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We study the dependence of the intensity and linear polari-
zation of light scattered by isolated particles with the com-
pact irregular shape on their size using the discontinuous
Galerkin time domain numerical method. The size param-
eter of particles varies in the range of X = 10 to 150, and the
complex refractive index is m = 1.5 + 07. Our results show
that the backscattering negative polarization branch weakens
monotonously, but does not disappear at large sizes, up to
the geometrical optics regime, and can be simulated without
accounting for wave effects. The intensity backscattering
surge becomes narrower with increasing particle size. For
X =150, the surge width is several degrees. © 2018
Optical Society of America

OCIS codes: (290.0290) Scattering; (290.5850) Scattering, particles;
(080.0080) Geometric optics.
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The principal aim of the photometric and polarimetric remote
sensing of the earth and solar system objects is to retrieve in-
formation about the properties of mineral grains that act as the
solar light scatterers. Such particles have random morphologies,
and their sizes vary from sub-micron scales to hundreds of mi-
crons. Solar light scattered at large scattering angles, close to the
direction of backscattering, by isolated particles and powder-
like surfaces (planetary regoliths), often exhibits the opposition
phenomena: intensity surge (IS), i.e., nonlinear enhancement
of intensity and negative polarization (NP) [e.g., 1-3], which
can be related to each other.

Although the NP of ensembles of isolated randomly ori-
ented particles of irregular shapes larger than or comparable
to the wavelength was expected for long time [e.g., 4], this
effect was reliably measured only recently [5-8]. As for the
IS effect, this was studied in laboratories only partially, because
of the restriction of the maximal scattering angle for available
equipment. The single-particle effects of the IS and NP may
significantly contribute to the analog effects for a powdered sur-
face consisting of such particles [9,10]. For powdered surfaces,
additional IS and NP mechanisms have been proposed based
on the shadowing effect [11] and the coherent enhancement of
backscattering [4,12—-16]. Both of these effects are collective,
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and we do not consider them here, focusing on the single-
particle scattering,

The parameters of the IS and NP strongly depend on the
physical properties of the scatterers, which can be utilized in the
data retrieval. However, the specific mechanisms of the back-
scattering phenomena are not very well explained so far. Light
scattering calculations using the 7™-matrix method or its mod-
ifications [e.g., Ref. 17] do not suggest any clear explanation of
these effects. The discrete dipole approximation method pro-
vides more possibilities for interpretation [18-20]. For in-
stance, we may suppose that the opposition phenomena of
discrete structures arise due to the interference of all possible
trajectories that connect dipoles. This includes the direct
and time reversal trajectories, the interference of which can
produce both the IS and NP. The role of the field interaction
with the vacuum/material interface of particles in the origin
of the IS and NP produced by isolated particles also remains
not fully clear. The behavior of the IS and NP at large size
parameters X = zd /A, where 4 is the largest particle dimen-
sion and 4 is the wavelength, in the transition region between
the wave and geometric optics regimes, at X > 60, also is not
well known.

For further consideration, the problem of light scattering
by particles with complex shapes and structures can be solved
numerically with methods that allow arbitrary representations
of shape geometries of particles. We note that for the solution
of the problem, realistic model geometries should be taken,
whereas perfect shapes such as spheroids or cubes cannot be
representative due to their peculiar geometric properties. The
computational complexity of the scattering problem grows
quickly with the size of the model particles. If they are much
larger than the wavelength, the problem may become multi-
scale, taking into consideration the particle surface roughness.
The requirement of fine spatial discretization results in large
computational meshes with millions of cells. High-performance
computing (HPC) and appropriate numerical methods that
allow parallelization become important.

In this Letter, we apply the discontinuous Galerkin time do-
main (DGTD) numerical method [21]. We use models of fac-
eted particles of randomly irregular shapes to study the changes
in scattering angle functions of the intensity and linear polari-
zation of scattered light over a wide range of size parameters,
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Fig. 1. Samples of GRF particles.

from the wavelength scale with X = 10 to the nearly GO
regime of X = 150.

