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Polarimetry of Water Ice Particles Providing Insights on Grain
Size and Degree of Sintering on Icy Planetary Surfaces
0. Poch™?

, R. Cerubini’, A. Pommerol’, B. Jost', and N. Thomas'

"NCCR Planets, Physikalisches Institut, Universitat Bern, Bern, Switzerland, 2University Grenoble Alpes, CNRS, CNES, IPAG,
Grenoble, France

Abstract The polarimetry of the light scattered by planetary surfaces is a powerful tool to provide
constraints on their microstructure. To improve the interpretation of polarimetric data from icy surfaces,
we have developed the POLarimeter for ICE Samples complementing the measurement facilities of the Ice
Laboratory at the University of Bern. The new setup uses a high precision Stokes polarimeter to measure the
degree of polarization in the visible light scattered by surfaces at moderate phase angles (from 1.5° to 30°).
We present the photometric and polarimetric phase curves measured on various surfaces made of pure water
ice particles having well-controlled size and shape (spherical, crushed, and frost). The results show how the
amplitude and the shape of the negative polarization branch change with the particles sizes and the degree
of metamorphism of the ice. We found that fresh frost formed by water condensation on cold surfaces has a
phase curve characterized by resonances (Mie oscillations) indicating that frost embryos are transparent
micrometer-sized particles with a narrow size distribution and spherical shape. Comparisons of these
measurements with polarimetric observations of the icy satellites of the Solar System suggest that Europa is
possibly covered by relatively coarser (~40-400 um) and more sintered grains than Enceladus and Rhea,
more likely covered by frost-like particles of few micrometers in average. The great sensitivity of polarization
to grain size and degree of sintering makes it an ideal tool to detect hints of ongoing processes on icy
planetary surfaces, such as cryovolcanism.

Plain Language Summary Light can be considered as an oscillating wave that propagates in space.
When the light from the Sun is reflected by a planetary surface, the direction of its oscillation partially
changes. The information about the direction of the oscillation is known as the polarization of the light. In this
study, we show how the polarization of the visible light reflected by surfaces made of water ice grains
changes with the size of these grains and the freshness of the ice surfaces. By comparing our results to
astronomical observations, we find that the surface of Jupiter’'s moon Europa is possibly made of much larger
ice grains (table salt size-like) than the surfaces of Saturn’s moons Enceladus and Rhea (finer than icing sugar).
This striking difference is probably due to different environmental conditions transforming these surfaces.

1. Introduction

The unpolarized star light gets partially polarized when scattered by a planetary surface. In addition to the
properties of the surface, the degree of polarization of the scattered light depends on the solar phase angle
a (angle between the Sun, the object, and the observer) and the wavelength at which the surface is observed.
The curve of the degree of linear polarization versus phase angle, called polarimetric phase curve, is very
sensitive to the size, shape, structure, and composition (complex refractive index) of the scattering particles.
As a consequence, observing the polarization of the scattered light can significantly complement
observations performed in total light intensity, providing additional constraints to interpret remote sensing
observations of Earth, Solar System bodies, or extrasolar objects.

At relatively small phase angles, the scattered light exhibits a surge of intensity called the opposition effect and
is partially linearly polarized parallel to the scattering plane (the plane containing the Sun, the object, and the
observer), a feature called the negative polarization branch (NPB; from 0° to about 30°). The term “negative”
comes from the definition of the polarization of the scattered light P (usually expressed in percentage) as

Q_L—1
P=—= , 1
| I, + /” )
with Q the second Stokes parameter, / the total intensity of light, and /,and /; the components of light

intensity in the direction orthogonal and parallel to the plane of scattering, respectively. Generally, the
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NPB displays a parabolic shape between 0° and 30° with a minimum of polarization (P,;,) at a small phase
angle anin and then changes of sign at an angle a;y,, typically around 20°, to become positive at larger phase
angles. For some high-albedo objects, this negative branch has been found to be bimodal, with a second
minimum below 2° phase angle, a phenomenon called the polarization opposition effect (POE; Rosenbush
et al, 2015 and references herein).

The origin of these ubiquitous features is not yet fully understood theoretically, and a numerical inversion
method to interpret both the photometric and polarimetric phase curves observed from planetary surfaces
is not yet available (Muinonen et al,, 2015). Therefore, laboratory measurements of phase curves of analogues
of planetary surfaces, made of materials and textures similar to (extra)terrestrial ones, provide essential
references to interpret observations and validate theoretical models currently in development.

Since the early 20th century, polarimetric phase curves measured in the laboratory have been used to infer the
surface properties of airless bodies of the Solar System, revealing, for examples, the high porosity of the lunar
regolith (Lyot, 1929, 1934) or the presence of fine iron oxide dust at the surface of Mars (Dollfus, 1957).
Ground-based polarimetric observations of Solar System bodies collected over many years (Kolokolova
et al,, 2015) constitute a precious data set having the potential to reveal the microtexture of these distant
planetary surfaces. A large number of measurements of analogues of planetary regolith were compiled by
Geake and Dollfus (1986), Nelson et al. (2018), Ovcharenko et al. (2006), Shkuratov et al. (2002) and
Shkuratov et al. (2006), among others and compared with observations. Polarimetry is also used in Earth
remote sensing to characterize mainly the atmospheric aerosols or the surfaces. Even for the retrieval of aero-
sols properties, a good knowledge of the polarization from the surface is needed because it contributes to the
signal and has to be removed (Gatebe et al., 2010; Herman et al., 1997). Various laboratory and field measure-
ments campaigns were carried out to measure the polarization of typical terrestrial surfaces (Peltoniemi et al.,
2009, 2015). Recently, a database of the polarimetric properties of various terrestrial surfaces, generated from
the data of the POLDER instrument onboard the PARASOL satellite, has been released (Breon & Maignan, 2017).

