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Abstract

The results of imaging photometric, polarimetric, and
long-slit  spectroscopic  observations of comet
67P/Churyumov—-Gerasimenko in 2015-2016, which
was the target of the ESA’s Rosetta mission, and a
highly evolved comet 2P/Encke in apparitions of
2013 and 2017 are presented. Similar radial
variations of polarization and color over the coma
revealed in both comets, dust-poor comet Encke and
dust-rich comet 67P/C-G, are discussed.

1. Introduction

Comet  67P/Churyumov—-Gerasimenko  (hereafter
67P/C-G) was the target of the ESA’s Rosetta
mission. Combining results of the ground-based
observations with the Rosetta studies shed light on
the properties of the dust particles as well as
processes of their ejection and evolution. Comet
2P/Encke has a number of features that attract the
attention of researchers. First of all, comet Encke is a
highly evolved comet; an extremely low content of
dust which is concentrated in the near-nucleus region
of the coma, making Encke one of the gassiest
comets; the presence of sunward-oriented fan which
is observed near perihelion almost in all apparitions.
Accordingly, our researches are aimed at a better
understanding of these features and processes
occurring in the coma of both comets.

2. Observations

Three sets of photometric, polarimetric, and spectral
observations of comet 67P/C-G were carried out on

November 8 and December 9 2015 and April 3-5,

2016. Heliocentric distance (r) of the comet was
within the range from 1.62 au to 2.72 au, geocentric
distances (4) from 1.81 au to 1.72 au, and phase
angles () from 33.2° to 10.4°. Imaging polarimetric,
photometric, and long-slit spectroscopic observations
of comet Encke were performed at r=0.56 au, 4=0.65
au, and =109° on November 4, 2013 and at r=1.052
au, 4=1.336 au, and a=46.8° on January 23, 2017. In
all cases, observations were taken at the 6-m
telescope with a multimode focal reducer SCORPIO-
2 of the SAO RAS. A 2048 x 2048 CCD with a full
field of view of 6.1'x6.1' and a pixel scale of 0.18
arcsec/px was used as a detector. Observations were
acquired using the broad-band filters as well as the
narrow-band cometary filters.

3. Results

The spatial distribution of intensity, color, and linear
polarization over the coma showed the following
features.

3.1 Comet 67P/C-G

The comet was a very active. Two persistent jets and
long dust tail were observed during the whole
observing period. The radial profiles of surface
brightness, color, and polarization significantly
differed for the coma, jets, and tail, and changed with
increasing heliocentric distance. The dust production
Afp decreased from 162 cm at r=1.62 au to 51 cm at
r=2.72 au. The dust color (g-r) gradually changed
from 0.8™ in the innermost coma to ~0.4™ in the outer
coma. In November and December, the polarization
in the near-nucleus area was ~8%, dropped sharply to
2% at the distance ~5000 km, and then gradually



increased with distance from the nucleus, reaching
~8% at 40000 km. In April, at «=10.4°, the
polarization varied between -0.6% in the near-
nucleus area and —4% in the outer coma.

3.2 Comet Encke

The dust in the comet was concentrated to the near-
nucleus area and only a negligible continuum signal
was present at distances greater than 2000 km from
the nucleus. The low dust production Afp=32+7 in
the BC filter confirmed the status of the comet as
optically dust-poor one. The fan/tail structures were
detected in the coma in both observational periods.
The dust color (BC-RC) decreased from ~1.0™ in the
innermost coma up to ~0.1™ at the distance 2500 km.
The corrected for gas contamination radial profiles of
polarization showed that the polarization in the near-
nucleus area was almost 12%, dropped sharply to 6%
at the distance ~3000 km, and then gradually
increased to the outer coma, reaching 12% at 12000
km.

4. Analysis

Revealed radial variations of polarization and color
in both comets, dust-poor comet Encke and dust-rich
comet 67P/C-G, suggest a change in the particle
properties and, hence, in the mean scattering
properties of the grains on a time-of-flight timescale.
To calculate the light scattering properties of
individual scattering particles, the Sh-matrix method
[1] for Gaussian particles was used. In the case of
comet Encke, we considered cometary dust as a
mixture of particles of three types: silicates, organic
matter, and water ice. Our simulation allowed us to
determine the microphysical parameters of the model
particles which demonstrated a good agreement with
the observed changes in color and polarization.
Contrary, in the case of comet 67P/C-G, cometary
dust was presented by particles of single type which
decayed with distance from the nucleus. Calculations
showed that physical decay of particles can also
explain the spatial variations of polarization and
color of dust in the comet.

5. Summary and Conclusions

The behavior of polarization and color with the
distance from the nucleus of comet Encke
qualitatively is similar to their behavior observed in

comet 67P/C-G [2]. However, the quantitative
changes in polarization and color with distance from
the nucleus of both comets are differed. This may be
partly due to different phase angles of comets, 46.8°
and 33.2° for Encke and 67P/C-G, respectively.
However, most of these differences can be explained
by the difference in the properties of dust particles in
these two comets. Firstly, the color of Encke’s dust in
the near-nucleus area of the coma is noticeably
redder (reddening is ~15%) than that (8.2%) for
comet 67P/C-G. The color change of the dust
(“blueing”) and the increase of polarization degree
toward to the outer part of the coma in comet Encke
occur faster than those in comet 67P/C-G. At the
nucleocentric distances up to ~3000 km, a decrease
in polarization with decreasing particle size is
expected when the size of particles decreases from
hundreds of microns to some microns. In order to
understand how different physical properties of the
dust particles affect the behavior of color and
polarization, further numerical simulations of light
scattering by cometary dust particles are required.
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Abstract

A multi-colour phase - polarization curve of asteroid
(3200) Phaethon has been obtained during the Decem-
ber 2017 apparition by merging measurements taken
at the observing station of Calern (France) and at the
Rhozen observatory (Bulgaria). The measured values
of linear polarization are among the highest ever ob-
served for a Solar system body. The P,,,, parame-
ter seems to occur at a phase angle around 130° and
reaches more than 45%. Phaethon is the parent body of
the Geminid meteor shower, and the real physical na-
ture of this object (asteroid or comet?) has been a long-
debated subject. Our polarimetric measurements sug-
gest that Phaethon is an asteroid, rather than a comet,
and is likely a former member of the dynamical family
of (2) Pallas.

1. Introduction

(3200) Phaethon is a near-Earth asteroid belonging to
the Apollo orbital subclass, and is a very interesting
object due to a number of peculiar properties.

