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Silica Powders: A Visible Example of Morphological Dependence

Transitioning from the 
finer to the coarser 
powders:

• Less scattering per 
unit volume

• Appear less bright
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Silica Powders: An Infrared Example of the Morphological Dependence
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Silica Powders: An Infrared Example of the Morphological Dependence

∆
∆
∆
∆

∙D(r) = ρ(r)
×E(r) = iωµH(r)
∙[µH(r)] = 0
×H(r) = J(r)-iωD(r) 
=-iωεE(r)

n+ik = c(εµ)1/2
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Introduce phenomenological “surface scattering” vs. “volume scattering”

Surface scattering from particles: High k

Volume scattering from particles: Low k
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Discussion Topics

• Forward/inverse radiative 
transfer (RT) model for an 
optically thick deposit

– Optimized, the model should 
demonstrate agreement with 
reflectance spectra…

– …while the extracted parameters 
should agree with independent 
measurements

• Forward electromagnetic 
scattering model for sparse 
particulate deposits

• Our model-system 
measurements that have 
enabled both efforts

Volume 
scattering

Surface 
scattering

Surface 
scattering
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Forward/Inverse Radiative Transfer (RT) Model for an 
Optically Thick Deposit

Work funded under the HARD Solids Venture by the DOE Office of Defense 
Nuclear Nonproliferation R&D (DNN R&D)
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Plane Albedo (Directional, Hemispherical Reflectance) Measurement

Baffle

Specular

Diffuse

Detector

Specular exclusion 
port plug in place

12o

Measuring plane albedo with 12o incidence angle

Incoming 
beam

Highly 
reflective 

(Infragold) 
surface
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Invariant Imbedding Solution

A
τ = 0
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Invariant Imbedding Solution

A
τ = 0

θ0

θ

φ
I(τ,θ,φ) 

τ
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Invariant Imbedding Solution

τ = 0

A’

dτ

τ = τ1

τ

A

Invariance relationship: Reflectance is 
unchanged with removal of thickness τ1.

θ0

Solve for reflectance R as a Fourier series in 
azimuth
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Ambartsumian Nonlinear Integral Equation Solves for Fourier Coefficients 
of Reflectance Rm

Pm Rm
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E. G. Yanovitskij, Light scattering in 
Inhomogeneous Atmospheres, Trans. by 
S. Ginsheimer and O. Yanovitskij, 
Springer (1997). 
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Solution Provided by Michael Mishchenko (NASA GISS)
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Solution Provided by Michael Mishchenko (NASA GISS)
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Our Canonical Geometry: Spheroids

• This range of shapes and aspect ratios (ARs) is greatly simplified

• Shape = spheroid, AR = one characteristic value

• 2 shape bins: one bin each per prolate, oblate

Prolate Oblate

50-100 mesh100-200 mesh

≥125 mesh≥200 mesh≥325 mesh
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Calculating Pm, ῶ

+ Diffraction�D/λ > 60
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Particle Size Distribution (PSD)
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• Approximate with skewed
area log-normal 
distribution

• Expression with 3 
parameters: rg, σg, γ
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“Patching” the Scattering Properties

J.-C. Auger and B. Stout, “Local field 
intensity in aggregates illuminated by 

diffuse light: T matrix approach,” Appl. Opt. 
47, 2897-2905 (2008).

• The radiative transfer equation (RTE) 
is strictly applicable only for sparse 
media (packing density < 1%)

• S(θ): Static structure factor (SSF)

– Acts as a multiplier to the scattering 
cross section and phase function

– Analytical expression available for 
monodisperse spheres
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“Patching” the Scattering Properties

• The radiative transfer equation (RTE) 
is strictly applicable only for sparse 
media (packing density < 1%)

• S(θ): Static structure factor (SSF)

– Acts as a multiplier to the scattering 
cross section and phase function

– Analytical expression available for 
monodisperse spheres

– S(θ) = F(fSSF , u)

