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Abstract— Shape is a critical property, besides size and material composition, which has a strong effect on the optical scattering characteristics of a particle. In this work, we computationally study how the measured three-dimensional (3D) shapes of lunar regolith particles affect their optical scattering characteristics. The shapes of 25 lunar regolith particles collected during the Apollo 11 mission were measured using X-ray Nano Computed Tomography (XCT). The scattering cross-sections of particles that ranged in size between 400 nm to 1000 nm were computed using the DDSCAT software in the visible to the infrared frequency range. The orientation-averaged scattering cross-section of the lunar regolith particles was then compared to that of spheres of the same volume. The comparison shows that the shape of lunar regolith particles decreases the resonance wavelength by 20 %, on average, compared to spheres of the same volume. On the other hand, the peak scattering cross-section is found to be nearly independent of shape for the suite of particles studied. Also, Lunar particles are found to generate a slightly lower Single Scattering Albedo and have a higher phase function asymmetry parameter in comparison to spherical particles of the same volume. These differences highlight the importance of accounting for 3D shape variations in understanding the optical response of lunar regolith particles. 

[bookmark: PointTmp]Index Terms—Lunar Regolith Particles, DDA, DDSCAT, Optical Scattering, Irregular Shape, Interplanetary Dust.
INTRODUCTION[footnoteRef:2] [2: This work was supported in part by the NIST Grant 70NANB15H285 “Multi-Scale Computational Modeling of Carbon Nanostructure Composites” (Corresponding author: Ahmed M. Hassan.) 
S. Baidya, M. Melius, and A. M. Hassan are with the Department of Computer Science and Electrical Engineering, University of Missouri–Kansas City, Kansas City, MO 64110 USA (e-mail: sbg58@mail.umkc.edu; mikolas.melius@mail.umkc.edu; hassanam@umkc.edu).
Andrew Sharits is with UES, Inc. and the Materials and Manufacturing Directorate, Air Force Research Laboratory, Wright-Patterson Air Force Base, Fairborn, OH 45433, USA. (Email: andrew.sharits.ctr@us.af.mil)
A. N. Chiaramonti, T. Lafarge, and E. J. Garboczi are with the National Institute of Standards and Technology, Boulder, CO 80305 USA (e-mail: chiaramonti@nist.gov; thomas.lafarge@nist.gov;  edward.garboczi@nist.gov).
Jay D. Goguen is with the Space Science Institute, 4765 Walnut St, Suite B Boulder, CO 80301 (e-mail: jgoguen@spacescience.org).] 
[bookmark: _Hlk65874808]TABLE I 
STUDY OF SCATTERING CHARACTERISTICS OF LUNAR REGOLITH PARTICLES 
Reference
Study 
Scattering
Domain
[6]
Virtual lunar simulant
DDA1
Single particle and aggregate
[7]
Dust analog (borosilicate)
Experimental
Dust aggregate in liquid suspension
[8]
Virtual lunar simulant
DDA1
Dust aggregate of varying packing density
[9]
Dust Analog (JSC-1A)
Experimental
Dust aggregate
[10]
Virtual lunar simulant
SIRIS32
Space weathered lunar dust and effect of  (npFe0)3
1DDA – Discrete Dipole Approximation   2SIRIS3 – Ray optics code
3npFe0 – nanophase iron

D
ESPITE having an extremely tenuous atmosphere (exosphere), the Moon is capable of demonstrating some earthly scattering events like streamers, horizon glow, zodiacal light and crepuscular rays [1]. These events were first reported by McCoy and Criswell from a rough sketch of sunrise observed from lunar orbit by E. A. Cernan, commander of Apollo 17 [1]. The most established theory to date is that these events result from the sunlight being scattered by the dust particles in the lunar exosphere. However, a quantitative understanding of how light interacts with lunar dust particles is needed to explain these previously reported events. 
