual Moon landings. 

Lunar dust clouds have a broad distribution of particle sizes, spanning many orders of magnitude and traveling with 

relative velocities correlated to their sizes [11-13]. Size-dependent scattering [14] and size segregation [15] determine 

local size distributions of entrained particulates and the local momentum transfer between the particles and plume 

gases. Ultimately, this particle-scale behavior governs the ejecta transport and is included in NASA’s Gas Granular 

Flow Solver [3,4], but particle-scale lander-plume measurements are still needed.  

Damage to surface assets by plume-blown dust was revealed in returned coupons from Lunar Surveyor III, which was 

scoured and pitted by dust during Apollo 12’s Lunar Module (LM) landing [15]. Some fraction of the dust may reach 

escape velocities [16] and altitudes at which they can even damage orbital assets.  Dust clouds obscure the view of 

optical sensors [17]. 

Many countries seek to use and leverage the Moon. Damage caused by blown dust may ignite international conflicts, 

or it may prevent the establishment of permanent bases. The scientific value of the eroded surface is compromised. 

The temporally and spatially variable particle size distribution in lunar plumes has never been measured accurately. 

Estimates depend heavily on assumptions and modeling. Accurate data is to predict and prevent damage, answer 

Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http://SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact authorhelp@spie.org with any questions or concerns.

12110 - 2 V. 3 (p.1 of 8) / Color: No / Format: Letter / Date: 3/8/2022 1:04:28 PM

SPIE USE: ____ DB Check, ____ Prod Check, Notes:



questions about transport, constrain models, reveal soil erosion rates, and understand size segregation. A lander-

mounted laser-based particle sizer can help provide such data.  

We report calculations that determine particle size distributions from a laser propagation decay at a number of 

wavelengths.  A significant result is that relevant distributions can be accurately determined using as few as 4 visible 

and near IR wavelengths. Laboratory experiments on scattering standards validate the theory and inform the design of 

a lander-mounted system to acquire beam propagation lengths under various known monodisperse size, concentration, 

mineralogy, and wavelength regimes. An algebraic means of extracting beam propagation decay lengths from images 

of scattered light was demonstrated with potential application to real-time analysis.   

 

2.  THEORY 

For homogeneous distributions in the single-particle scattering limit, the beam intensity decays exponentially with 

distance z as Exp(-() z) [18], where the decay constant is 

 

n(a) da is the number of particles with radius between a and a + da per unit volume. The units of  are inverse length, 

and -1 is the characteristic beam propagation decay length. The extinction efficiency factor Qext is the ratio of 

extinction cross section to physical cross section a2 for spheres.  For given optical constants of the mineral, and 

assuming spheres, it is a universal function of the dimensionless parameter x = 2 a/. 

Figure 1 (left) presents a plot of Qext vs x for two values of real index m. The curve rises as x4 in the small-x Rayleigh 

regime [18, sec 6.31], followed by a series of diminishing oscillations that converge on the value 2. For larger index, 

the oscillation period shortens, and the curve contracts toward smaller x. For the common lunar mineral Olivine with 

m = 1.7, the peak occurs near x = 3. For the complicated mineralogy of the space-weathered lunar regolith featuring 

randomly shaped and oriented particles, we expect the ringing in Qext to be smeared out. We may reasonably suppose 

that Qext(x) should rise sharply up to a value of about 3 near x = 3, and then drop smoothly to the value of 2 by x ~ 40. 

 

Figure 1. (left) single-particle Qext(x) for the indicated real indices and hypothetical curve for a mixture.  (right) Extinction 

efficiency factor as function of particle radius for two wavelengths.  