1. Ithas a very high orbital eccentricity (0.89), and a
correspondingly small perihelion distance of only
0.14 AU.

2. It is thought to be the parent body of the Geminid
meteor shower.

3. In terms of spectral reflectance properties it be-
longs to an unusual taxonomic class.

In particular, it was classified by [1] as a member
of the rare F taxonomic class, whose members are
low-albedo objects that in at least one case (the as-
teroid (4015) Wilson Harrington) have exhibited in
the past some cometary activity. The F class in no
longer present in the most recent classifications, be-
cause it was characterized by its behaviour at blue
wavelengths, that are no longer covered in modern
spectroscopic survey. On the other hand, [2] published

a reflectance spectrum suggesting that Phaethon does
not belong to the F taxonomic class. As we exten-
sively explained in a very recent paper [3], the investi-
gations carried out by different authors, based on spec-
troscopic and dynamical evidence, has not been so far
sufficient to draw definitive conclusions about the real
nature of Phaethon.

2. Polarimetry as a useful tool

A very interestiong result of asteroid polarimetry is
that the objects belonging to the old F-class display
some unusual properties in their phase-polarization
curve, which are sufficient to identify them as a sep-
arate class. In particular, the most important charac-
teristic is a low value of the so-called inversion an-
gle of polarization, that is the value of phase angle at
which there is the transition from observing conditions
in which the plane of linear polarization of the aster-
oid’s light is found to be parallel to the Sun-observer-
target plane (scattering plane) to observing conditions
in which the plane of linear polarization is found to be
normal to the scattering plane. Interestingly enough,
the same property displayed by F-class asteroid has
been found to be also exhibited by some cometary nu-
clei (see references in [3]. This opens the perspective
of determining the physical nature of Phaethon (aster-
oid or comet) by means of an analysis of its phase- po-
larization curve. For this reason we organized a cam-
paign of polarimetric observations of (3200) Phaethon
during its last apparition in December 2017.

3. Results

We observed (3200) Phaethon in BVRI colours using
the C2PU facilities of the Calern observing station of
the observatory of Nice (France) and in R colour us-
ing the 2-m telescope of the Rhozen observatory (Bul-
garia). Our polarimetric observations covered a very
wide interval of phase angles, all of them belonging to
the positive polarization branch, where the linear po-
larization plane is found to be normal to the scattering



plane. One should not that the high values of phase
angle of our observations were made possible by the
fact that Phaethon is a near-Earth asteroid, and could
be observed when being at a short distance from the
Earth, in a wide and rapidly changing interval of ob-
serving conditions.
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Figure 1: Phase - polarization curve of (3200)

Phaethon in V light. The green symbols indicate the
results of our measurements. One single previous
measurement available in the literature is indicated by
a black symbol.

The results of our observations can be summarized
as follows:

1. We have measured the highest values of linear po-
larization ever found for objects of the solar sys-
tem.

2. We derive an estimate of the P,,,, polarimet-
ric parameter, namely the maximum value of
polarization attained in the positive polarization
branch. The obtained value suggests a very low
value for the geometric albedo.

3. The phase - polarization curve of (3200)
Phaethon seems to be poorly compatible with the
F-class. Conversely, a much better agreement is
found with the polarimetric properties of (2) Pal-
las. This confirms previous suggestions of [4]
who suggested that Phaethon could be an evolved
member of the Pallas’ dynamical family.

4. Summary and Conclusions

We plan to obtain further polairmetric observations
covering also the negative polarization branch during
the next apparition of this asteroid. This will allow us
to obtain definitive conclusions about its incompatibil-
ity with the polarimetric behaviour of the F-class, and
its resemblance with the polairmetric properties of (2)
Pallas.
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Abstract

The Mission Accessible Near-Earth Objects Survey
(MANOS) aims at characterizing sub-km, low delta-
v, newly discovered Near-Earth Objects (NEOs). This
survey, started in August 2013, is collecting astrom-
etry, lightcurve photometry, and reflectance spectra
of this under-studied portion of the NEO population.
The MANOS program is using 1 to 8 meter tele-
scopes located around the world. Here we present
the first results of the visible reflectance spectroscopy
survey obtained with the 8.1-meter Gemini North and
South telescopes, the 4.3-meter Discovery Channel
Telescope and the 4.1-meter SOAR telescope.

1. Introduction

Near-Earth objects (NEOs; defined by perihelia <1.3
AU) are small objects in the Solar System which regu-
larly make close approaches with the Earth. For more
than two decades these objects have been increasingly
targeted for observations in photometry, spectroscopy,
and radar ranging. These observations have provided
valuable information about their physical characteri-
zation.

Scientifically, NEOs are essential to understand the
formation and origin of the Solar System. They are
the source of the meteorites, but assessing the link be-
tween them and NEO physical characteristics is not an
easy task. The surface properties of NEOs are modi-
fied over time due to phenomena such as space weath-
ering, and the meteorites examined on Earth have also
undergone physical and chemical changes due to envi-
ronmental weathering. In that sense, studying NEOs is
essential to clarify these processes. Their full charac-
terization (composition, size, density) is also of great
importance in assessing defense strategies and damage
previsions on the ground in the event of a potential im-
pact. Lastly, NEOs are potential targets for in-situ re-
source utilization either for mining or life support for

manned mission. They will be the subject of several
spacecraft missions in the next decades (OSIRIS-REXx,
Hayabusa2, DART, DESTINY+)

The physical properties of NEOs seem to be size
dependent. Whether or not these objects can be cov-
ered by regolith, or must be necessarily monolithic, is
still an open question. Laboratory measurement have
proven that grain size is an important parameter and
could be responsible for variation in the slope or band
depth [3, 2]. Compositional discrepancy is also ob-
served between large NEOs (>1km) and meteorites
[7, 10].

2. What is MANOS ?

The Mission Accessible Near-Earth Objects Survey
(MANOS) started in August 2013 and is a multi-year
survey supported by the National Optical Astronomy
Observatory (NOAO) and Lowell Observatory, and
funded by the NASA NEOO (Near-Earth Object Ob-
servations) office. The MANOS program consists of
a physical characterization survey at visible and near-
infrared wavelengths which is providing light-curves,
astrometry, and reflectance spectra of sub-km, low
delta-v (typically <7 km/s) NEOs. MANOS often tar-
gets newly discovered objects, which typically do not
have a brighter apparition for the next several years or
even decades. First MANOS results can be found in
[8].

3. Data reduction

All spectroscopic data have been reduced using a new
python based pipeline for long-slit spectroscopy re-
duction developed specifically for this project. This
pipeline is intended to be easily portable to any visi-
ble spectrograph and is optimized for asteroid spectral
reduction. The use of the same pipeline for all data ob-
tained by this survey allows us to obtain a consistent
data set of spectral properties of small NEOs. This



pipeline will be released as an open source package in
the near future. An example of a reduced spectra can
be see in Fig. 1
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Figure 1: Example of spectrum obtained by the De-
veny instrument from the 4.3m Discovery Channel
Telescope (DCT).