We use Gaussian random field (GRF) particles (Fig. 1)
[22-24]. They mimic irregular shapes of compact mineral
grains that can be found in many natural samples, in particular,
in the lunar regolith [25]. We represent the geometries with sets
of facets, which are convenient for insertion in the computa-
tional domain and an automatic tetrahedral unstructured mesh
generation.

The propagation of the quasi-monochromatic plane wave in
the computational domain is simulated by means of the total
field/scattered field technique. In the scattered field region, the
field components are Fourier-transformed then and a near-to-
far-field transformation is applied to obtain the Jones matrix
elements. Consequently, a 4 x 4 Mueller matrix ;; is calculated
for a range of scattering angles from 0° to 180°. Here we present
only the intensity and linear polarization results, i.e., the
element F; and the ratio -F,;/F ;. For all size parameters,
the scattering angle curves are averaged over the same set of
200 particle samples with each sample over six orientations.
Additional averaging over 180 azimuthal scattering planes is
also carried out in each simulation.

A numerical simulation of the electromagnetic scattering
by particles much larger than the wavelength, i.e., with size
parameters X > 30 requires large computational resources.
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We implemented a highly parallelized code and use the HPC
facilities of the Paderborn University and JURECA of the
Juelich Research Center. In the most complex case of X = 150,
we operate with meshes with ~10” tetrahedral elements and
requiring up to 100 24-CPU nodes on the JURECA cluster.

We also consider an extreme case of very large particles and
apply a Monte Carlo GO model which is based on ray tracing
in faceted particles and controlled by Fresnel’s formulas and
Snell’s law [22-24].

In Fig. 2, we present the results of the DGTD calculations.
One can distinguish three main features in the linear polariza-
tion curves [Fig. 2(a)]: the NP feature at scattering angles
<120°, which is manifested especially for rather small particles;
the positive polarization maximum; and the NP branch near
backscattering. For the first time, to the best of our knowledge,
we can compare such curves calculated with a numerically ac-
curate method in the size range from small scale to the scale that
is much larger than the wavelength. Interestingly, all main lin-
ear polarization features are preserved in the entire size range,
including the NP feature at backscattering that becomes very
small, but does not disappear [Fig. 2(b)]. We note the increas-
ing role of the wave effects for the amplitude and the inversion
angles where the polarization degree changes its sign.

Figure 2(c) shows the intensity dependencies of light scat-
tered near the backscattering direction. One can see that single
isolated particles are able to produce significant enhancement
that resembles the intensity opposition effect observed for
powder-like surfaces, including planetary regoliths. The degree
of the IS enhancement correlates with the changing strength of
the NP feature as the size parameter increases. As one may see,
the IS becomes narrower with increasing particle size. For
rather large particles, this result perhaps can be applied for in-
terpretation of the opposition spike of the Saturn rings [26-28].

The size parameter of X = 150 corresponds to the scale of
48 wavelengths. This is close to the geometrical optics (GO)
regime. In Fig. 3, we compare the DGTD data at X = 150
with the GO results calculated for the same set of samples.
Considering the same number of orientations, we obtain a
spiky curve that is a result of ray tracing on a limited number
of facets. Therefore, we did calculations also for a larger number
of orientations sufficient for smoothing the numerical noise.
Both of these GO curves appear to be close to each other.
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Fig. 2. Linear polarization versus scattering angle calculated with the DGTD method for six sets of GRF particles with different size parameters
from X = 10 to 150 and complex refractive index 72 = 1.5 4 0:. Plot (a) shows the full range of scattering angles; (b) and (c), respectively, show the
polarization degree and intensity dependencies near backscattering for the same particles as in (a).
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Fig. 3. Comparison of the linear polarization calculated with the
GO model and the DGTD method with X = 150 and 7 = 1.5 + 04.
For the GO calculations, we used 10° rays.

There is also a decent agreement with the DGTD curve. For a
better fit at all scattering angles, we would need the size param-
eter of at least X = 200 [29].