In the present study, we aim at improving the knowledge of the polarimetry of surfaces composed of water
ice. Ice particles are widespread on the moons of outer planets, as well as on terrestrial planets, comets,
Trans-Neptunian Objects, and even on some asteroids, whose polarimetric phase curves need to be
interpreted (Rosenbush et al., 2015). Moreover, the characterization via remote sensing of the microstructure
and melting state of surfaces covered by snow on Earth is required to constrain their influence on surface
albedo and climate (Kelly & Hall, 2008).

Despite this context, the polarization of light scattered by snow and frost has only been the object of a limited
number of studies. It was first measured by Lyot (1929) and Dollfus (1957), who observed relatively low values
of polarization and variations of the phase curves with the degree of melting. Follow-up measurements done
in the context of astronomy are mainly limited to small phase angles (between 0° to 30°) and visible
wavelengths, with high polarimetric accuracy (typically 0.05%). Steigmann (1993) measured frost covered
by varying amount of fine silicate dust in an effort to match the polarization phase curve of Callisto.
Dougherty and Geake (1994) revealed that submicrometer-sized water ice frost particles exhibit much deeper
NPBs than coarser ice grains. Shkuratov and Ovcharenko (2002) found no deep negative branch of
polarization between 0° and 3° phase angle for fresh fallen snow made of 50 x 500 um elongated particles.
Measurements performed in the context of Earth remote sensing cover much larger phase angles and
wavelengths (up to 2.5 um), but with lower polarimetric accuracy (typically 1%). Various field measurements
characterized the polarization phase curves and spectra of natural snow of different textures (new snow,
melting snow, melt freeze crust, surface hoar, etc.) and found dependences with grain sizes and shape
(Leroux et al., 1999; Lv & Sun, 2014; Peltoniemi et al., 2009; Sun & Zhao, 2011; Tanikawa et al., 2014).

However, no systematic study has been done on ice particles of well-controlled shape, size, and composition.
At the University of Bern, we have developed a series of Setups for the Preparation of Icy Planetary Analogues
(SPIPA) that are used to prepare spherical water ice particles, pure or mixed with contaminants, in a
reproducible way. In previous works, we have measured their spectro-photometric properties: phase curves
and bidirectional reflectance distribution functions using the PHIRE-2 instrument (Jost et al., 2016; Yoldi et al.,
2015) and reflectance spectra using the SCITEAS setup (Poch et al,, 2016). In the present study, we describe
the first results of a new polarimetric setup developed in our group, called POLICES for POLarimeter for
ICE Samples.
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Figure 1. The POLarimeter for ICE Samples setup, consisting of a hermetical enclosure allowing the measurements of photometric and polarimetric phase curves of
icy samples under dry and cold conditions. A motorized “light arm” illuminates the sample surface with monochromatic light at incidence angles from 1.5° to 30°, and
a polarimeter analyzes the scattered light at a fixed emergence of 0°. LED = light-emitting diode; PEM = photoelastic modulator.

The manuscript is organized as followed. In section 2.1, the POLICES setup and its calibration are described. In
section 2.2, we explain the preparation of the ice samples, made of particles of different shapes and sizes.
Section 3 presents the measured photometric and polarimetric phase curves of the samples and their
temporal evolution as the ice undergoes metamorphism. In sections 4.1-4.3, these results are interpreted
using numerical modeling and compared to previous works. In section 4.4, the laboratory measurements
are directly compared to polarimetric observations of the icy satellites Europa, Enceladus, and Rhea, to
infer the size of the ice particles covering their surfaces. Finally, section 5 summarizes the main results and
findings. As supplementary information documents, additional figures (noted as supporting information
Figures S1-S4) are provided, as well as ASCII text files containing all the data presented, which can be used
as references to test theoretical models and predict or interpret polarimetric observations.

2. Materials and Methods

2.1. POLICES

2.1.1. Sample Environment and Data Acquisition

The POLICES setup is a gonio-polarimeter, enabling the measurement of the intensity and polarization state
of the light scattered by icy surfaces (Figure 1). One important issue when aiming to measure well-controlled
icy surfaces is to avoid the condensation of water vapor forming a layer of frost on these surfaces. Therefore,
the POLICES setup consists of a cubic enclosure 60 x 60 x 60 cm which can be sealed and purged with
nitrogen in order to reduce the relative humidity and prevent the formation of water cloud and frost on
the sample. Once prepared, the sample of ice particles at about 173 K is put in an insulative foam box
(Magic Touch™ 2) 20 x 20 cm large and 15 cm high, precooled with liquid nitrogen, and consequently filled
with dry nitrogen gas. The cold box containing the sample, closed with a lid, is placed in the POLICES enclo-
sure together with several containers filled with about 5 L of boiling liquid nitrogen, ensuring the purge and
cooling of the enclosure which is then sealed for the whole duration of the measurements. A sensor (Thorlabs
TSP01), positioned at the height of the cold box, measures the relative humidity in the enclosure. When it
reaches a minimum (typically about 25%), the lid of the box is removed thanks to a glove box interface.
The measurement starts immediately after the removal of the lid. Under these conditions, the temperature
of the sample, measured with a Pt100 sensor, slowly increase from about 173 to 220 K during 1 hr. By
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monitoring of the sample surface using a CCD camera, we can confirm that no water cloud nor frost was
formed on the sample during the measurements.

The sample surface is positioned in the horizontal plane containing the rotation axis of a motorized arm
holding a collimated light source. The sample can thus be illuminated at incidence angles ranging from
1.5° to 30°, with a spot diameter of about 15 mm on its surface. Monochromatic light produced by one of
three power-controlled fiber-coupled light-emitting diodes at 530, 625, or 810 nm (Thorlabs M530F2,
M625F2, or M810F2, respectively) can be alternately sent to the collimator (Thorlabs RCO8SMA-P01). In the
current study, mostly measurements at 530 nm are presented. The polarization (Q/I) of the incident light
was measured by orienting the collimator in the optical axis of the polarimeter, and it was of 2.4% at
530 nm. This degree of polarization is high compared to that of the Sun light illuminating icy surfaces of
airless Solar System bodies, of the order of 0.01% or less (Clarke & Fullerton, 1996; Kemp et al., 1987). The
use of a Liquid Crystal Polymer Depolarizer (Thorlabs DPP25-A) positioned in front of the collimator output
reduces this polarization to 0.05%. However, during the measurements presented here, the ice samples were
illuminated without depolarizer so we had to investigate how an incident polarization of 2.4% influences the
polarization of their scattered light, as explained below in section 2.