4. Spectroscopic survey

We report here the first results of the visible spectro-
scopic survey of small NEOs. We have determined
the taxonomic type of more than 300 asteroids with a
mean size around 40 to 100 meters (H = 25) and as
small as few meters (H=30). Fig. 2 shows the dis-
tribution of H magnitude of the NEOs observed by
the MANOS project. This is the first comprehensive
dataset of NEOs smaller than 100 meters with taxo-
nomic type determined for each object. We will dis-
cuss the compositional properties of the NEO popula-
tion (km and sub-km) [6, 9, 4], and how these popula-
tions compare to Main Belt asteroids [1, 5]. We will
also compare the population of small NEOs with the
meteorite population.
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Abstract

We review the available observational data on
magnitude and polarization phase angle dependences
of small Solar system bodies from different
dynamical groups, including Near-Earth objects,
main belt asteroids, Trojans, Centaurs, and
transneptunian objects (TNOs). Diversities and
similarities in phase angle behaviours of
atmosphereless small bodies orbiting at different
distances from the Sun are discussed. We focus on
observed correlation of phase curve parameters with
albedo and interrelations between photometric and
polarimetric phase curve characteristics.

1. Introduction

Study of phase angle effects in brightness and
polarization of atmosphereless Solar system bodies
give a first look into top-most surface properties. A
sharp increase in brightness and the negative branch
in the degree of linear polarization are common
phenomena observed at small phase angles for
different types of Solar system bodies. Both
phenomena are considered to have similar physical
nature and their joint analysis is of a great value to
better understand light-scattering mechanisms and to
improve basis for data interpretation in terms of
physical characteristics of the surface regoliths.

2. Results

For main-belt asteroids a strong correlation was
found between the linear slope of magnitude-phase
dependences defined in the range of 5-25° and the
geometric albedo [1]. A twofold increase in the
amount of high-quality observational data has
confirmed strong albedo dependence of the phase
slope (Fig.1). An existence of such correlation
suggests that albedo is the main factor influencing

the slope of main-belt asteroid phase curves (at least
up to 25°).
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Figure 1: Correlation between slope of asteroid phase
curves and albedo.

The value of opposition effect amplitude (defined
as an excess in magnitude relatively to linear
approximation of phase curve at zero phase angle)
depends on albedo in more complicated way (Fig.2).
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Figure 2: Dependence of the opposition effect
amplitude of asteroids on albedo. Several asteroids
(in the red rectangle) have not revealed non-linear

opposition surge.



Some of low-albedo asteroids show linear phase-
angle magnitude dependences down to very small
phase angles. The only plausible explanation of such
effect is an assumption of extremely low surface
albedo of asteroids not showing opposition effect [2].
These asteroids belong mainly to the primitive P and
D types. Moreover, magnitude-phase dependences of
the P-type asteroids belonging to the main belt, Hilda
and Cybele groups, and Trojans are found to be
indistinguishable within the errors of measurements
[3, 4]. Phase curves of Centaurs measured at small
phase angles differ from those for asteroids and show
greater diversity. For TNOs a very narrow opposition
effect is inherent [5].

The parameters characterizing  brightness
opposition effect and negative polarization branch
have a tendency to correlate. The negative
polarization branch of low albedo asteroids becomes
less deep when the opposition effect amplitude
decreases. Correlations of polarimetric parameters
with albedo are successfully used for asteroid albedo
determinations (see e.g. [6]). That is not the case for
TNOs and Centaurs for which correlation between
polarization and albedo is rather weak [7]. The
distinct feature of their polarization behavior is a
pronounced negative polarization at small phase
angles (except for largest dwarf planets). Their
polarization minimum is shifted toward small phase
angles as compare to main-belt asteroids and Jupiter
Trojans [8].

3. Conclusions

The magnitude and polarization phase angle
dependences measured for different classes of small
Solar system bodies revealed many interesting
features and interrelationships. Their interpretation in
terms of physical parameters of surface properties is
still in progress. The measured observational features
need to be taking into account to improve theoretical
models of lightscattering by planetary surfaces.
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Abstract

The photometric phase curve of an asteroid refers to
the dependence of disk-integrated brightness on the
phase angle (the Sun-Object-Observer angle). In the
present work, we study the feasibility of constraining
asteroid phase curve parameters from the sparse
photometry available from Gaia Data Release 2. An
asteroid's lightcurve, i.e., its observed disk-integrated
brightness as a function of time, depends on the
shape and spin state of the asteroid, as well as its
surface scattering properties. It follows that these
properties can be estimated from the observations, to
an extent allowed by a given data set. In order to
facilitate the rapid assessment of the phase curves,
we utilize the so-called Lommel-Seeliger ellipsoids
in the statistical inversion of Gaia photometry. We
transform the resulting phase curves to reference
equatorial illumination and observation of the given
asteroid. These reference phase curves can have
substantial value in asteroid taxonomy.

1. Introduction

Asteroids are irregularly shaped Solar System bodies
typically rotating about their axes of maximum
inertia. Their surfaces are typically covered by
regoliths, that is, by layers of particulate material in
the size scales of microns to meters, with the typical
particle size being of the order of 100 microns.
Asteroids offer information about the evolution of the
Solar System, provide valuable space resources, and
cause an impact hazard for life on the Earth.

The most common source of data on the asteroids is
photometry: the measurement of the disk-integrated
brightness of the asteroid. An asteroid's lightcurve,
i.e., its observed brightness as a function of time,
depends on the shape and spin state of the asteroid, as
well as its scattering properties. In the present work,
we consider sparse photometric data from the ESA
Gaia mission made available by Gaia Data Release 2
(Gaia DR2, [1]). We utilize statistical inverse
methods for the retrieval of rotation periods, pole
orientations, and scattering properties from the

photometric observations. This entails a complete
Markov chain Monte Carlo assessment of the
uncertainties in the physical parameters. The inverse
methods are based on the Lommel-Seeliger ellipsoids
[2-5] suitable for the analyses of sparse data. The
computational tools based on the present inverse
methods are available through a web-based Gaia
Added Value Interface [6].

2. Results and discussion

We have validated the Gaia photometric data by
using high-resolution shape models of (21) Lutetia [7]
and (2867) Steins [8]. Figure 1 shows an example of
the validation for (21) Lutetia. Typically, the Gaia
photometric data can be validated with numerical
modeling at a root-mean-square difference level
(RMS) of 0.01-0.02 magnitudes. We would like to
point out that a large part of the RMS difference is
likely to derive from the modeling: the Gaia data can
have significantly smaller uncertainties.