[bookmark: _Hlk66838811][bookmark: _Hlk66792322] The lunar regolith returned from the Apollo 11 mission has been studied intensively since 1969. A useful overview of all the Apollo mission lunar regolith information, and in particular the Apollo 11 material, can be found at The Lunar Sample Compendium [2]. The older report states that the Apollo 11 regolith has an average particle size of about 50 µm, with 14 % less than 10 µm in size.  There have been newer measurements [3-4] that mention the sub-micrometer particles present, with many particles in the 100 nm to 1 µm size range. In this paper, we take preliminary 3D shape characterization work using X-ray nanoCT that we have done on particles around 1 µm ± 0.3 µm in size and perform light-scattering computations on these size particles using the open source electromagnetic solver DDSCAT. The particle size range studied in this work is comparable to the wavelengths in the visible range which facilitates the DDSCAT analysis of their optical scattering characteristics in the visible/infrared range in a feasible computational time. Larger lunar regolith particles are computationally more expensive to simulate using full-wave solvers and will be the focus of future work.  
Micrometer-size and smaller particles likely play an important role in determining the intensity and polarization state of light scattered from the lunar regolith and many other planetary surfaces [5]. Recently, there have been several attempts to study the electromagnetic scattering characteristics of lunar regolith particles [6]–[10]. Some recent computational and experimental studies performed on lunar regolith particles and simulants are summarized in Table I [6]–[10]. 
[bookmark: _Hlk66816542]The common conclusions drawn from these studies was that the optical scattering of lunar dust particles depends on particle size, shape, composition, surface roughness, and  packing density [6]–[10]. These studies tried to incorporate the shape variations of lunar dust particles by using Gaussian random shape generators for computational simulations [11] or by using terrestrial lunar regolith analogs in experimental studies [6]–[10]. However, to the best of our knowledge, the actual morphologies of lunar regolith/dust particles have not yet been adequately considered. Recent advances in X-ray Nano Computed Tomography (XCT) now enable the measurement of the exact three-dimensional (3D) morphologies of several kinds of lunar regolith particles. The goal of this study is to use experimentally measured 3D shapes of actual lunar regolith particles collected from the Apollo 11 mission and computationally analyze the optical scattering characteristics of these particle shapes. This will allow more accurate quantification of the effect of shape on the optical scattering characteristics of lunar regolith particles. Subsequent work will use many more particles, and more clearly link light scattering to particle shape.     
Methodology
[bookmark: _Hlk66817649]The optical scattering characteristics of a particle, i.e., the amount of light it absorbs and scatters, depend on its material composition (complex refractive index), its shape, and its size  relative to the incident wavelength (Xeff = 2πreff/λ), where reff is the effective radius of the particle and λ is the free-space incident wavelength. For a nonspherical particle, reff can be calculated as the radius of the sphere that has the same volume as the particle, i.e. reff  where V is the volume of the particle. Mie theory can be used to calculate the exact optical scattering characteristics of spherical particles [12], but numerical/computational solutions are needed to accurately calculate the optical scattering characteristics of irregularly shaped particles [13]. 
[bookmark: _Hlk65900990][bookmark: _Hlk66839530]Complete details on the sample preparation and scanning method using X-ray nanoCT are available in [17], [18]. In this paper, we take the preliminary 3D regolith particle shapes measured and calculated their optical scattering characteristics using DDSCAT. DDSCAT is an open-source FORTRAN-based library for solving electromagnetic scattering problems using the Discrete-Dipole Approximation (DDA) method [14]. The DDA is based on discretizing the particle of interest into dipoles, interacting with each other and the incident field. The interactions between the dipoles can be modeled via a polarization matrix that can be used to form a linear system of equations [15]. This system of equations can be solved to calculate the dipole moment at each of the dipoles constituting the particle. The major advantage of the DDA is its robustness in representing any nonhomogeneous irregularly shaped particle [16], i.e. one dipole per one voxel in a 3D digital image. 
[bookmark: _Hlk66821560][bookmark: _Hlk66094184][bookmark: _Hlk65864974]The inter-dipole distance () that we incorporated in this study  the edge length of the cubic voxel used to represent the regolith sample (i.e. 64 nm). However, the main limitation of this method is that the inter-dipole distance must follow the criterion of  ( refractive index of the particle), and the contrast in dielectric properties between the particle and its environment cannot be significant [14]–[16]. Hence, for a particle with 64 nm inter-dipole distance, the scattering cross section results will not be accurate for excitation wavelengths under 600 nm (considering 1.55 over the range of 6002000 nm wavelength).  Our observation from the result section, discussed in detail later on, shows that the resonance wavelength for most of the particles considered in this study is beyond 600 nm within the wavelength of interest (6002000 nm). Consequently, an inter-dipole distance of  64 nm would not affect the accuracy of the computed scattering characteristics of each regolith particle studied here. Moreover, the relative dielectric permittivity of the lunar regolith particles varies between 2 to 3. This relative dielectric permittivity is high, meaning that the Born approximation cannot be used to accurately calculate the optical scattering characteristics of lunar regolith particles, but it is low enough to be within the range of applicability of DDSCAT [14]. By focusing on the size range of 400 nm to 1000 nm, the optical scattering characteristics of lunar regolith particles can be calculated using a relatively small number of dipoles while maintaining the limit on the inter-dipole distance needed for accuracy. This is a start to our work in calculating light-scattering of lunar regolith particles of all sizes and is designed to show how we can use full 3D shape information, which has not been done before for real lunar regolith particles. 