–

M. I. Mishchenko, “Asymmetry parameters 
of the phase function for densely packed 

scattering grains,” JQSRT 52, 95-110 
(1994).
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1st-Surface Reflectance and Surface Roughness

Fractional area FFresnel

of refractive index n+ik

Medium of particles of 
refractive index n+ik

  mediumFresnelFresnelFresnelFresnel 1 RRFRFR 

FresnelFresnel RF 

FresnelFresnel1 RF mediumR

With surface roughness 
characterized by θeff
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Full Characterization of Material Systems 

Optical scattering from 
particle ensembles

Microscopy for single-particle imaging

Unpolarized 
hemispheric 

total reflection 
measurements

Polarized 
directional 
measure-

ments

X-ray tomography for 
full structure of 
particulate solid
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Model Assessment

Packing 
density

~7 Parameters

Compare to 
measured 
reflectance 
spectrum

1st-surface 
reflection

Particle aspect 
ratio

Complex 
refractive 

index

Particle size distribution: Mean, 
width, and skew

Surface 
roughness
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Measured and Modeled Reflectance Spectra of Silica Powders

Are the fits 
extracting 
physical 

parameters?

Or are we just 
shape-fitting?

Nice agreement, but…
“Give me seven free parameters and I can fit an elephant”

– K. Lumme and A. Penttilä, JQSRT 112, 1658-1670 (2011).

Particle size distribution: Mean, 
width, and skew

VS
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Measured and Modeled Reflectance Spectra and PSDs of Silica Powders

• PSDs derived via optimizing 
reflectance model to measured 
spectra demonstrate general 
agreement with PSDs measured 
via laser diffraction

• Exact level of agreement 
confounded by broad distributions 
provided by manufacturer

• Repeat process on samples sieved 
in-house
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Measured and Modeled Reflectance Spectra and PSDs of Silica Powders

• Departure from measured PSDs is 
evident for larger particles

– Model-derived PSDs are skewed to 
smaller particle sizes

• Potential cause: The reflectance of 
larger particles is spectrally similar 
to the RFresnel of the bulk material

– Optimization is likely attributing 
reflectance contribution of larger particles 
to 1st-surface reflectance term

VS
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Related Recent Work

B. Ramezan pour and 
D. W. Mackowski, 
“Radiative transfer 
equation and direct 

simulation prediction of 
reflection and 

absorption by particle 
deposits,” JQSRT 189, 

361-368 (2017).

G. Ito, J. A. Arnold, and T. D. 
Glotch, “T-matrix and radiative 

transfer hybrid models for 
densely packed particulates at 
mid-infrared wavelengths,” J. 
Geophy. Res. Planets 122, 

822-838 (2017).
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Forward electromagnetic scattering model for sparse 
particulate deposits

Work funded by the IARPA’s SILMARILS Program
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Recall phenomenological “surface scattering” vs. “volume scattering”

Surface scattering from particles: High k

Volume scattering from particles: Low k
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Now consider low particulate loadings (vs. optically thick deposits)

Surface scattering from particles: High k

Volume scattering from particles: Low k

1) Volume-scattering features will 
effectively disappear.

2) Surface scattering remains, but (for 
small particles) the substrate will be 
its primary source.

3) For small particles, the spectrum will 
appear similar to the substrate 
reflectance, but attenuated by particle 
absorption (defined by k).
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EM Scattering by Surface-Bound Particle

Particle-free surface

n1 = 1

n2 = 3

Figures from W. Sun et al., “Finite-difference time-
domain solution of light scattering by arbitrarily 

shaped particle and surfaces,” Chapter 3 of Light 
Scattering Reviews 6: Light Scattering and Remote 

Sensing of Atmosphere and Surface, A. A. 
Kokhanovsky (ed.), Springer-Verlag, Berlin (2012). 