(21) Lutetia
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Figure 1: Photometry of asteroid (21) Lutetia from
Gaia Data Release 2 (black dots) validated using a
high-resolution shape model (blue dots, [7]) with a
Lommel-Seeliger scattering law [2] reproducing the
phase curve from ground-based observations [9].



We will carry out a systematic study of the Gaia DR2
asteroid photometry to estimate the parameters of the
H, G, G, photometric function [10-12]. In doing so,
we may be obliged to invoke informative a priori
probability densities on the physical parameters,
making the statistical inverse problem highly
challenging.

3. Conclusion

We conclude that the present inverse methods can
facilitate a meaningful phase curve retrieval from
sparse Gaia DR2 photometry.
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Abstract

We present a computational approach for modeling
light scattering and absorption in planetary regoliths
composed of densely packed particles. The approach
is based on the rigorous electromagnetic theory hence
it allows for a quantitative analysis of photometric and
polarimetric observations of airless planetary bodies.
We will model and compare the photometric and po-
larimetric phase functions of typical asteroids and the
surface of comet 67P/Churyumov-Gerasimenko.

1. Introduction

Interpretation of remote light scattering observations
of small bodies in the Solar System relies on numerical
modeling. Surfaces of small bodies such as asteroids
and comets are covered by small dust particles, that
is, planetary regolith. Solving light scattering char-
acteristics of such surfaces is not an easy task. First,
particle sizes are of the order of the wavelength of in-
cident light, meaning that one has to consider the wave
nature of light described by Maxwell’s equations. Sec-
ond, the particles are not spherical, and third, the entire
body is large compared to the wavelength which ren-
ders the exact electromagnetic solvers inapplicable.

Large numbers of different approximate models ex-
ist that are loosely based on the radiative transfer equa-
tion, e.g., the Hapke model. The model parameters,
however, are not directly linked to the physical prop-
erties of the target [1]. Further, the standard radiative
transfer approach does not work for media composed
of densely packed particles. For the quantitative inter-
pretation of light scattering observations of planetary
regoliths, rigorous and efficient numerical methods are
needed.

Recently, we have developed a numerical method
based on the rigorous multiple scattering theory,
called as radiative transfer with reciprocal transactions
(R2T?) [2, 3], which allows us to close the gap be-
tween the exact solutions for microscopic particles

and the approximate solutions for macroscopic ob-
jects. Thus, we can build a chain of numerical solvers
that provide a realistic model for light scattering and
absorption in planetary regoliths. In this work, we
demonstrate that these methods can be used to inter-
pret spectropolarimetric and photometric observations
of planetary regoliths.

2. Numerical methods

Modeling electromagnetic scattering by planetary re-
goliths is a multiscale scattering problem involving
microscopic and macroscopic details. Thus, not a sin-
gle numerical method can solve such a problem alone,
but we need to combine different methods in a hier-
archical manner. Figure 1 illustrates different numer-
ical solvers and the particle size range in which each
method is applicable at visible wavelengths.
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Figure 1: The range of applicability for different nu-
merical methods is shown. The blue lines denote the
exact numerical methods and the red lines denote the
approximate methods. In order to solve scattering by
planetary regoliths, the methods are used in a hierar-
chical manner.

2.1 Exact methods

Exact numerical methods such as the volume integral
equation (VIE) method and the fast superposition T-
matrix method (FaSTMM) solve Maxwell’s equations
exactly without any physical approximation [4]. The



drawback is that they are computationally expensive,
and in practice, they cannot be applied for large ob-
jects. Here we use the exact method to compute input
data to the R>T? method.

2.2 Approximate methods

The R?T? method is based on the order-of-scattering
(OOS) representation of the electric field. We formu-
late the OOS solution for the clusters of particles (vol-
ume elements) rather than the single particles allow-
ing us to find the solution for a scattering problem in-
volving densely packed particle systems. To solve the
OOS equation, we apply a Monte Carlo algorithm in
which each scattering sequence is computed exactly
with the FaSTMM. Thus, we can treat large media
consisting of arbitrarily shaped and inhomogeneous
particles. The method, however, cannot treat macro-
scopic surface roughness, hence as a final step, we use
the output of the R?T? as input for the SIRIS solver
[5]. The SIRIS solver is a Monte Carlo radiative trans-
fer solver coupled with geometric optics that can take
macroscopic surface roughness into account.

3. Numerical example

We consider scattering by 1-cm sized porous parti-
cle (porosity = 0.75) consisting of iron-rich silicate
grains (m = 1.7 + i0.03) of size 0.4 &+ 0.1 microns
at A = 649nm. Such material compositition is typical
for S-type asteroids. Figure 2 shows the Mueller ma-
trix element S11 normalized to the geometric albedo
and the degree of linear polarization -S12/S1;1 for two
different types of small grains, irregular and spherical.
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Figure 2: Computed intensity and the degree of linear
polarization for the 1-cm sized iron-rich silicate parti-
cle consisting of densely packed irregular or spherical
grains.

The polarization phase curve demonstrates the im-
portance of using non-spherical particles as con-
stituent grains of the medium. Resonances associated

with the spherical shapes are clearly visible. With ir-
regular grains the resonances vanish and the polariza-
tion curve is more consistent with observations, i.e.,
showing a bell-shaped polarization curve with a nega-
tive branch at low phase angles and the maximum pos-
itive polarization near 90 degrees.

4. Conclusions

We have presented a novel numerical method for mod-
eling light scattering and absoption in planetary re-
goliths. The method allows for a quantitative interpre-
tation of photometric and polarimetric observations of
airless planetary bodies such as asteroids, moons, and
comets.
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Abstract

‘We have collected polarisation spectra for over 70 as-
teroids of various taxonomic classes. Data obtained so
far confirm a predictable relation between polarization
spectra and albedo, but at the same time indicate also
some previously unexplored dependences upon other
surface properties, including regolith properties. We
show that asteroids exhibiting very similar reflectance
spectra can display strong differences in their polariza-
tion spectra, and we conclude that spectropolarimetry
is a more powerful tool to reveal the great diversity
displayed by the small bodies of our solar system than
traditional spectro-photometric techniques.

1. Introduction

Light scattered by surfaces is polarized. The state of
the polarization of the scattered radiation depends on
the structure and composition of the reflecting surface
and on the scattering angle, and polarimetric measure-
ments as function of the scattering angle may reveal in-
formation about the physical properties of the reflect-
ing surface.

Broadband linear polarization (BBLP) measure-
ments have long been used as a remote sensing tool
for the characterisation of the objects of our solar sys-
tem. BBLP measurements in the standard optical fil-
ters are usually plotted as a function of the phase-angle
(the angle between the sun and the observer as seen
from the target object). The morphology of the result-
ing phase-polarization curves may be used for the pur-
poses of albedo determinations (see Cellino et al. 2015
and references therein), to infer some properties of the
surface regolith such as the average particle sizes, and

for asteroid classification (Penttild et al. 2005, Bel-
skaya et al. 2017).