The light scattered by the surface sample is analyzed by a precision Stokes polarimeter (Dual PEM II/FS42-47,
Hinds Instruments) placed on top of the enclosure and whose optical axis is fixed at 0° emergence, in the
normal direction of the sample surface. In this configuration, the angle between the incidence and emission
directions is the phase angle. The vertical plane containing the incidence and emergence directions is the
scattering plane or the principal plane. The field of view of the polarimeter covers a 122-mm-diameter disk
on the sample surface, including the 10-mm light spot. The angular resolution of the system is of +1°
phase angle.

The light entering the polarimeter through a 23-mm aperture encounters a first photoelastic modulator
(PEM) oriented parallel to the principal plane and modulated at resonance frequency f; = 42 kHz, followed
by a second PEM oriented 45° to the first one and modulated at f, = 47 kHz. After the two PEMs, the light goes
through a polarizer with passing axis oriented at 22.5° to each modulator and, finally, a lens and a high
sensitivity photomultiplier detector (PMT Hamamatsu R928). By setting the amplitude of the PEMs so that
they induce a retardation of £A/2 for the component of the electric field parallel to their vibration axis, the
system of PEMs and polarizer converts the information on the orientation of the electric field into a
modulation of the light intensity reaching the detector. This detector generates an electric signal with a root
mean square voltage (DC) proportional to the light intensity (for a given gain) and an AC component modu-
lated by the PEMs. Three lock-in amplifiers are used to demodulate the AC signal at frequencies equal to 2f;,
2f,, and 1f;. The reduced Stokes parameters Q/l and U/I (for linear polarization) are obtained, respectively, by
the 2f; and 2f, modulation frequencies of the PEMs, while the reduced Stokes parameter V/I (for circular
polarization) is measured by the 1f; modulation frequency of the first PEM. This system allows the light
intensity and the three reduced Stokes parameters Q/I, U/I, and V/I to be measured simultaneously in 1 ms.
In practice, the result reported by the lock-in amplifiers is an average over 60 ms. The resolution at which
the lock-in amplifiers demodulate the signal is of 10, For this study, we only discuss the values of Q/I to
compare with astronomical observations (equation (1)) (most of the time, U/l and V/I were found negligible).

The polarimeter was calibrated by illuminating the aperture with monochromatic collimated light of known
polarization using a fiber-coupled light-emitting diode, a collimator, and a Glan-Thompson calcite polarizer
(Thorlabs GTH10M). In addition, an achromatic quarter wave plate (Thorlabs AQWP05M-600) was used for
the calibration of the circular polarization. The accuracy of the measurement of Q/I is below £0.1%. The zero
offset of the instrument, computed by averaging the polarization measured by rotating a half wave plate
every 10° from 0° to 360° in front of the aperture, is of 0.001% which is negligible.

During a measurement sequence, the arm holding the collimated light source is moved from 1.5° to 30° by
steps of 1° or more, every 5 s. The Stokes polarimeter analyzes the scattered light at 0° emergence
continuously, every 60 ms. For each incidence angle, the averages of 4 s of measurements of DC and reduced
Stokes parameters are computed, together with their standard deviations. A first series of measurements is
taken by moving the arm on the right side, from i = 1.5° to 30° and a second series from —1.5° to —30° on
the left side, in the principal plane. Because one expects the bidirectional reflectance distribution functions
to be symmetric around the 0° emergence direction, any asymmetry found can be attributed to the tilt of
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Figure 2. Measurements of (a) Spectralon with and without depolarizer, (b) surface made of 3-um-diameter aluminum oxide (WCA3) with and without depolarizer
and as measured by Geake and Geake (1990), and (c) same surface measured with depolarizer at 625 nm compared to measurement by Ovcharenko et al. (2006) at
630 nm. The red phase curves are available in Data Set S1. POLICES = POLarimeter for ICE Samples.

the sample and/or to a misalignment of the arm or polarimeter. To take into account this source of error, we
compute the average of the measurements at +i and —i, together with its standard deviation. To measure the
phase curves of the ice samples, the light arm was moved at 1.5° and from 2° to 17° by steps of 1° and then at
20°,25°, and 30°, lasting only 7 min in total. This quick measurement time of the phase curve of all the Stokes
parameters is the major advantage of POLICES compared other previous or current instruments, enabling
measurements of fresh ice samples and the monitoring their temporal evolution.

The motor of the goniometer arm and the Stokes polarimeter are controlled by a single computer. A
homemade program allows to extract the phase curves and calibrate the data.

2.1.2. Measurements of Photometric Standard Materials

As mentioned above, the ice samples were illuminated with incident light having a polarization of 2.4%. We
investigated the influence of this polarization on the polarization of the scattered light on standard surfaces
of similar albedo than water ice particles: (1) a plate of Spectralon 99% from Labsphere Inc. and (2) a surface
made of particles of aluminum oxide (Al,O3) industrial abrasive with diameter of 3 pm (WCA3 from Micro
Abrasives Corporation, Westfield, Massachusetts, United States). Figures 2a and 2b show the polarimetric
phase curves of these two surfaces, measured when illuminated with a monochromatic light at 530 nm
having a polarization of 2.4% (same as for the ice samples) or 0.05% (with a depolarizer in the incident light
beam). The reduction of the incident polarization results in an average shift of the phase curve of +0.08% for
the Spectralon and +0.12% for the aluminum oxide particles. We hypothesized that this shift would be similar
for surfaces of water ice particles of similar albedo, so we corrected all the measured values of Q/I for the ices
by a correction factor of +0.10 + 0.02%.