A mathematical representation of a hypothetical smoothed Qext(x) function is useful for calculations. Lacking 

information on the actual curve, an ad hoc function that approximates the likely shape will suffice. Figure 1 (right) 

presents a plot of such a function comprising the sum of two terms. First, a sin4(x) function captures the expected x4 

dependence in the small-x Rayleigh regime, followed by a transition to a rounded peak. The coefficient in Rayleigh 

scattering is of order unity and independent of wavelength if there is no dispersion. A Heaviside factor truncates the 

oscillations beyond half a period. The second term is an offset decaying exponential with a second Heaviside factor 

to truncate below x ~ 3. The Heaviside functions are represented by 1/(1+exp(-b(x-x0)), and unity minus this function, 

where the constants b and x0 are manually adjusted for each to obtain a reasonable shape. Figure 1 (right) presents the 

Qext curves as a function of particle radius for two wavelengths. Each curve peaks at ~ /2. Beyond the peak, the 

transition to the value 2 is slower for the longer wavelength.   
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Figure 2 (left) presents a log-log plot of the extinction cross section a2Qext. For radii a < ~/2, the curves rise with a 

as ~300−a6. For a > ~/2, the curves rise more slowly as 2a2, independent of . To estimate the extinction constant 

(), it is necessary to integrate the product of the cross section curves and particle density. While scattering theory 

is presented in terms of particle radius a, number density data is usually presented in terms of particle diameter D = 

2a. Figure 2 (right) presents probability density for a lunar soil sample determined from data published in [19]. In that 

paper, data for the unitless probability function Plog = (1/nT)dn/d[log(D)] was plotted, where nT is the total particle 

concentration. The probability density is given by Plin(D) = Plog/D, which has units of inverse length. The number 

density of particles with diameters between D and D+dD is then nT Plin(D) dD. 

 

Figure 2.  (left) Extinction cross section vs particle radius for two wavelengths. (right) Representative size probability 

density of a lunar soil sample [19]. 

Figure 3 presents a plot for the product of probability density and extinction cross section based on the curves in Figure 

2 (left) and the lunar size distribution points in Figure 2 (right) for wavelengths 0.4 and 1 m. The curves represent 

the integrand of Eq. (1).   

A first observation from Figure 3 is that for diameter greater than about 0.6 times the longer wavelength, the two 

curves are identical. That is because Qext = 2a2 is the same for both curves from about this point onward, according 

to Figure 2 (left). 

 

 

Figure 3.  Integrand of Eq. (1) at two wavelengths for a lunar soil size distribution 

A second observation is that particles with diameters less than about 0.2  contribute almost nothing to the integral 

and decay constant. This means that the lower integration limit in Eq. (1) may be set to this value. The error associated 

with this choice is much less than any likely experimental uncertainties.   
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A third observation is that the values of ()/nT are the areas A() under the respective curves for the given size 

probability distribution. Values for this integral given in the legend were obtained using Origin plotting software and 

were checked by graphical estimation. Thus, for the assumed particle distribution, a measurement of () gives the 

concentration of particles with diameters greater than /2. In other words, n(D > /2) = ()/A(). Alternatively, if a 

homogeneous dust cloud with the same size probability distribution contains 10000 per cc of particles diameter 

exceeding /2, then the propagation decay length is 13 meters at 0.4 m wavelength. This informs the feasibility for 

imaging laser propagation from a lander mounted camera.   

By measuring () using lasers of various wavelengths, one may map out the relative probability distribution in an 

approach that is similar to finding size distributions by sieving. If we enumerate and order the wavelengths by the 

index i, then by Eq. (1) we have 

𝜇(𝜆𝑖+1)  −  𝜇(𝜆𝑖)  =  (
𝜋𝑛𝑇
4

)𝑃(𝐷𝑖)∫ [𝑄𝑒𝑥𝑡(𝐷, 𝜆𝑖+1) − 𝑄𝑒𝑥𝑡(𝐷, 𝜆𝑖)]𝐷
2𝑑𝐷           (2)

0.6𝜆𝑖+1

0.2𝜆𝑖

 

The lower limit on the integral for (i+1) was reduced from 0.2 i+1 to 0.2 i, which has essentially no effect on the 

result. The integrand is a universal function of D/ and gives a number Ai that should be weakly dependent on the 

exact values of the limits. Note that the bracketed quantity in the integral is negative as is the left side of Eq. (2). After 

making some obvious simplifications in notation, the probability density is 

𝑃(𝐷𝑖) = (
4

𝜋𝑛𝑇
)
𝜇𝑖+1 − 𝜇𝑖

𝐴𝑖

         .                                                            (3) 

Both numerator and denominator of Eq. (3) are negative, so P(Di) is positive. Until nT is known, Eq. (3) gives relative 

probabilities. Such information would already tell something about size segregation and whether the dust distribution 

differs significantly from that of typical soil. Knowing the relative probabilities, the total concentration nT for particles 

of all sizes might be independently determined from the brightness of scattered light of one wavelength at a given 

point in the plume. 