Multiple 
particle/ 
surface 

interactions 
impact the 
reflectance 
signature

Angular 
distribution of 
reflected light 
impacted by 
both particle 
and surfacen1 = 1

n2 = 3

D = λ, n = n2

Surface-bound sphere T-matrix solution:

1) Calculate T matrix of particle

2) Calculate reflection matrix A of surface

3) Solve for fmn and gmn in

where amn1
and bmn1

are expansion 
coefficients of incident/reflecting wave

4) Use fmn and gmn to compute scattering 
and extinction for surface-bound particle

       


















1

1

111 ,,
mn

mn
mnmn

mn

mn
nmnmnmn b

a
T

g

f
ATI



31

Measurements Reveal the Complex Transition between Thick and Thin 
Deposits

• 3 different particle sizes (≤44 µm, 44-66 µm, and 250-297 µm )

• 3 deposits each (with optically thick spectrum for reference)

• Transition between thin and thick spectra depends on particle size

 Detection algorithms assuming linear scaling of signature with concentration 
will be challenged by the physics of light scattering and extinction.
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Related Recent Work

F. Rivera-Hernandez, J. L. 
Bandfield, S. W. Ruff, and 

M. J. Wolff, “Characterizing 
the thermal infrared spectral 

effects of optically thin 
surface dust: Implications for 
remote-sensing and in situ 

measurements of the 
martian surface,” Icarus 262, 

173-186 (2015).

Q. Lin, Y. Xuan, and 
Y. Han, “Prediction 

of the radiative 
properties of 

surfaces covered 
with particulate 

deposits,” JQSRT 
195, 112-122 (2017).

A. Egel, Y. Eremin, T. Wriedt, D. Theobald, U. 
Lemmer, and G. Gomard, “Extending the applicability 

of the T-matrix method to light scattering by flat 
particles on a substrate via truncation of sommerfield

integrals,” JQSRT 202, 279-285 (2017).
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Summary and Next Steps

• Demonstrated numerically invertible physics-based model for the 
reflectance spectrum of an optically thick particulate medium

– Requires as input both fundamental optical properties (n,k) and morphological 
parameters (PSD, packing density, surface roughness)

– Optimized, the model spectra demonstrate agreement with measured spectra

– Model-extracted PSDs agree with laser-diffraction measurements for smaller particles

– Next steps: Consideration of packing density and surface roughness

• Demonstrated impact of particle size and deposited mass upon 
reflectance spectrum of a sparse particulate deposit

– Next steps: Numerical inversion & consideration of directional effects
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Extra Viewgraphs
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Optimization via “nl2sol” in DAKOTA

• 121 λs: 4-16 µm @ 0.1 µm 
resolution

• The 121 λ-dependent 
calculations are divided among 
64 processors (4 nodes, 16 
cores/node)

• ~10 min/spectrum, 100+ such 
calculations required for 
convergence 

• The Jacobian (matrix of 1st-order partial derivatives) is numerically 
determined through forward difference calculations

• The Hessian (matrix of 2nd-order partial derivatives) is numerically 
approximated from special properties of the sum-of-squares



37

Transitioning to Optically Thin Materials

Rsubstrate

Should Rsubstrate be 
modified to account 
for surface reflection 
from deposit?
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T-matrix vs. Ray tracing

�D/λ = 120
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T-matrix vs. Ray tracing
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Similar Approximations Made by Others

• J. L. Bandfield, P. O. Hayne, J.-P. Williams, B. T. Greenhagen, and D. A. 
Paige, “Lunar surface roughness derived from LRO Diviner Radiometer 
observations,” Icarus 248, 357-372 (2015).

• P. Helfenstein and M. K. Shepard, “Submillimeter-scale topography of the 
lunar regolith,” Icarus 141, 107-131 (1999).

• M. K. Shepard, R. A. Brackett, and R. E. Arvidson, “Self-affine (fractal) 
topography: Surface parameterization and radar scattering,” J. Geophys. 
Res. 100, 11709-11718 (1995).

• B. Hapke, “Bidirectional reflectance spectroscopy.  3. Correction for 
Macroscopic Roughness,” Icarus 59, 41-59 (1984).

But is this approximation sufficient?