Comparatively less attention has been paid to the
way polarisation depends on wavelength. Most of
the relevant works are actually based on multi-filter
BBLP measurments (Lupishko & Kiselev 1995; Bel-
skaya et al. 2009; Lupishko & Shkuratov 2016) while
low-resolution spectropolarimetry of asteroids was in-
troduced by Bagnulo et al. (2015).

2. Earlier works

Bagnulo et al. (2015) have shown that polarization
spectra of low albedo and intermediate albedo aster-
oids exhibit opposite trends, namely: the polarization
spectra of low albedo asteroids always have a posi-
tive gradient, and intermediate albedo asteroids always
have a negative gradient. This confirmed preliminary
results obtained by Lupishko & Kiselev (1995) and
Belskaya et al. (2009), based on multi-colour BBLP
data, and suggested that the slope of the polarization
spectra may be linked to the albedo. Bagnulo et al.
(2015) also unveiled an unexpected variety of situa-
tions. Some of them show up as violation of the Umov
law. The Umov law says that light reflected by darker
objects is more polarized than light reflected by ob-
jects with higher albedo; however, it was found that
in contrast to what expected from basic physical con-
siderations, reflectance and polarization spectra of as-
teroid (236) Honoria are correlated positively. This
discovery represents a challenge for theory, and stim-
ulates further developments of the modelling of the
scattered light. Both Belskaya et al. (2009) and Bag-
nulo et al. (2015) proposed that the slope of the spec-
tral dependence of polarization of asteroids exhibit op-
posite signs in the negative and in the positive branch



of the curve of polarisation versus phase-angle. This
fact was confirmed (on a more systematic basis) by
Lupishko & Shkuratov (2016).

If we could establish a firm link between albedo
and wavelength-dependence of the degree of polariza-
tion (as our preliminary results seem to suggest) we
would accomplish a crucial step forward in asteroid
science: joint to absolute magnitude measurements,
spectropolarimetry would allow us to measure the size
of asteroids, with implications particularly important
for the characterization of potentially hazardous near-
Earth objects.

3. New measurements

Using the ISIS instrument of the William Herschel
Telescope and the FORS?2 instrument of the ESO Very
Large Telescope, we have now collected 144 polari-
sation spectra of 72 different asteroids belonging to
different taxonomic classes and with different albedo,
and started to construct the first spectropolarimetric
database of asteroids. We have explored in detail the
complex taxonomic classes S and C, which include a
significant numbers of sub-classes that can correspond
to a variety of relevant differences in terms of com-
position, regolith properties and overall collisonal and
thermal histories of the objects. While still working
on a classification scheme for spectropolarimetry, we
have found examples of asteroids with relatively sim-
ilar optical reflectance spectra but different polariza-
tion properties. The natural interpretation of this find-
ing is that the diversity of surface structures may best
revealed via spectropolarimetric measurements than
through “usual” spectro-photometry.
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Abstract

The Lyot coronographs on the twin STEREO space-
craft observe the vicinity of the Sun in the 650-750
nm wavelength range. As well as solar physics,
they have been well-utilised for comet hunting. Un-
like most similar instruments, STEREO coronographs
have a polariser permanently mounted in their optical
path, which means full polarimetric analysis can be
performed on large datasets of comet passages. Al-
though the integration time is short and the signal
is usually dominated by solar activity, polarimetric
analysis of bright comets and their tails can be per-
formed. If the geometry of the cometary encounter
is favourable, a wider range of phase angles - par-
ticularly those above 90° - may be observed with
solar-observing instruments than with other methods.
We developed an improved method for polarimetric
analysis of comets with known orbital elements ob-
served with the STEREO spacecraft coronographs.
The method reduces triplets of polarised images and
calculates the degree of polarisation of the comet along
its dust tail, with considerations of 3-D geometry, pro-
ducing a phase angle curve. While most observed
comets do not appear to survive the perihelion passage,
a variety of polarisation properties has been observed.
The method has shown to be robust and may also be
extended to other solar observatories (e.g. SOHO).

1. Introduction

The STEREO spacecraft (Solar Terrestrial Relations
Observatory) mission is a pair of near-identical solar
observatories (STEREO-A or Ahead and STEREO-
B or Behind) launched in 2006 in heliocentric or-
bits lagging behind (STEREO-B) or advancing ahead
(STEREO-A) of the orbit of the Earth. While its
main focus is the 3-D analysis of the solar environ-
ment, the mission - like the earlier SOHO (Solar and
Heliospheric Observatory) mission [1] - has been suc-
cessful at detecting near-Sun comets [4].
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Figure 1: Comet C/2011 W3 (Lovejoy) as observed by
STEREO-A/SECCHI/COR?2 on 15th December 2011.

The most useful comet-hunting instruments aboard
STEREO are in the SECCHI (Sun-Earth Connection
Coronal and Heliospheric Investigation) suite of tele-
scopes, which include two Lyot coronographs: COR1
(field of view 1.3 — 4.0R) and COR?2 (field of view
2 — 15Ry) [3]. While SOHO has been more pro-
lific in its discoveries of new comets than any other
mission, including STEREO [1], the great advantage
of the latter over the former is that the CORI and
COR?2 instruments boast a rotatable polariser perma-
nently positioned in their optical path. This allows for
near-continuous polarimetric observations, which is
particularly useful when observing the swiftly-moving
near-perihelion comets. Another unique advantage of
the STEREO mission is the relative positioning of
the twin spacecraft (prior to 2014, when contact with
STEREO-B was lost), meaning that comets have often
been observed by both simultaneously. This not only



increases the amount of available data, but often also
the range of observed phase angles.

The polariser angles for COR1 and COR2 corono-
graphs are 0, 120, and 240°. They both observe within
the wavelength passband of 650-750 nm, which ex-
cludes the dimmer comets when compared to SOHO.
Stokes @ and U, as well as the degree of polarisation
P, can be computed from these three orientations.

2. Methodology

The data reduction process we developed is similar on
the one used by [5], with significant adaptations and
generalisations, and using some routines from the So-
larSoft library [2].

Notably, while [5] required the comet to be visible
in both spacecrafts’ fields of view to triangulate the
three-dimensional position of the comet and its tail, a
simplifying assumption allows the extraction of all rel-
evant data from a single spacecraft with minimal loss
of accuracy. Using either the calculated orbital ele-
ments or the vector products of multiple heliocentric
positions of the comet, the normal to the cometary or-
bital plane can be determined. Assuming the dust tail
remains in the orbital plane of the comet and using the
position information of the spacecraft, we can project
every point in a STEREO image to the cometary or-
bital plane and thus obtain the full three-dimensional
information about it.