An alternate approach is based on matrix inversion. We consider imax discrete laser wavelengths and the same number 

of discrete particle size bins aj with widths aj. This gives imax unknowns nj = n(aj)aj, which are the number of 

particles per unit volume in each bin. We have the same number of equations for the measured i = (i), namely 

𝜇𝑖 = ∑  𝜋𝑎𝑗
2𝑄𝑒𝑥𝑡(𝑎𝑗 , 𝜆𝑖) 𝑛𝑗𝑗 = 𝐴𝑖𝑗𝑛𝑗 .    (4) 

In the last equality, summation over the j size bins is implied, and the extinction cross section matrix 𝐴𝑖𝑗 =

 𝜋𝑎𝑗
2𝑄𝑒𝑥𝑡(𝑎𝑗 , 𝜆𝑖). The solution to our problem is 𝑛𝑗 = 𝐴𝑖𝑗

−1 𝜇𝑖. The expected rapid decrease in nj as aj increases 

complicates the inversion to find nj. A solution [20] factors the probability distribution into a power law h(D) times a 

slow modulation f(D), which can be solved for. Figure 4 (left) shows that with as few as four wavelengths between 

0.4 and 1.8 m, this method reproduces a model probability distribution for lunar soil [21]. Figure 4 (right), a semi-

log plot of contribution to opacity (D2/4) P(D) for dD = 1 m, shows results for a more sharply peaked distribution 

that is depleted of large particles. For this more rapidly varying situation more wavelengths are needed. 

  

Figure 4. Particle diameter probability distribution for lunar soil PL(D) with fast power law hL(D) and symbols for the 

best-fit solution with four laser wavelengths.  (right) Solution for distribution depleted of large particles. 
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3. EXPERIMENT 

We investigated two designs for laboratory standards. In the first, we dispersed SiC polishing grit in polyester resin, 

which was poured into molds and cured in the shape of rods. In the second, we dropped a shower of SiO2 beads from 

a linear sieve. Photographs of these are presented in Figure 7.  Scattered intensity was measured by translating a point 

detector or from images. 

 

          

Figure 5.  (left) Sliding point detector apparatus. (right) Bead fall set up. 

 

Particle number density n(D)dD is one of the key parameters in determining the decay constants, according to Eq. (1). 

For identical particles with individual mass mp mixed into a volume V of resin the number density is N = M/mpV, 

where M is the total mass of grit added to the liquid resin. The number density of particles that fall from a linear sieve 

is  

     (5) 

The numerator is the rate of mass of particles that are falling, which is measured with a scale and a timer. For a linear 

sieve, L is its length, W its width, g the acceleration of gravity, and z the distance of the beam below the openings that 

dispense the particles. 

Our scattering experiments occurred in radius/wavelength regimes where the parameter x is at least 44 for SiC in resin, 

and up to 1300 for the glass bead fall. SiC’s high 2.64 index scaled by the resin index 1.54 gives a relative index 1.7. 

Then according to Figure 1 (left), we may take extinction efficiency factor in all cases to have the value 2.  

We used an algebraic method to determine the decay constant from the measured scattered intensity I(x) as a function 

of distance x. The method involves no fitting routine, so that it may be fast and automated, and it is called the sliding 

aperture (SLAP) transform [22]. An experimental challenge is that the measured scattered laser intensity always sits 

on a background signal, e.g. scattered sunlight or electrical offset. This background is difficult to define, especially 

from the measured transient itself, and it adds an additional fitting factor and source of uncertainty that affects the 

determined value of . SLAP extracts decay rates independent of any unknown background.  Scattered intensity I is 

measured at evenly spaced intervals along the beam path xm = m x, giving intensity and rate vectors Im = I(xm) and 

rm ≡ 1/xm. The SLAP transformed data with “aperture” = 2 is Xm = X(rm) ≡ I(2/rm) - I(1/rm) = I2m - Im. A pure exponential 

decay with initial starting intensity I(0) and baseline I0, i.e. I(x) = I(0) exp(-μx) + I0, is SLAP transformed into a vector 

of values for the SLAP function of the rate vector as Xm = I(0) (exp(-2 μ/rm) - exp(-μ/rm)), which has a maximum value 