The polarimetric phase curve of 3-um-diameter aluminum oxide particles was also measured by Geake and
Geake (1990), Shkuratov et al. (2002), and Ovcharenko et al. (2006). Figure 2 shows that the shape of the
phase curve and the absolute values of polarization measured with POLICES at 530 nm are similar to those
measured with the polarimeter Minipol at 535 nm by Geake and Geake (1990). Ovcharenko et al. (2006)
presented polarimetric phase curves of aluminum oxide WCA3 measured only at 630 nm using the
Kharkov photopolarimeter. Figure 2b shows that the polarimetric phase curve measured with POLICES at
625 nm has higher absolute values by up to 0.1% at small phase angles compared to the one measured with
the Kharkov's instrument. This may be due to differences in the samples (especially their packing density) or
to intrinsic differences in the calibration of the setups. Except this slight difference, the measurements with
POLICES agree relatively well with those performed on other instruments. We stress here the need for the
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measurement of common standard surfaces, such as Spectralon, on the various existing polarimetric setups.
To this purpose, we provide in Data Set S1 the photometric and polarimetric phase curves of Spectralon at
530, 625, and 810 nm measured with POLICES.

2.2. Ice Samples

In order to investigate the influence of the size/shape of icy particles on their polarization phase curves, we
prepared and measured four types of samples, all made of pure crystalline water ice (see Figure 3). The par-
ticles shapes and size distributions were measured by Scanning Electron Microscopy (SEM) and/or by optical
microscopy, as seen on Figures 3c, 3f, 3i, and 3l. An Optical Coherence Tomography (OCT) instrument
(Thorlab’s Ganymede OCT) was used to perform an interferometric analysis of the light backscattered by
the surfaces. Three-dimensional structures of the surfaces and subsurfaces were obtained (6 pm per pixel),
and the roughness was computed, as shown on Figures 3b, 3¢, 3h, and 3k. The physical properties of the sam-
ples are summarized in Table 1.

Spherical ice particles with a diameter of 4.5 + 2.5 um, named spherical S (or SPIPA-A), were synthesized by
freezing a nebula of water droplets produced by an ultrasonic inhalator (see Jost et al.,, 2016). The frozen neb-
ula was directly deposited onto a cold aluminum plate in contact with a liquid-nitrogen-cooled copper plate
under it, producing a smooth and homogeneous surface made of ice spheres, about 2 mm thick (identical to
Method 2 in Jost et al., 2016).

Spherical ice particles with diameters of 70 + 30 um, named spherical L (or SPIPA-B), were produced by spray-
ing liquid water droplets in a large volume of liquid nitrogen (see Yoldi et al., 2015, or Poch et al., 2016, for
details). The particles were deposited in a cylindrical sample holder, about 1 cm thick, by sieving with a
800-um sieve to produce a homogeneous layer, free of large agglomerates. The surface was then flattened
by cutting the surplus with a cold spatula, without compression.

Crushed ice particles smaller than 400 pm, named crushed L, were produced by crushing ice cubes using a
commercial ice crusher, followed by sieving of the resulting particles. All this preparation was performed in
a freezer, at temperatures lower than 238 K, and by mixing the cubes and crushed ice with liquid nitrogen.
The particles observed by optical microscopy (Figure 3i) are translucent with angular shapes, and a large frac-
tion of them is elongated, with sizes ranging from 200 to 250 pm long and 75 to 150 um wide. These particles
are surrounded by brighter fragments unresolved with the microscope, possibly only few micrometers large.
These particles were deposited in a cylindrical sample holder in the same way already described for the sphe-
rical L particles.

Finally, we prepared frost, simply formed by condensation of water vapor on surface precooled with liquid
nitrogen, without manipulation. The frost was left to grow progressively, while the phase curves were
measured continuously. Two samples were prepared: one with frost forming on a dark aluminum plate (frost
on dark) and the other forming on the bright surface of a spherical L sample (frost on spherical L). As the frost
grew, the particles size/shape and the surfaces thickness/structure changed; this evolution was monitored
using an optical microscope (Figures 31-3n). The first particles of frost, formed within the first 3 min
following the exposure of the cold surfaces to the atmosphere, seem to be made of roundish particles or
aggregates smaller than 10 um, at the limit of resolution (Figure 3l). They grow with time, forming
aggregates on which dendritic needles, tenths of micrometers wide and up to 1-4 mm long, finally form
(Figures 3k and 3m).

The reflectances of the spherical S, spherical L, and crushed L samples were measured with the POLICES setup
just after their preparation, and several measurement sequences were run during about 1 hr. During this
time, the temperature of the samples (initially around 173 K) increased, and the particles at their surfaces,
in contact with relatively warm air, metamorphosed slowly. The time series of measurements enables us to
follow the temporal evolution of the phase curves as the ice particles metamorphose.

3. Results
3.1. Phase Curves of the Initial Fresh Ice Surfaces

These phase curves shown in Figures 4a and 4b constitute reference data of well-controlled ice particles size
and shape, before their metamorphism.
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Figure 3. Images of the samples. Particulate water ice surfaces made of spherical S particles of diameter 4.5 + 2.5 um (a—c), spherical L particles of diameter
67 + 31 um (d-f), crushed L particles smaller than 400 pm (g-i), frost on spherical L (j), and frost on dark with its temporal evolution (k-n), from unresolved aggre-
gates or particles smaller than 10 um at t = 3 min, to dendrites (10-20 um wide and 400 pm to 3 mm long) at t = 21 min, up to sintered frost (larger ice crystals
60-150 um wide) at t = 30 min (more images in Figure S1). (a), (d), (g), and (j) show pictures of the samples where the green circle of 15-mm diameter shows the
position of the light spot during the polarimetric and OCT measurements. (b), (), (h), and (k) show the 3-D structures of the surfaces (4 x 4 mm) with their computed
arithmetic average roughness R, obtained by OCT (arithmetic average height of surface variations from the mean line measured within a sampling length of 4 mm).
(b) and (e) also show OCT depth profiles allowing to compare the light backscattering properties of spherical S and L surfaces. (c) shows Scanning Electron
Microscopy images, and (f), (i), (I), (m), and (n) show optical microscopy images of the particles. OCT = Optical Coherence Tomography.
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Table 1