A comparison of the wave optics results with that obtained
with the GO model allows us to extend the trajectory analysis
to smaller size parameters. It becomes obvious that for smaller
particles the polarization curves are formed by a similar mecha-
nism, i.e., by the field interaction with the vacuum/material
interface [22,30]. In Ref. [31], we showed that for X = 50
and highly absorbing smooth compact particles, the external
scattering forms a polarization curve that follows simple
Fresnel reflection functions with nearly 100% polarization
near the Brewster angle. On the other hand, the result is dif-
ferent for the same size, if particles have agglomerated debris
morphology [31].

In Fig. 4, we compare the IS calculated using the GO model
and the DGTD method for X = 150. As we may conclude, the
large particles can produce very narrow opposition spike of
brightness, although the GO and DGTD trends are rather dif-
ferent. This spike effect is perhaps secondary for bright surfaces
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Fig. 4. Comparison of the IS calculated with the GO model and
with the DGTD method for X = 150 and m = 1.5 + 0i. For the
ray-tracing, we used 102 rays.
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consisting of large transparent particles owing to a significant
contribution of multiple scattering between particles.

We also note the IS near opposition in the case of pure GO
(Fig. 4). This effect occurs since only at exact backscattering the
direct, and all time-reversal trajectories come to the same angle
bin. This produces an increased number of rays in other bins
close to 180°, in comparison with other directions. This effect
somewhat resembles the coherent backscatter enhancement,
but without interference of rays. This IS has not been earlier
noted in ray-tracing experiments, because it manifests itself
only with a very large number of incident rays. The number
should be enough to provide rays targeting the surface points
for generation of the time reversal trajectories. We note that in
natural and laboratory measurements the new geometrical
backscattering effect and the coherent backscatter enhancement
cannot be separated from each other. It should be emphasized
that the described effect does not relate to the so-called
retroreflection phenomenon [22,32,33].

Observing the decreasing depth and the inversion angle of
the NP with the increasing size parameter, one could also ex-
pect that it is preserved in the extreme case of the GO regime.
Previously, we also found that GO can produce the NP at back-
scattering in the special case of multiple scattering in dense me-
dia if the incidence angle is large enough to break the symmetry
of illumination [34]. Here we again applied our GO model to a
large ensemble of isolated particle samples and, surprisingly,
found a very weak, but measurable, remnant of this feature.

Our GO analysis shows that the shape of the scattering angle
curve is determined by the first few orders of scattering, i.e.,
the simplest ray trajectories: (1) external reflection, (2) transmis-
sion in the forward direction as a result of two refractions on
the interface, (3) trajectories with one internal reflection, and
(4) two internal reflections. Higher orders only suppress the
sum of the first four, as they are almost totally depolarized
[22-24]. In Fig. 5, we present the results of the GO calcula-
tions near backscattering well averaged over 10° irregular sam-
ples that also include concave shapes. Each point in the plot
corresponds to the actual angular bin where the outgoing rays
were collected. High-accuracy calculations with sufficient angu-
lar resolution demonstrate that the NP for randomly irregular
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Fig. 5. Linear polarization near backscattering versus scattering
angle calculated with the GO model and averaged over 10° samples;
m = 1.5 + 0i. Each ratio -F,, /F,; was calculated for the marked
orders of scattering. For the ray-tracing we used 102 rays.
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particles can be formed, even in the GO approximation, and it
becomes a persistent feature surviving averaging over many
samples and orientations.

Considering the first few orders of scattering, one can see
that the third and the fourth orders, i.e., the rays that experi-
ence one and two internal reflections are responsible for the
formation of the NP. If these are total internal reflections then
the rays are not depolarized between two refractions and, at
some point, become similar to those that are simply transmitted
in the forward direction. Two consequent refractions result in a
strong NP [22-24] that we see at smaller scattering angles. The
sum of these scattering orders gives an NP slightly smaller than
0.1%. Higher orders of scattering starting from the fifth (three
internal reflections) depolarize the feature, and the total sum
makes the NP weaker than 0.05%.

In conclusion, we note that with a parallel implementation
of the DGTD method and HPC hardware, we are able to do
systematic light scattering simulations for the size parameters
up to X = 150. In the size range from X = 10 to 150 the
polarization scattering angle curve does not change qualita-
tively. The backscattering NP feature is preserved up to the sizes
where GO approximations become valid and can be obtained
without accounting for wave effects.
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