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ABSTRACT

Inhomogeneous particles are widespread in nature. When interpreting observational data on remote sensing of celestial

bodies, the relative abundances of various elements are often determined. This paper aims to study the impact of the
mutual arrangement of inhomogeneities on the scattering properties of layered particles. Silicate-carbon (silicate
covered with a layer of carbon) and carbon-silicate (carbon covered with a layer of silicate) particles were considered.
Computer simulation of the scattering properties of layered particles using the shape matrix method showed that
the mutual arrangement of layers at the same carbon and silicate abundances noticeably affects both the integral
scattering characteristics (scattering factor, absorption factor, single scattering albedo) and the linear polarization
degree. A comparison of the simulation results with the results of polarimetric observations of the F-type asteroid
(3200) Phaethon showed that the asteroids of this type are highly likely characterized by silicate-carbon particles, which
have both a higher degree of linear polarization at the corresponding phase angle and a lower albedo.
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1 Introduction

Various scattering objects occurred in nature often have a
heterogeneous internal structure, and the problem of light
scattering by inhomogeneous particles is of great interest
in various sciences, such as astrophysics, atmospheric and
oceanic optics, biophysics, etc. For instance, plant and ani-
mal cells, algae and bacteria, aerosols in the atmosphere, and
regolith on the surface of atmosphereless celestial bodies
are examples of objects with heterogeneous (often layered)
structure. Besides, particles formed in natural or technolog-
ical processes often have an inhomogeneous composition.
Studying the scattering properties of inhomogeneous parti-
cles is widely applied in many fields, such as pharmaceutical
industry, nanotechnology, chemistry, astrophysics, biology,
and medical sciences (Gumerov, Duraiswami, 2005). In some
cases, inhomogeneous scatterers can be represented by mul-
tilayered particles.

Particular interest in studying particles with layered struc-
ture is related to the study of objects in the Solar system. In the
laboratory analysis of particles, brought to Earth by space-
crafts, such as samples from the asteroid (162173) Ryugu,
particles were covered with a thin layer of carbon to prevent
them from dispersing under the influence of scanning radia-
tion (Kimura et al., 2022). When preparing the Rosetta mis-
sion, the instrument for studying cosmic dust GIADA (Grain
Impact Analyzer and Dust Accumulator) was calibrated by
studying layered particles consisting of silicate covered with

a layer of amorphous carbon (Ferrari et al., 2014). This ap-
proach was substantiated in Greenberg, Hage (1990) who
proved that particles with layered structure can be formed
during evolutionary processes in the interstellar medium.
The dust of a protoplanetary nebula, which forms comets
observed in the Solar system, represents an advanced stage
in the diffuse cloud of interstellar dust. The diffuse cloud of
interstellar dust is believed to consist of heterogeneous parti-
cles with a silicate core and a layer of dark organic material
covering it (Greenberg, 1985). Photometric and polarimetric
studies of asteroid surfaces demonstrate, with some excep-
tions, the absence of significant changes in the scattering
properties of different areas of asteroid surfaces, i.e., a high
degree of optical homogeneity of their surfaces. One possible
mechanism that can contribute to the optical homogeneity of
the surface is the deposition of a carbon layer on particles
in the upper layer of the asteroid regolith (Belskaya et al.,
2005). Deposits can be formed as a result of the pyrolysis of
carbon-containing (organic) material subjected to the process
of space weathering (Pronin, Nikolaeva, 1982; Shkuratov et
al., 1986; Starukhina, Shkuratov, 1995). On the other hand,
Shiraiwa et al. (2010) showed that carbon particles can in-
teract with surrounding non-absorbing particles forming a
layer on the surface of a carbon particle. Thus, on the sur-
face of layered silicate-carbon particles, there may be both a
carbon layer and a silicate layer. The mutual arrangement of
the carbon and silicate layers has a significant influence, for
example, on the processes of asteroid formation (Kudo et al.,
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2002). This study is dedicated to exploring the impact of the
mutual arrangement of the carbon and layered layers on the
scattering properties of a layered particle.