Summary of the Physical Properties of the Ice Samples at t = 0 (t = 28 min for the Frost) and of the Polarimetric Parameters of Their Phase Curves Shown in Figure 4b

Physical properties Polarimetric parameters

Sample name Particles shape Particles size® (um) Layer porosity  Pmin (%; £0.03)  omin (% £1)  ajny (5 £1)  Slope h* (10_3/"; +0.01)
Spherical S (SPIPA-A) Spheres 45+25 0.70 —0.47 5 19.3 0.31

Spherical L (SPIPA-B) Spheres 70 + 30 0.45 —-0.14 5 10.7 0.28

Crushed L Angular grains <400 Unknown —0.17 5 116 0.22

Frost on spherical L at t =28 min  Spheres <10° Unknown —0.49 5 10+£2 0.40

#The h is the slope of the polarimetric phase curves obtained by a linear fit of the data points measured from 12° to 30°. PWe did not directly measure the par-
ticles’ size and shape for this sample, but results from Mie theory modeling suggest the particles were spherical in shape and smaller than 10 pm in diameter.
“The values given in this table, and more generally in this paper, are diameters (for spherical particles) or larger dimension (for crushed particles) of the particles.

3.1.1. Photometric Phase Curves

Figure 4a shows that the photometric phase curves of all the samples exhibit a nonlinear surge of brightness
at phase angles smaller than 5°, the so-called opposition effect. Although POLICES does not allow to measure
the whole feature, the surge of brightness from 5° to 2° is clearly different among the samples. For the
surfaces made of spherical L and crushed L particles, the rise of brightness is more progressive than for the
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Figure 4. Photometric (a and c) and polarimetric (b and d) phase curves of the fresh ice samples measured immediately after their preparation (a and b) and after
more than 60 min (c and d). The ice surfaces sintered with time, resulting in a vanishing of the nonlinear surge of brightness at small phase angles and a shift
toward smaller phase angles of the negative polarization branch’s minimum. The full temporal evolution of each sample is shown in Figure S2 and in the parameter
plot of Figure 7. The polarimetric parameters of the phase curves in (b) are shown in Table 1.
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spherical S particles and the frost, that is, the width of the opposition peak is larger. This is probably due to the
surface roughness of the samples made of spherical L and crushed L particles, higher by a factor of 4 to 5
compared to the surface made of spherical S particles, as measured by OCT (see Figures 3b, 3e, and 3h).
This observation is consistent with the one of Jost et al. (2016) who observed that a rough surface of
aluminum oxide particles shows a broader opposition peak than a flat surface at small incidence angles
(see Figure 8 in Jost et al., 2016). The main parameter contributing to the width of the opposition peak thus
seems to be the macroscopic surface roughness.

Figure 4a also shows that from 30° to 10° phase angles, the relative increase of brightness follows a linear
trend with a comparable slope for the spherical S, L, and frost surfaces but a lower slope for the crushed
L surface.

The photometric phase curve of the frost at t = 0 is characterized by oscillations of increasing amplitudes from
about 16° to 2°, with two local maxima at phase angles ~6.5° and ~12°. These are typical signatures of
resonances, whose origin is discussed in section 5.1. This sample exhibits the steepest surge of brightness
from 3° to 2°.

3.1.2. Polarimetric Phase Curves

The polarimetric phase curves of the fresh surfaces are shown in Figure 4b. It is remarkable to note that the
curves of surfaces made of spherical L, spherical S, and crushed L particles have a similar shape: a nearly linear
trend from 30° to 10° and a parabola-shaped NPB with a minimum at about 5° phase angle.

In the negative branch, the minima of linear polarization ranges from —0.1% to —0.5%, the surface made of
spherical S particles showing the highest absolute degree of polarization.

Interestingly, the surface made of angular and crushed L particles exhibits a negative branch very similar (in
shape and intensity) to the one of the spherical L particles. The only slight difference is the lower slope of the
phase curve of the crushed L surface. Therefore, the shape of individual ice particles (spherical or crushed) is
of little influence on the shape of polarimetric phase curves, which is mostly controlled by other physical
parameters of the surfaces.

As for its photometric phase curve, the polarimetric phase curve of the frost deposited on spherical L particles
(at t = 0) is significantly different from those of the other surfaces, with oscillations from about 16° to 2°.

3.2. Phase Curves After Metamorphization of the Ice Surfaces

After these initial measurements on the fresh ice samples, follow-up measurements were performed
continuously during more than 1 hr. The ice particles at the surface of the samples, in contact with relatively
warmer air, undergo structural changes during this time. Solid bonds of ice are formed between neighboring
ice particles via mass transport events (solid state diffusion and/or sublimation and condensation) driven by
the reduction of the total surface energy of the system. As a result, the ice particles change of shape, and the
interparticulate bonding results in a hardening of the upper surface of the ice samples. This metamorphism of
ice particles is referred to as sintering (Blackford, 2007). Images of this phenomenon have been obtained for
the spherical S particles, as shown in Figure 3c. After sintering, the ice particles exhibit an increase of their size
(from 4.5 + 2.5 to 5.8 + 2.3 um), a change of their shape with bonds forming between them and the
appearance of ripples-like irregularities carved by local sublimation on their surfaces. The growth and
coalescence of particles of frost was also imaged before and after metamorphism, as seen on Figures 3m
and 3n.

The entire temporal evolution of the photometric and polarimetric phase curves of the samples during
metamorphism of their ice particles is presented in the Figure S2. The final phase curves measured after more
than 1 hr of evolution are shown in Figures 4c and 4d, where they can be compared with the initial phase
curves in Figures 4a and 4b.