Xmax = I(0)[exp(-2 σx ) - exp(-σx)] = I(0) σy at the rate rmax = /ln(2) = μ/σx. The peak location in a plot of X⁄σy vs σxr 

gives the decay rate . The value of the SLAP function at the peak gives the initial value of the decay I(0) above the 

unknown baseline. 
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Figure 6 (left) presents an example scattering decay curve measured for a resin rod by the translated detector method 

with the parameters given in the figure text. We typically observe no polarization dependence for the decay constant. 

The decay length was calculated from Eq. (1) for a monodisperse distribution, assuming Qext = 2. The SLAP analysis 

of the decay constant is presented in Figure 6 (right). The SLAP value of the decay length is much closer to theoretical 

expectations than is the 1/e decay length, which is grossly underestimated because the baseline is poorly defined.  

 

            

Figure 6. (left) Laser propagation decay curve for resin rod and (right) SLAP analysis. 

 

Figure 7 compares calculated decay lengths (solid squares) to experimental values (open circles) for 654 nm laser 

wavelength. Results for other wavelengths are similar. The experimental values tend to fall below the predictions for 

the larger decay lengths. We believe that this artifact is due to the intrinsic extinction of the resin, including scattering 

by the inevitable bubbles. Since our minimum step size is mm for the sliding detector method, the rod standards appear 

limited to decay lengths between the values of 3 and 30 mm. Except for the 8 micron particles, the data in Figure 7 

appear to track the size and concentration dependence rather well.  

 

       

Figure 7. (left) Red laser propagation decay lengths vs particle concentration. Solid symbols are calculated, open symbols 

are measured for resin rod standards. Numbers next to the curves are particle diameters in microns. (right) Propagation 

decay length vs concentration for bead fall. 

 

Figure 7 (right) compares measured decay lengths for four laser wavelengths with predictions of theory. Most of the 

measured values exceed the prediction by up to a factor of 2, which may be attributed in part to error in the estimation 

of bead concentration from Eq. (5). The predicted 1/N concentration dependence is consistent with the observations 

within the uncertainty.  
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Alternative to a sliding point detector, we can extract decay lengths from images. The resulting plots are similar to 

Figure 7 (left), but there is more scatter in the experimental points. The additional uncertainty is due to a number of 

artifacts, such as saturation, internal reflection, reflection of background light off the rod surface, and angle 

dependence of the scattering.   

4. DISCUSSION AND SUMMARY 

Practically, a lander-mounted instrument would be limited to semiconductor diode lasers, which limits the wavelength 

range to approximately 0.4 - 2 m. The Eq. (3) differencing approach would then be limited to sizes ranging from 

about 0.08 to 1.2 m. Wavelengths at the long-wave end of this range would require a specialized imager, so the 

wavelength range might be even more restricted. 

Even if lasers with wavelength beyond 2 m were practical for a lander, the propagation decay lengths might become 

inconveniently long for imaging based on scattered light. This is due to the rapid depletion of larger particles in the 

soil distribution compounded by segregation processes. Besides being hard to image, long decay lengths are likely to 

exceed any plume homogeneity length scale.  

The method of matrix inversion via the procedure in [20] promises to provide information about the particle size 

distribution over a wider range of sizes for the same set of wavelengths.  This assertion is currently being investigated 

with more simulations and experiments.   

In summary, preliminary theory and experiments were reported that support the use of a lander-mounted laser scatter 

device for determining particle size distribution in lander plumes. The calculations support the feasibility of using 

laser propagation decay lengths at small number of visible and near IR wavelengths to determine characteristic lunar 

particle distributions. Reported experimental results are first steps toward validating the proposed system in hardware. 
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