A triplet of images in each of the polarising angles
is taken in rapid succession every hour, or more fre-
quently in some early observations. These triplets are
analysed and recombined to determine the polarisation
of the comet (see Figure 1 for an example raw image).
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Figure 2: Phase curve of Comet C/2011 W3 (Lovejoy) dur-
ing its December 2011 perihelion.

3. Results and Conclusions

To prove the accuracy of the new method, we first
analysed the observations of comet C/2011 W3 (Love-
joy) and compared our results with [5], showing good
agreement (see Figure 2 and compare it to Figure 9
within [5]). We then narrowed down a list of over 30
comets observed with COR2 to those bright enough
for meaningful analysis. Results of this analysis will
be presented here. They show our method can suc-
cessfully reduce the STEREO images and provide us
with polarimetric information on the comet, given a
high enough signal-to-noise ratio. Phase curves can be
plotted and compared to the literature, and variation of
polarisation along the comet tail analysed.

STEREO-A and B spacecraft have a number of ad-
vantages which make them good candidates for po-
larimetric analysis of comets. Although only bright
comets make good STEREO candidates, observa-
tions from STEREO and other solar observatories, for
which our method can be adapted, can help expand our
knowledge of polarisation of comets, and therefore of
origin and evolution of comets at large.
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Abstract

We simulate huge discrete random media composed
of Gaussian random particles of different sizes and
shapes in the geometric optics (GO) regime. The
code used is an extended version of the SIRIS4, and
supports multiparticle systems and inhomogeneous
waves. This helps us to understand how the proper-
ties of the particles affect the output of the simula-
tion, e.g. is there any size dependency, and helps us to
improve shadowing functions and thus asteroid phase
curve models.

1. Introduction

Simulating light scattering from a huge discrete ran-
dom medium with exact methods such as the Volume
integral equation solver or the Superposition T-matrix
method is a challenge [1]. The required computational
resources are even more tremendous, if the particles
are larger than the wavelength (A > r), but fortu-
nately, in this region, geometric optics (GO) can be
applied.

In the GO, electromagnetic waves are treated as
rays, which can be traced individually in the studied
system. SIRIS4 [2, 3] is an GO code, which has been
successfully applied to spectral modeling [4]. The
problem is that the code does not support multiparti-
cle systems, but this will be fixed in the SIRIS4.1.

The new version can be applied to the discrete ran-
dom media composed of Gaussian random particles
such as shown in Fig. 1. The intensity and polarization
curves from these simulations will help us to develop
better understanding of how the geometry of the single
particles will affect the overall light-scattering charac-
teristics of the system.

Figure 1: A discrete random medium composed of
Gaussian random particles.

2. SIRIS4.1

SIRIS4.1 is a spin-off project from the original
SIRIS4, which computed light-scattering characteris-
tics of single particles by generating Gaussian random
particles and tracing rays inside the particle. SIRIS4.1
supports ray tracing in dense random media with a
huge number of particles.

As a preliminary result, Figs. 2 and 3 are shown.
In these figures the GO and the radiative transfer (RT)
were compared by simulating spherical discrete ran-
dom media of packing density 10% and size param-
eter kR = 5100 made of kr = 100 particles. Both
intensity (Fig 2) and polarization (Fig 3) were studied.
These results were computed with a single computing
core so there is a possibility to simulate even larger
systems.

3. Summary

We will study discrete random media made of Gaus-
sian random particles of different sizes and shapes in
the geometric optics regime. In order to be able to
do this, SIRIS4.1 needs to be finished with a proper
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packing algorithm, which can support multiple irreg-
ular particles. The results will help us to understand
how the features of a single particle can affect the out-
put of the light scattering simulation. This knowledge
can be then applied to improve asteroid phase curve
models.
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1. Introduction

Asteroid taxonomic systems are classification schemes
for asteroids based on their spectrophotometric prop-
erties. For the typical UV-vis-NIR wavelengths, the
photometric observations probe the surface (regolith)
properties of the target. As the spectral slope and the
absorption bands are resulting from the light scattering
mechanisms, mainly absorption, in the regolith mate-
rial, the spectra contains information on the absorption
coefficient of the material. Furthermore, by compar-
ing the spectral behavior to laboratory measurements
of different materials, we can find the possible mineral
composition of the target.

There are several taxonomic classification systems,
often created after new asteroid spectrophotometric
survey program when there is novel observational data
available. Some most popular examples are the Tholen
taxonomy [1] using observations from the Eight-Color
Asteroid Survey (ECAS), the Bus taxonomy [2] using
the Small Main-Belt Asteroid Spectroscopic Survey
(SMASS), and the Bus-DeMeo taxonomy [3] combin-
ing the SMASS II data with NIR observations with the
SpeX instrument at the NASA infrared telescope fa-
cility. In the future, the Gaia space telescope will pro-
duce a huge data set of asteroid spectra in UV-vis-NIR
range, and will most probably also produce its own
taxonomic classification.

The problem with the different taxonomic sys-
tems with new observations is that they are build
on the wavelengths used in their observational data
set. Tholen uses eight wavelengths between 0.31 and
1.06 pm and the albedo. Bus uses wavelengths from
0.44 to 0.92 um and with spectral resolution much
higher than in ECAS. Bus-DeMeo employ wave-
lengths 0.45-2.45 pm, and the Gaia data will have
wavelengths 0.33—1.05 um. Now, how to classify an
object if your observed spectra is not exactly from
these wavelengths?

I propose here a method that is suitable for finding
the Bus-DeMeo taxonomic classification for objects
with observations from a spectral range that is a sub-
set of the nominal 0.45-2.45 um range. The method is

based on the linear discriminant analysis of the origi-
nal Bus-DeMeo data set of 371 asteroids that is tuned
every time for the specific wavelength range, and on
the Naive Bayesian Classifier technique.

2. Spectral classifier for Bus-
DeMeo taxonomy with a limited
spectral range

The purpose of the method described below is to
associate the spectral observation of a given target
with probabilities for Bus-DeMeo (B-DM) taxonomic
classes. The condition for the observed spectra is, that
itis a subset of the spectral range of the original B-DM
classification, that is, 0.45-2.45 um.

For every set of spectral data with the same wave-
length range (Ajow; Anign), the original B-DM data of
371 asteroids is converted on-the-fly with the linear
discriminant analysis (LDA) transform using the same
wavelength range for the data.