3.2.1. Photometric Phase Curves

As the ice particles sinter, the photometric phase curves get linear and featureless from 2° to 30° phase
angles. The nonlinear surge of brightness due to the opposition effect completely disappears after 1 hr of
evolution (Figure 4c). This evolution is common to all the icy surfaces, irrelevant of their particles size and
shape. This is consistent with the observations of Jost et al. (2016) of a decrease of the opposition peak
amplitude with time, along with a decrease of reflectance at moderate phase angles on several surfaces
made of spherical S particles (Figure 16 of Jost et al., 2016).
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However, the evolution of the slope of the photometric phase curve from 5° to 30° differs among the surfaces.
Figure 4c shows that the slopes of the phase curves for surfaces made of spherical L particles with and with-
out frost increase with time and reach nearly identical values after 1 hr. On the contrary, the slope of the
phase curve for the sample of spherical S particles decreases with time and exhibits a small shoulder at 4°.
Furthermore, the slope of the curve of the surface made of crushed L particles remains almost constant dur-
ing the whole experiment: the phase curve is only affected by the progressive vanishing of the opposition
peak (see Figure 4). These disparities indicate that the metamorphism of the ice resulted in different evolu-
tion pathways/mechanisms depending on the particles making the surfaces.

3.2.2. Polarimetric Phase Curves

During metamorphism, the polarimetric phase curves of all the surfaces progressively lose their parabola-
shaped NPB (Figures 4d and S2). The minimum of polarization (Pn;,) is progressively shifted toward smaller
phase angles (amin), for all the samples. This deformation of the phase curve is more pronounced for the sur-
faces made of the smallest ice particles (spherical S and frost).

After 1 hr of metamorphism, the polarimetric phase curves are all featureless, slightly concave, and almost
parallel to each other from 5° to 30°. They only differ at smaller phase angles. Below 5°, the absolute degree
of polarization increases slightly for the surfaces made of spherical and crushed L particles, significantly more
for the frost on spherical L particles, and strongly for the surface of spherical S particles. One can note that the
polarimetric phase curves of the metamorphosed surfaces contain different signatures at small phase angles
indicative of different surface structures. In this respect, the polarimetric phase curves are more informative
than the photometric phase curves, which are almost featureless for all surfaces.

The angle of inversion of the polarization (ajn,) increases of +8° (from 19° to 27°) during the metamorphism of
spherical S particles, whereas it only varies of less than +4° for the other samples (see Figure 7b).

Interestingly, the degree of polarization is almost invariant during metamorphism at some specific phase
angles: at ~14° for the spherical S, 1.5-2° and 13-14° for the spherical L, ~14° for the crushed L, and ~11°
for the frost (see Figure S2).

3.3. Phase Curves of Frost During Growth and Metamorphism

The phase curves of frost were measured at different times corresponding to different steps of frost forma-
tion, growth, and metamorphism.

As shown in Figures 5a and 5b, the first particles of frost formed on the surfaces have their photometric and
polarimetric phase curves both characterized by oscillations. As the frost layer grows, the amplitude of the
oscillations decreases, and their local maxima and minima are shifted toward smaller phase angles, until dis-
appearance of the oscillations (at least from 2° to 30° phase angles). When formed on a dark substrate, the
frost exhibits higher degree of polarization, and the oscillations have larger amplitudes (see Figure S3a).
This is because of the contribution of the substrate to the polarization of the scattered light when the frost
is optically thin. The frost on the dark plate was formed under higher relative humidity conditions and air
temperature, so it developed much faster than the frost on the spherical L particles. Despite these differences,
the phase angles of the oscillations (local minima and period of ~4°) and the general evolution of the shape of
the phase curves (from oscillations to flat) are similar for both frost samples.

Figure 5 shows that the oscillations of the photometric and polarimetric phase curves, measured simulta-
neously during the growth of the frost, were out of phase. The dephasing does not seem to be constant, vary-
ing from 1° to 2°, but one can see that the brightness is maximum at phase angles where the polarization
varies the most. Figure 5b shows that the derivatives of the polarization phase curves have oscillations with
maxima and minima that match relatively well those of the photometric phase curve in Figure 5a.

4. Discussion

4.1. Photometric and Polarimetric Properties of Frost Forming on Cold Surfaces

Figure 5 shows that the early stages of formation and growth of frost on cold surfaces produce spectacular
oscillations of brightness and degree of linear polarization with the phase angle. These oscillations are typical

for smooth and transparent particles of size parameter (defined as the ratio between the particle size and the
wavelength) ranging from 1 to 100, and they are usually called resonances (van de Hulst, 1981). At phase
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Figure 5. Temporal evolution of the photometric (a and c) and polarimetric (b and d) phase curves of the frost growing by condensation of water vapor on a surface
made of spherical L particles and metamorphosing with time, measured at 530 nm (a and b) and at 530, 625, and 810 nm (c and d). The lower curves on (a) and

(c) show the results for Mie modeling, matching well the local maxima of brightness (vertical-dashed lines). The upper curve on (b) show the computed derivatives of the
polarimetric phase curves, matching well the local maxima of brightness. As the frost grows and sinters, the oscillations shift toward smaller phase angles and vanish.

angles smaller than 5° these oscillations are known as the “glory” phenomenon (Laven, 2005). The
mechanisms responsible for the glory and the resonances are not fully understood. They probably result
from the interference between light rays reflected and refracted by the particles as well as surface-waves
(Bryant & Cox, 1966; Nussenzveig, 1979; van de Hulst, 1947, 1981). Nevertheless, for spherical particles, this
interference pattern can be accurately computed using the Mie theory (Laven, 2012).