 All the lunar regolith particles in this work were assigned the dielectric properties of basaltic glass, which are comparable to that of lunar regolith particles [20]. We will focus mainly on calculating the scattering characteristics, which quantify how much a particle scatters in each direction and how much it absorbs due to a plane wave excitation.   
Results
[bookmark: _Hlk66172148][bookmark: _Hlk65867811]The accuracy of DDSCAT in simulating the optical scattering characteristics of particles has been demonstrated in a wide range of applications [21]. We also validated our simulations’ accuracy for a voxel size of 64 nm by showing that the DDSCAT simulation results of spheres match the exact Mie solution (results not shown). We are going to focus on three major properties of the scattering cross-section (CS): (i) the first resonance wavelength, (ii) the corresponding peak amplitude of the scattering CS at resonance wavelength, and (iii) the scattering angle averaged asymmetry parameter. 
DDSCAT Computations of Lunar Regolith Particles
[bookmark: _Hlk66811164][bookmark: _Hlk66811919] Fig. 1a shows images of four lunar regolith particles of varying effective radii, reff, and Fig. 1b shows the corresponding scattering CS due to an arbitrary angle of incidence. Fig. 1a shows that the shape of some lunar regolith particles can deviate significantly from that of a sphere. In general, Fig. 1b shows that the scattering CS values vary with the shape properties of the lunar regolith particles and the incident wavelength.  To isolate the effect of 3D shape, we are going to compare the optical scattering characteristics of the regolith particles at their resonance wavelengths. During this process, we will also quantify how the 3D shape affects the resonance wavelength of 3D lunar regolith particles.    [image: ]
Fig. 2.  (a) The resonance wavelength and (b) the peak amplitude of the scattering cross-section of 25 lunar regolith particles plotted versus the effective radius of each particle. The data points in (a) are numerically fit using the best linear fit whereas the data points in (b) are fit numerically using the best quadratic fit. In the numerical fit, the units for the resonance wavelength, the maximum scattering CS, and the effective radius are nm, μm2, and nm, respectively.
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Fig. 1.  (a) Four reconstructed lunar regolith particles and (b) Scattering cross-sections of the four lunar regolith particles in (a) showing the dependency of scattering characteristics on particle size.   
reff = 855.6 nm
reff = 698.8 nm
(a)
(b)
reff = 468.4 nm
reff = 577.6 nm

The scattering CS depends on the orientation of the lunar regolith particle relative to the direction and polarization of the incident plane wave. However, the lunar regolith particles are randomly oriented in their environment. Therefore, the scattering CS average over multiple orientations is needed to better understand the optical scattering characteristics.  DDSCAT provides the user with three different angles to define/rotate the orientation of the particle of interest with respect to the incident polarization [14]–[16]. The three angles, namely, specify the orientation of the target frame with respect to the incident direction, and defines the rotation of the target geometry. The rotational average of any scattering quantity (Q (,)) is defined by (1) [14]–[16]:

	
	(1)



For a randomly oriented target with asymmetrical distribution as studied in our case, the standard protocol is to incorporate  variation from 00 to 3600, variation from 00 to 1800 and  variation from 00 to 3600 to cover all possible target orientations relative to the incident direction [14]–[16]. Accordingly, these three angles were uniformly varied using DDSCAT’s default approach to provide up to 700 different orientations in this study (e.g. 10 values for  in the range of 00 to 3600, 7 values for  in the range of 00 to 1800 and 10 values for  in the range of 00 to 3600). The average scattering CS calculated using different numbers of orientations for the lunar regolith particles was studied and we saw no significant change for the number of orientations larger than or equal to 100.  Since increasing the number of rotations leads to a proportional increase in the required computational time, we will adopt averages over 100 particle orientations in all subsequent results.