2 Layered particle model

For the simulation of light scattering processes by layered
particles, the model of layered spheres is often used due to
the simplicity of the calculation algorithm (Wu, Wang, 1991;
Johnson, 1996). However, spherical particles are quite rare in
nature. Moreover, it is commonly believed that the spherical
shape of a scattering particle has a significant impact on its
scattering properties, outshining the influence of the layered
structure. Therefore, there is interest in non-spherical layered
particles such as spheroids and ellipsoids (Voshchinnikov et
al., 2006; Posselt et al., 2002; Gurwich et al., 2000; Farafonov
et al., 2003). The particles that are distant from the Sun do
not have even such symmetry elements as a rotation axis or
a plane of symmetry; thus, it is suggested that many dust
particles in the early Solar system had irregular shape rather
than spherical (Flynn et al., 2013). A more general method
for calculating the scattering properties of arbitrarily shaped
layered particles was later developed by Petrov et al. (2007),
which is a variation of the shape matrix method (Petrov et
al., 2006, 2012). This method allows for the computation of
the scattering properties of particles having irregular shape
and layered structure. In our study, this method was used for
the computer simulation of light scattering processes.

The conjugate random Gaussian particles with both large-
scale and small-scale roughness were used as the irregularly
shaped particle model (Petrov, Kiselev, 2019). The shape of
such a particle R(6, ¢) in the spherical coordinate system is
described by the equation

R(0,¢) =p - Rr,(0,¢)+(1-p)-Rr,(0,¢), (1)

where Rr, (6, ¢) and Rr, (6, ¢) are random Gaussian particles
with correlation angles I'; and I';, as described in Muinonen
(1996, 1998). In this study, particles with parameters I'j =
7°,T5 =50°, and p = 0.5 were used.

Initially, silicate-carbon (SC) particles were generated,
with a particle consisting of silicate Rg; being covered with a
relatively thin layer of amorphous carbon R,. The relative
thickness of the layer ¢ was determined by the formula

Reat — Ry
¢ === 5100 %. 2)
R

Two relative thicknesses were used in this study, { = 5%
and ¢ = 10%. Then carbon-silicate (CS) particles were gen-
erated, with a particle consisting of carbon being covered
with a layer of silicate. The thicknesses of the CS particle
layers were chosen so that the volumes of the silicate com-
ponent in SC and CS particles were equal, and the volumes
of the carbon component were also equal. Examples of such
particles are shown in Fig. 1.

The key parameters determining the scattering properties
of a particle are its size R and the complex refractive index
m = n+1i- k. In this case, the size refers to the radius of
a sphere with the same volume as the silicate material. The
refractive index of silicate for the wavelength A = 0.5317um,
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Fig. 1. Example of the silicate-carbon (SC) and carbon-silicate
(CS) particles.

corresponding to the V filter, was taken in Scott, Duley (1996)
and is equal to m = 1.6820 + i - 0.0031. The refractive index
of carbon for the same wavelength, taken in Li, Greenberg
(1997), is m = 1.9470 + i - 0.2940.

3 Results and discussion
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Fig. 2. Dependence of the scattering factor Qsca on the size of
scattering particles. Blue lines correspond to SC particles, and red
lines correspond to CS particles. Dashed lines denote a carbon layer
thickness of { = 5%, and solid lines denote { = 10%.

Firstly, the integral characteristics of scattered radiation
were investigated, independent of the illumination and ob-
servation geometry: scattering factor Qs,, absorption factor
Qabs, and single scattering albedo w. The scattering factor de-
termines how effectively an area unit of the scattering object
re-scatters light (Petrov et al., 2020), while the absorption
factor indicates how effectively an area unit of the scattering
object absorbs light. Taking into account the scattering factor
and the absorption factor, it is possible to calculate the single
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scattering albedo w, which determines the probability that an
individual photon will be scattered rather than absorbed by a
particle (Mishchenko et al., 2002):

W= Qsca
Qsca + Qabs

Figure 2 shows the dependence of the scattering factor
QOsca on the size of scattering layered particles of various
types. Dashed lines correspond to a small thickness of the
carbon layer { = 5%, and solid lines correspond to a thick-
ness of the carbon layer { = 10%. Red lines denote CS
particles, and blue lines denote SC particles. As can be seen
from the figure, for large sizes of scattering particles (several
times larger than the wavelength), CS particles scatter light
more effectively due to the presence of a bright silicate on
their surface, unlike SC particles with a surface layer of dark
carbon. However, for sufficiently small particle sizes rang-
ing from 0.2 to 0.4 um, dark SC particles scatter light much
more effectively. This can be explained as follows. In the
case of CS particles, the refractive index of the upper layer is
significantly smaller than that of the lower layer (this is true
for both the real and imaginary parts of the refractive index).
For small sizes of scattering particles, an effect similar to
the so-called optical brightening occurs. Optical brightening
involves the coating, on the refracting surface adjacent to the
air, of a thin layer with a refractive index lower than that
of the refracting surface, leading to a significant decrease
in reflection from the refracting surface, and consequently,
to an increase in the light sensitivity of the optical system
(Brehovsky, 1973).
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Fig. 3. The same as in Fig. 2 but for the absorption factor Q .