We used the program “MiePlot,” developed by Philipp Laven (http://www.philiplaven.com/mieplot.htm), to
perform computations of the Mie scattering by spherical particles of ice, in order to gain more insights into
the properties of the frost and their temporal evolution. The maxima and minima observed on the photo-
metric phase curves measured at 530 nm on frost formed on spherical L particles at t = 28 min and
t = 56 min are best fitted by Mie oscillations generated by spherical water ice particles of 4.7 + 0.2 and
6.0 £ 0.3 um diameter, respectively (see Figures 5a and 5c). To confirm that these oscillations follow the wave-
length dependence predicted by the Mie theory, we have also measured the phase curves of the frost at two
other wavelengths (625 and 810 nm) as it grew from t = 28 min to t = 56 min. These measurements are shown
in Figures 5c and 5d together with modeled Mie oscillations for particles of increasing diameters, assuming a
constant growth from t = 28 min to t = 56 min. The modeled oscillations nearly perfectly match the
observed ones.
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The coincidence of the observed oscillations with the Mie computation implies the presence of spherical par-
ticles in the frost. Microscopy images of the early frost layer formed on the dark plate (Figure 3l) do not show
these perfectly spherical particles, probably because they are under the limit of resolution of the microscope.

The nucleation of frost on cold surfaces has been studied, both experimentally and theoretically, and is still an
active field of research (Li et al.,, 2017; Piucco et al., 2008; Wu, Dai, Shan, et al., 2007; Wu, Dai, Xu, et al., 2007).
Wu, Dai, Xu, et al. (2007) observed that the first ice embryos are formed by condensation of water vapor into
spherical super-cooled liquid droplets on surfaces at temperatures ranging from 267 to 255 K. These droplets
grow within few minutes until they finally freeze, having final diameters from 40 to 150 pm under a relative
humidity of 35%. Then, frost crystals form and grow on these frozen droplets, forming various structures
(flakes, needles, feathers, etc.) depending on the temperature and humidity. From the observations of Mie
oscillations during our experiments, we can deduce that spherical embryos of frost are formed on surfaces
at 173 to 220 K and relative humidity of 25-30%. But they are much smaller than those observed by Wu,
Dai, Xu, et al. (2007), having diameter around 4 to 6 um as inferred by the Mie modeling. This observation
favors the scenario proposed by Li et al. (2017) that for ultralow surface temperatures, liquid droplets may
form from the vapor close to the cold surface before being deposited and frozen on that surface.

Moreover, the secondary maxima of the Mie oscillations should rapidly vanish when the standard deviation
of the size distribution gets larger than 15% (see modeling results on Figure S5a). Consequently, the presence
of not only one but also several local maxima on each phase curve of early frost (blue curves on Figures 5
and S3) is an indication of the relatively narrow size distribution of the frost embryos. This is probably a con-
sequence of their nearly simultaneous formation and growth.

The angular shift of the oscillations (Figures 5 and S3) is probably due to the growth of the spherical frost
embryos with time, as attested by the modeled phase curves presented in Figure S4b. In addition, as the frost
grows, the shape and size of the particles are modified: dendrites with trunks and branches of several tenth of
micrometers wide and from 400 um to 3 mm long developed on the initial embryos (see Figures 3k, 3n
and S1). These changes of particles shapes and size distribution contribute to the vanishing of the oscillations.

When the frost layer is made of a porous network of elongated dendrites (layer 1 to 3 mm thick), it becomes
thermally insulating, and its upper part reaches temperatures very close to 273 K (Kim et al., 2017). The frost
dendrites are transformed in larger ice crystals, more translucent and with angular facets, 60 to 150 um large
(Figure 3n). This very metamorphosed ice surface corresponds to the green phase curve at t = 30 min shown
in Figure S3a. It is devoid of oscillation and very similar to the phase curves of the other metamorphosed ice
surfaces in Figures 4c and 4d, indicating that they probably reached similar temperatures and are also made
of translucent water crystals.

The apparent relation between the oscillations of the brightness and polarimetric phase curves remains
unexplained (Figure 5b). Further modeling work is needed to understand these observations.

In the past, Dougherty and Geake (1994) measured the polarization of frost formed on a black-painted plate
cooled with liquid nitrogen, with very similar values of P, and ¢;,, than our frost on dark. They did not
report resonances, although they noted a tendency for the shape of the NPB to be variable and complicated.
Their longer acquisition time (60 min vs. 3.5-7 min) probably prevented them to observe the oscillations.

4.2. Influences of the Ice Particles Properties on the Polarimetric Phase Curves

The data set presented in Figure 4b provides reference polarimetric phase curves for surfaces made of well-
characterized ice particles. In this section, we discuss how the ice particles physical properties influence the
NPB of their phase curves.

As we mentioned above, the observation of Mie oscillations requires the presence of transparent spherical
particles having a diameter below 50 pm and a relatively narrow size distribution. The absence of oscillation
on the phase curves of spherical S and L particles may be due to their internal structure (opacity) and/or to
their size (spherical L particle may be too large to exhibit resonances) and/or to their broad size distributions
(o ~ 50%) relative to the frost embryos (o < 15%). The spherical L and S particles are formed by freezing liquid
droplets of water. Water freezes from the exterior to the interior of the droplets in a process that may create
stresses due to the expansion of the ice, resulting in the formation of internal cracks, faults, or other optical
defects that prevent the internal propagation of the light rays producing resonances. On the Figure 3f, the
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spherical L particles of ice appear to be rather transparent, but some internal structure can be seen, which
may prevent resonances; this may be also true at smaller scale for the spherical S particles (too small to image
their internal structure using optical microscopy). Conversely, the spherical nuclei of frost are formed by
direct condensation of water vapor, in a gentler process, probably allowing the formation of perfectly trans-
parent particles, without internal defects, exhibiting resonances.

We note here that in a previous study of the photometry of spherical S particles using the PHIRE-2 goni-
ometer, we reported the observation of weak maximum of brightness around 2° to 5° phase angle, which dis-
appeared after few hours (Jost et al., 2016). This feature, that we attributed to the glory effect, is clearly absent
from our data (Figure 4a). We cannot exclude that the glory observed on spherical S particles in 2016 might
be due to frost embryos formed on the sample, whose ability to produce this effect was unsuspected to us at
that time. This demonstrates the difficulty to work with water ice particles and the need of constant improve-
ments in the characterization and the measurement conditions of the samples.