Comparison with Spherical and Ellipsoidal Particles
This preliminary study was conducted using 25 regolith particles with effective radii ranging from 400 nm to 1000 nm. The first resonance wavelength and the peak amplitude of the scattering cross-sections for all 25 particles are depicted in Fig. 2a and Fig. 2b, respectively. The resonance wavelength demonstrates a linear dependence on the effective radius, in Fig. 2a, whereas the peak scattering amplitude exhibits a quadratic behavior, as shown in Fig. 2b. To quantify the dependency of the optical response on the shape, Fig. 2 also shows the resonance wavelength and the peak amplitude of spherical particles with the same reff as the lunar regolith particles. Fig. 2a shows significant differences in the resonance wavelength of lunar regolith particles and the resonance wavelength of spherical particles with the same reff. Over the full range of reff studied, the resonance wavelength is decreased by 20 % for the lunar particles compared to their spherical equivalents. A maximum difference of  35 % is exhibited for a lunar particle with reff ≈ 800 nm, as shown in Fig. 2a. However, for the peak amplitude of the scattering CS, good agreement is shown between the values achieved for the lunar regolith particles and the spherical particles of the same reff. To clarify the trends in the resonance wavelength and the corresponding amplitude, we also plot the best linear and quadratic fits for the data points in Fig. 2a and Fig. 2b, for both the lunar regolith particles and the spherical particles. In Fig. 2a, the linear fit for lunar regolith particles yielded a slope of 1.44 versus a slope of 1.79 for spherical particles, a 20 % reduction in the resonance wavelength for all sizes considered, highlighting the necessity of including particle shape.   
Shape parameters for a few lunar regolith particles are listed in Table II. In addition to the effective radius of the lunar regolith particles, Table II shows the effective Length (L), Width (W), Thickness (T) for each particle, where L is the longest length between surface points. This triad of dimensions obeys L > W > T and are mutually perpendicular. Table II also shows the L/T and L/W ratios to clarify the typical aspect ratios exhibited by the lunar regolith particles. A well-established theory states that, amongst the known shapes that exhibits symmetry, spheroids are an appropriate choice when it comes to mimic the scattering response of irregular dust particles, because they cover a large range of Mueller matrices and phase function values [22], [23]. Keeping that in mind, we tested that theory by simulating ellipsoidal analogs with the same effective radii as the lunar regolith particles but with aspect ratios of 2.63 and 1.94, similar to one of the extreme values highlighted in Table II. We selected these values because they were higher than the values achieved in all other lunar regolith particles and therefore should yield maximum deviations in their optical response from that of spherical particles. The resonance wavelength trend of the ellipsoidal analog provides a closer approximation than the spherical analog to the resonance wavelength of the lunar regolith nanoparticles as shown in Fig. 2a. Still some lunar regolith particles exhibit significant differences between their resonance wavelength and that of the ellipsoids with the same reff2. However, the peak amplitude of the first resonance wavelength is relatively insensitive to the shape of the lunar regolith particle with the values of the lunar regolith particles, the spherical particles, and the ellipsoidal particles being fit with good accuracy by 1.4×10-5 reff2, 1.35×10-5 reff2, and 1.31×10-5 reff2 curves, respectively. [image: ]
Fig. 3: Single Scattering Albedo calculated at the resonance wavelength for the lunar regolith particles incorporated in this study with a comparison to their spherical analogs.
TABLE II 
SHAPE PARAMETERS FOR SEVERAL LUNAR DUST PARTICLES 
Effective Radius ()
Length, L ()
Width, W ()
Thickness, T ()
L/T
L/W
457
1413
1183
0692
2.04
1.19
540
2180
1244
1068
2.04
1.75
627
2071
1715
1083
1.91
1.21
742
2588
1668
1509
1.71
1.55
856
3448
1776
1313
2.63
1.94
983
3234
2399
1954
1.65
1.35

[image: ]

Fig. 4. Asymmetry (g) parameter of the phase function for the lunar regolith particles and spherical particles of the same size at (a) resonance wavelength, (b) 635 nm, (c) 786 nm. In (a) the best linear fit for both the lunar and spherical particles is also shown.