The LDA is a method closely related to the prin-
cipal component analysis (PCA), but with the abil-
ity for finding a new coordinate basis so that the dif-
ferences between the known classes are maximized,
whereas in PCA the classes in the data are not known
beforehand. With the centered (i.e., wavelength chan-
nel means m subtracted) data matrix X, its covariance
matrix S, and group-wise covariance matrices S, the
LDA is formed using the within-group and between-
groups covariance matrices W and B as

W =) (n.—1)S.,

B :ch(mzmc), (1)

where c iterates over the groups, m, is the channel
mean vector for group ¢, and n,. is the number of tar-
gets in group c.

From these the LDA projection matrix is con-
structed with the help of the eigenvalue decomposi-
tion,

LAL™' = W™'B, )



Now the matrix L holds the eigenvectors that project
the spectral values to LDA-space. The eigenvalue
magnitudes order the projections from the most rel-
evant to the least relevant, and only the few first di-
mensions are needed. Finally, the LDA-projected data
(both the original B-DM targets and the observations
to be classified) is received with the transformation

y=(x—m)L. 3)

The actual classifier, the naive Bayesian classifier
(NBC), is using the LDA-transformed B-DM data
(here, Z) as a learning set to classify the new obser-
vations y. The NBC treats every class as a (Gaussian)
probability distribution, and our training set gives the
estimated parameters to these distributions. The NBC
probability for an observation y to belong to class c is
therefore computed as

pe = acf(y;mg, S7), 4)

where f is the probability density function of multi-
variate Gaussian distribution, and a. is the a priori
probability of class c. The NBC probability will be
computed for all the classes, and the most probable
class is selected.

3. Discussion

I present here a method to relate asteroid spectral ob-
servations to the Bus-DeMeo taxonomy, even if the
wavelength range of the observed spectra does not
meet the range of the Bus-DeMeo system. I have se-
lected the Bus-DeMeo taxonomy here because it of-
fers the widest wavelength range to be used. We
have tested this method in a special case with the
Gaia wavelengths [4], but it can be used with all Bus-
DeMeo wavelength range subsets.
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Abstract

We introduce a grid on a sphere constructed by a spiral
curve. We describe the utilization of the spiral in in-
terpolation and integration, together with cubic splines
[1]. In particular, we show how the spiral is discretized
on the sphere, and how the discretization is optimized.
We apply the spiral interpolation and integration to
specific scattering problems illustrating the power of
the scheme.

1. Introduction

In Monte Carlo radiative transfer computations, the
single-scattering phase function, or in a more general
case, the Mueller matrix of the scatterer, is needed in
the simulation. This property is needed when draw-
ing new direction for the light ray after a scattering
event. For complex particles this property needs to be
computed beforehand for each particle type. Since the
phase function or the Mueller matrix is a function of
the scattered direction, some discretization is needed
over the 47 solid angle for these directions and the as-
sociated Mueller matrices. In this work we present a
scheme for discretizing the unit sphere, and to inter-
polate the scattering properties for directions between
these discrete directions for which the scattering prop-
erties are computed and stored.

The discretization of the unit sphere for scattering
computations have been studied before, for example in
Okada et al. (2008) and in Penttild et al. (2011) [2, 3].
However, these works have mainly concentrated on the
numerical averaging for the random orientation prop-
erties, i.e., integration. With this study we concentrate
on the interpolation of the scattering properties for an
arbitrary scattering direction, using a set of discrete di-
rections with known properties.

For the abovementioned interpolation task, we em-
ploy the spiral curve on the surface of a unit sphere.
The discrete set of directions with known properties
are sampled from this curve path. The discretization of

the spiral curve is done so that the distances between
the points on the curve is fixed.

2. Discretized spiral curve on the
sphere

The spherical spiral path ¢ on the surface of a sphere
is given below at (1),

o(t) = (rsin(t) cos(kt), rsin(t) sin(kt), r cos(t))
e))
where ¢ € [0, w]. The points of the discrete grid lie
on the spiral path on the surface of the unit sphere (i.e.,
spherical spiral) [4, 5]. The spiral path is constructed
with two parameters, the number of rounds around the
sphere and the number of points on the path. Points
are placed with constant arc length distances to each
other along the spiral path.

Figure 1: Spiral grid of a unit sphere

The number of points is optimized for the given
number of rounds by an optimization algorithm. The
discrete points can be connected into triangles by De-
launy triangulation [6], and the algorithm finds the op-
timal number of points to so that these triangles are
uniform in angles or edge lengths.



The interpolation for an arbitrary direction is carried
out in the following way. At initialization, we form
a cubic interpolation spline along the spherical spiral
path with the abovementioned set of discrete points
with known scattering properties. Then, we construct
another longitudinal path from pole to pole so that it
crosses the direction to be interpolated. This second
path will cross the spiral path in several points, and
the scattering properties can be interpolated at these
crossing points with the spline on the spiral. Finally, a
second cubic interpolation spline can be constructed
on the longitudinal path with knots at the crossing
points, with the scattering properties interpolated us-
ing the spiral spline at these knots. Using this second
spline we can interpolate the properties for the given
arbitrary direction.

Figure 2: Paths of splines and crossing points on the
hemisphere

Also integration over the unit sphere can be done
with the weights to the grid points following the area
of the corresponding Voronoi polygons [7, 8]. Voronoi
diagram calculates fractions of the surface where the
grid points are the closest inside the fraction.
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1. Introduction

The electromagnetic radiation introduces a force, the
radiation pressure, when absorbing or reflecting from
a material. This force is very small and can usually
be neglected on the Earth, but can be detectable for
objects in space, especially when studying their orbits
over time.

In our ongoing ambitious project we are relating the
radiation pressure that the Global Navigation Satel-
lite System (GNSS) satellites are experiencing to the
albedo of the Earth. The albedo of the Earth is the ra-
tio between the emitted and incident radiation by the
Earth, and is a key parameter in understanding the
global temperature balance of the Earth and its cli-
mate.

The main radiation component for the satellites is
the direct sunlight (~ 10~ pascals), but radiation re-
flected and emitted by the Earth is the second largest
radiation component (~ 10~ pascals). On the other
hand, the satellite orbits are constantly observed by
different satellite laser ranging stations around the
globe. With the models for their orbits, one can re-
move all the other known effects and observe the radia-
tion pressure force component that they are experienc-
ing at different times and positions. This force com-
ponent is now due to the radiation component from
the Earth. By observing many satellites at the same
time we invert the global albedo, integrated over the
47 solid angle, of the Earth.

One parameter that is needed in the model is the re-
flectance and absorption properties of the GNSS satel-
lites. These quantities need to be measured for the typ-
ical satellite surface materials.