Figure 3 shows the dependence of the absorption factor
Qaps on the size of scattering layered particles. Particles with
¢ = 10% have significantly higher absorption capacity due to
a higher carbon abundance. For particle sizes up to ~1 um,
CS particles absorb light more effectively, while for larger
sizes, SC particles absorb it more, which is presumably re-
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lated to the mentioned effect similar to the optical brightening
effect.
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Fig. 4. The same as in Fig. 2 but for the single scattering albedo w.

Figure 4 shows the dependence of the single scattering
albedo on the particle size. As can be seen from the figure,
the albedo of particles with { = 10% is noticeably lower
than that of particles with { = 5% due to a great amount
of absorbing carbon. The difference between SC and CS
particles is determined by absorption: for sizes <1 um, the
albedo is higher for SC particles, while for larger sizes, it is
higher for CS particles.

Of special interest is the impact of the mutual arrange-
ment of layers on the phase dependence of the linear polariza-
tion degree, which is widely used in remote sensing of celes-
tial bodies. Linear polarization degree maps were constructed
for particles of four types (Fig. 5). Red color indicates posi-
tive linear polarization degree; blue, negative one; and white,
near-zero. The main difference between various types of par-
ticles is evident from the figure: SC particles exhibit a much
higher maximum of the linear polarization degree than do CS
particles. This is crucial for interpreting observations of the
Solar system objects, such as F-type asteroids, which have
a relatively high maximum of positive polarization. As es-
tablished in Kiselev et al. (2022), asteroid (3200) Phaethon
has the polarization maximum Ppax = 45% = 1% at the
phase angle @ = 124° + 0.4°. This is the only F-type aster-
oid for which the position and the maximum value of linear
polarization could be accurately determined. How well can
SC and CS particles reproduce the polarization maximum of
this asteroid? To investigate this, the dependence of the lin-
ear polarization degree on size at the phase angle @ = 124°
was constructed (Fig. 6). The horizontal line corresponds to
the maximum of the linear polarization degree for asteroid
(3200) Phaethon. As can be seen, CS particles are unable
to reproduce this maximum, as they exhibit a significantly
lower linear polarization degree in almost the entire range of
scattering particle sizes. Meanwhile, SC particles with sizes
above 1 um show the same or even greater degree of linear
polarization, with a lower single scattering albedo (Fig. 4).
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Fig. 5. Map of the degree of linear polarization of scattered light depending on the phase angle (horizontal axis) and the size of ice scattering

particles (vertical axis) for four types of particles.
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Fig. 6. Dependence of the linear polarization degree on size at the
phase angle a = 124° for four types of particles. The solid horizon-
tal line denotes the maximum of the linear polarization degree of
asteroid (3200) Phaethon.

Consequently, asteroids of dark spectral types, such as aster-
oid (3200) Phaethon, are more likely to have SC particles,
i.e., heterogeneous particles in which a layer of silicate is
covered by a layer of carbon.

4 Conclusions

The main conclusion of this study is that the mutual arrange-
ment of layers in heterogeneous particles composed of carbon
and silicate significantly influences the scattering properties
of these particles even with the same percentage abundance
of carbon and silicate. Calculations using the shape matrix
method for irregularly shaped layered particles show that the
mutual arrangement of layers affects both integral character-
istics, such as scattering factor, absorption factor, and single
scattering albedo, as well as the phase dependence of the lin-
ear polarization degree. It is established that carbon particles
covered with a layer of silicate generally scatter light more
effectively than silicate particles covered with a layer of car-
bon. An exception is observed in the size range from 0.2 to
0.4 um, where scattering by silicate-carbon particles domi-
nates. An explanation for this effect is provided in the study,
similar to the optical brightening effect, which is achieved
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by coating a thin layer, with a relatively low refractive index,
on the refractive surface. It is shown that the mutual arrange-
ment of layers significantly affects the phase dependence of
the linear polarization degree. In the case of SC particles, the
maximum value of polarization is noticeably higher com-
pared to CS particles. A comparison of simulation results
with observations for asteroid (3200) Phaethon revealed that
CS particles in most size ranges cannot reproduce such high
values of linear polarization, whereas SC particles with sizes
larger than 1 pum can achieve such high values of polariza-
tion. Therefore, for dark F-type asteroids, regolith particles
consisting of silicate covered with a layer of carbon are more
characteristic.
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