Another shape-dependent parameter, relevant for the analysis of the optical properties of lunar regolith, is the single scattering albedo (SSA) [24]. For small particles, absorption CS is small compared to scattering CS. However, even a small absorption CS can produce a significant decrease in the reflectance of the lunar surface. It was recognized in the 1970’s that the reflectance of the lunar surface was significantly lower than that for spherical particles of the same material composition [25]. Therefore, we present a comparative study between the SSA of lunar regolith particles and spherical particles of the same size as shown in Fig. 3. The SSA is defined as SSA = (Scattering CS)/(Scattering CS + Absorption CS). The imaginary part of the complex refractive index of Basaltic glass is low, varying between 4.3×10-4 and 6.3×10-4 over the wavelengths range that spans 600 nm to 2000 nm [20]. Therefore, the SSA values in Fig. 3 are close to unity, showing that scattering dominates absorption due to the low-loss Basaltic glass properties assigned to the particles herein. Fig. 3 shows that the SSA of lunar particles is slightly lower than that of spherical particles of the same size, especially for reff > 700 nm. This indicates that the lunar particle shapes are more absorptive than spherical shapes. However, the differences are minuscule, as indicated by the vertical axis range of Fig. 3. The albedo calculations presented in this work, cannot be directly related to light-scattering from the lunar surface because the lunar regolith consists of multiple packed particles, where multiple-scattering would be important. There are models for packing real-shape particles and ways to calculate multiple scattering from these models, e.g. [26]-[27], which will be explored in future work.
Asymmetry () parameter of the phase function
[bookmark: _Hlk66778377] To investigate the scattered radiation pattern of lunar regolith particles, we analyzed the asymmetry parameter of the phase function () where  represents the average and  is the scattering angle. The asymmetry parameter corresponds to the first moment of the scattering phase function proposed by Henyey & Greenstein and it measures the asymmetry between forward and backward scattering [28]. The  value ranges between 0 and 1 where a value of 0 indicates a perfectly isotropic scatterer and a value of 1 indicates that the particle only exhibits forward scattering. That is, higher  values indicate that the particle favors forward scattering more than isotropic scattering. Fig. 4 shows the asymmetry  parameter of the lunar regolith particles and spherical particles of the same effective radius at 3 wavelengths: (i) the resonance wavelength of the particle, (ii) a wavelength in the visible spectrum (635 nm), and (iii) a wavelength in the visible to infrared transition (786 nm). Fig. 4 shows that almost all the particles are strongly forward scattering ( 0.6) [29], especially at their resonance wavelengths (Fig. 4(a)). However, the lunar particles show slightly higher  values than their spherical counterparts. Fig. 4(b) and Fig. 4(c) show a significant drop in the value of the  parameter when the reff of the spherical particles becomes comparable to the incident wavelength. Lunar regolith particles, however, do not experience a similar drop in their  values when the incident wavelength becomes comparable to their size. For example, Fig. 4c shows that at reff = 786 nm a spherical particle will exhibit a  value of 0.31 whereas the lunar regolith particle of the same size will exhibit a  value of 0.71, a difference of more than 200%. This indicates that when the incident wavelength is comparable to the size of the lunar particles, they are significantly more forward scattering than spherical particles of the same size which is important to consider when interpreting optical experiments from lunar regolith particles. 
Conclusions and Future Work
[bookmark: _Hlk66787843]In this work, 3D shapes of 25 lunar regolith particles obtained during the Apollo 11 mission were measured using X-Ray nano computed tomography. We focused primarily on lunar regolith particles in the effective radius range of 400 nm to 1000 nm and calculated their optical scattering characteristics. The results show that the resonance wavelength of a lunar regolith particle is highly sensitive to its shape and can be significantly different from the resonance wavelength of spherical or ellipsoidal particles of the same size. The peak amplitude of the first resonance wavelength is, however, relatively insensitive to the shape of the lunar regolith particles. Small differences exist between the Single Scattering Albedo (SSA) of lunar particles and their spherical counterparts. However, lunar particles of larger radii generally show slightly lower SSA than spherical particles of the same size. The future goal of our study is to include a wider range of shapes and sizes of these lunar dust particles, include particles from the Apollo 14 mission, investigate the scattering phenomenon further in light of some additional parameters i.e., Mueller matrices and phase function values.  We will also perform comparisons between the phase functions of the measured lunar particles, spheroids, and other irregularly shaped particles, such as agglomerated debris particles, reported in different studies.
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