2. Optical properties of satellite
materials

We will acquire typical surface materials of satellites,
with the typical solar panel materials being the most
important regarding the radiation pressure. We will

measure the spectral bi-directional reflectance distri-
bution function (spectral BRDF) of these with our
LightTec Reflet 180S spectro-goniometer. This device
can measure the angular reflectance with any illumi-
nation direction. This can be done with visual- and
near-infrared wavelengths up to 1 pum.

For ultraviolet (starting from 0.25 um) and near-
infrared up to 3.2 um, we can measure the integrated
(over the hemisphere) reflectance spectra with our
Gooch & Housego OL750 spectroradiometric system
[1]. The spectral BRDF for these wavelengths can
be estimated by combining the BRDF for other wave-
lengths with the albedo integrated over the hemisphere
for these wavelengths.

The measured spectra are finally applied to 3D
satellite shape models in a simulation of spacecraft
reflection properties. This simulation can be used to
model e.g. photometry, spectrometry and radiation
pressure forces on satellites.

Acknowledgments

The work is supported by the Academy of Finland,
project 298137.

References

[1] Penttild, A., Martikainen, J., Gritsevich, M., and
Muinonen, K.: Laboratory spectroscopy of meteorite
samples at UV-vis-NIR wavelengths: Analysis and dis-
crimination by principal components analysis, Journal
of Quantitative Spectroscopy & Radiative Transfer, Vol.
206, pp. 189-197, 2018.



EPSC Abstracts

Vol. 12, EPSC2018-1269, 2018

European Planetary Science Congress 2018
(© Author(s) 2018

EPSC

European Planetary Science Congress

Validation of light scattering models with advanced 4z scatterometry

M. Gritsevich (1), A. Penttild (1), G. Maconi (1), P. Helander (1), I. Kassamakov (1), J. Martikainen (1), J. Markkanen (2), T.
Vdisénen (1), J. Blum (3), T. Puranen (1), A. Salmi (1), E. Haggstrom (1), and K. Muinonen (1,4)

(1) Department of Physics, University of Helsinki, Gustaf Hallstromin katu 2a, Helsinki, Finland (maria.gritsevich@bhelsinki.fi),
(2) Max Planck Institute for Solar System Research, Goéttingen, Germany, (3) Institut fur Geophysik und Extrater-restrische
Physik, Technische Universitat Braunschweig, Germany, (4) Finnish Geospatial Research Institute (FGI), Masala, Finland.

Abstract

Within the ERC Advanced project ‘SAEMPL’ we
have developed a novel orientation-controlled
scatterometer — an instrument for precise full Mueller
matrix measurement of light scattered by a mm- to
pm-sized sample manipulated by ultrasound. The
orientation of the sample is controlled by the custom-
built acoustic levitator to allow non-destructive light
scattering measurement in any solid angle, providing
a full 4t measurement result. Additionally, high speed
camera monitoring the sample is used for a
photogrammetric 3D shape reconstruction of the
sample. By providing robust experimental data for
well-characterized samples we enable verification of
the state-of-the-art light scattering models. Moreover,
non-destructive non-contact measurements are also
important for characterizing unique and valuable
samples, such as cosmic dust and planetary samples.

1. Introduction

Computational Electromagnetics methods are used for
modeling the light scattering response of single
particle to more elaborate targets. These methods are
computationally expensive and limited with respect to
the size of the scatterer, compared to the wavelength
[1]. On the other hand, scattering experiments, along
with the sample characterization, are more convenient
when done with particles moving in a flow, particle
agglomerates, or particulate surfaces [2-5]. The aim of
our project was to bridge this gap by going beyond the
state of the art in both, theory and experiment.

One of the first scatterometry setups for small particle
characterization was built in Arizona [6]. The system
was used to characterize 110 nm diameter latex
spheres. A more recent system was built in
Amsterdam [7], and further developed at the 1AA
cosmic dust laboratory in Granada [2], to measure

scattering properties of irregularly shaped mineral
samples. The main difference between these systems
and our instrument is that they measure the statistical
average of a flow of ‘running’ particles. On the other
hand, the levitator keeps sample still, while absence of
interfering sample holder in our experimental setup
allows non-destructive non-contact measurements of
well-characterized sample in all orientations [8].

2. Theoretical pipeline

For theoretical computations we utilize SAEMPL
software suite, where light-scattering characteristics
of the sample are modeled using novel multiple
scattering methods for close-packed random media,
such as a geometric optics method SIRIS4 [9] and the
radiative transfer with reciprocal transactions R2T?
[10]. The R?T? method solves the ensemble-averaged
Foldy-Lax equation involving the ladder and
maximally crossed diagrams as well as the near field
corrections. The near field corrections are
implemented in terms of the incoherent volume
element containing all the scattering diagrams that do
not cancel out in the near-zone [10]. The incoherent
scattering parameters of the volume elements are
solved exactly by the fast superposition T-matrix
method [11]. The latter enables us to extend the
applicability of the radiative transfer to close-packed
random media [10].

3. Design of the scatterometer

The developed scatterometer comprises 4 parts, based
on their function: the light source, the sample levitator,
the analyzer, and the monitoring camera:

* The light source is a laser-stabilized arc lamp
producing white light, which is then filtered by a line
filter and polarized by a linear polarizer. A reference
photomultiplier tube (PMT) is used for monitoring the



beam intensity, and the signal can be used to calibrate
the observed signal power level.

* The acoustic levitator is custom built and features
400 transducer elements, grouped into 28 phase
controlled channels. The resulting two hemispherical
phased arrays produce an asymmetric acoustic trap
which holds the sample in place at an adjustable
orientation (heading, pitch and roll).

 The analyzer comprises a PMT with an integrated
solid state high speed shutter, a motorized quarter
wave plate, a motorized linear polarizer, and a
motorized shutter. It is mounted on a large, motorized
rotation stage, allowing it to scan the scattered light
with an angular accuracy of 15'.

» The camera monitoring system allows to verify the
stability of the ultrasonic levitation and orientation
control. It features a high speed camera and near
infrared LED illumination.

4. Validation results

With cross-validation purposes application of the
software suite to the defined close-packed random
media is followed by comparison with the
experimental results. Among suitable planetary
analogue samples for the experimental study we have
defined, among others, macroscopic agglomerates
formed by ballistic hit-and-stick deposition. The
agglomerates consist of monodisperse SiO; spheres of
known radius. The light-scattering characteristics of
the formed of SiO, spheres agglomerates are
thoroughly measured with the scatterometer. The
shape and the packing density of the agglomerates are
then obtained to independently enter into the
theoretical pipeline along with the used in the
measurements incident light wavelength and the
refractive index of the sample material. The results
obtained by studying the agglomerates composed of
monodisperse  SiO, spheres demonstrate, that
application of the software suite for analyzing optical
properties of close-packed random media matches
well with the experimental results obtained using the
described orientation-controlled scatterometer.
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