The particle size influences significantly the degree of polarization. The larger particles (spherical and crushed
L) have shallower NPBs than the smaller particles (spherical S and frost). A decrease of the ice particles dia-
meter by a factor of 15 between spherical L and spherical S samples induces a decrease of P, (increase
of |Pmin|) by a factor of ~3. Moreover, spherical S and fresh frost particles have the same value of Py,
(—0.5%) and similar average particles sizes: respectively, 45 + 2.5 pum as measured by SEM and
4.7 £ 0.2 um as modeled using MiePlot. However, it is less clear why the crushed L sample has a very similar
value of P, than the spherical L sample (= —0.15%). The exact size distribution of the crushed L particles is
unknown, but the microscopy images show that it appears to be made of a mixture of particles from few
micrometers up to 250 um. Thus, its average grain size might be comparable to that of the spherical L parti-
cles (70 £+ 30 um). All these observations indicate that P, seems correlated to the average size of pure par-
ticles of ice. This is in agreement with previous works by Geake and Geake (1990) and Nelson et al. (2018) with
aluminum oxide particles, who described a continuous change of the shape and deepening of the NPB with
decreasing particle size to wavelength ratio (d/A).

It is striking that the spherical S particles have the largest value of a;,, compared to the other samples. This is
likely due to a higher multiple scattering of the light by this surface. Figures 3b and 3e show OCT data, indi-
cating the higher density of light backscattering events in a fresh surface of spherical S particles compared to
a surface made of spherical L particles. The surface of spherical S particles offers, in a given volume, more
interfaces for the light rays to interact with, allowing more multiple scattering. Mishchenko et al. (2009)
demonstrated that increasing the number of particles in the modeled volume results in increasing the
amount of multiple scattering within the surface layer, producing a narrower opposition peak and a deeper
NPB via the coherent backscattering (CB) phenomenon. CB is due to the constructive interference occurring
around 0° phase angle between two rays of light scattered multiple times within the surface material and fol-
lowing the same path in opposite directions. Furthermore, an increase of the amount of multiple scattering
does not change o, but can shift ;,, to larger values (see Figures 3 and 4 in Mishchenko et al.,, 2009), as
seen with spherical S versus L particles (Figure 4b).

Finally, another polarimetric parameter that we did not discussed here is the slope from 5° to 30° (see values
in Table 1). Previous works have shown that this parameter appears to be mainly correlated to the albedo,
which was not measured in the present work (Geake & Dollfus, 1986 and references herein; Dougherty &
Geake, 1994).

4.3. Evolutions of the Phase Curves During the Metamorphism of the Ice Particles

Mishchenko et al. (2009) and Muinonen et al. (2012) demonstrated via different numerical modeling efforts
that the phenomena of the opposition effect and the NPB are due to a combination of the shadow hiding
and the CB mechanisms. During metamorphism, the particles sinter, resulting in an increase of their size
and a decrease of the number of small particles that are more incline to coalesce. Consequently, the CB and
the shadow-hiding effects may become less and less pronounced, causing the simultaneous vanishing of
the opposition peak and of the NPB.

We note that the phase curves of metamorphosed ice samples (Figure 4d) are quite similar to the one of the
Spectralon surface shown in Figure 2a. Interestingly, this surface, manufactured by Labsphere, Inc,, is also pro-
duced by sintering of a powder of polytetrafluoroethylene particles (Helmlinger & Arrecchi, 2012). SEM
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Figure 6. Comparison of our laboratory measurements of water ice particles (at 530 nm) with the disk-integrated polarimetric observations of icy satellites Europa,
Enceladus, and Rhea and lapetus trailing hemisphere. Blue diamonds are data points of Europa observations acquired in spectral band V or centered at 550 nm
from the database of Zaitsev et al. (2013). Blue curves are average phase curves of the satellites obtained by fitting observations in bands V or R, from Rosenbush et al.
(2015). The error bar indicates the typical error of the laboratory measurements. The observations of Europa are consistent with large and/or sintered ice particles
(a,c), whereas the data from the Saturn’s moon are more consistent with finer frost (b).

images of the surface of Spectralon show an amorphous structure devoid of individual particles, connected
by submicrometer-sized filaments (see Figure 16b in Parretta & Addonizio, 2015). Sintered ice surfaces might
share some similarities with this structure, being made of a crust-like layer of ice where individual particles are
absent but void volume is still large.

While P, increases and a;n, hardly varies during metamorphism of most of the ice samples, the one made of
spherical S particles exhibits a significantly different evolution: Py, is stable, and a;,, increases very signifi-
cantly (Figures 4 and 7b). The stability of P,;, may be explained by the simultaneous increase of two popula-
tions of light scatterers, larger and smaller than the initial ice particles, maintaining the stability of the average
particle size. The first population could be the larger particles formed by sintering and the second one could
be the ripples-like irregularities and/or the bridges between particles, which constitute new scatterers of
much smaller sizes (about 0.4 to 1 um as seen in Figure 3c) than the initial ice particles. These smaller new
scatterers may be responsible for an increase of multiple scattering, explaining the increase of ¢;p,.

4.4, Application to the Characterization of the Surfaces of Icy Satellites

The measurements presented in this study demonstrate the high sensitivity of visible polarimetry to the grain
size and degree of sintering of surfaces made of water ice particles. Consequently, visible polarimetry is of
obvious interest to characterize icy planetary surfaces, either on Earth, Solar System bodies, or exoplanets.

Ground-based polarimetric observations of the icy satellites of Jupiter, Saturn, and Uranus have been per-
formed since the 1960s (Mishchenko et al., 2010; Rosenbush et al., 2015; Zaitsev et al., 2013). Figure 6 presents
the average disk-integrated polarimetric phase curves obtained from the fits of the polarization data for
Europa and some Saturn’s moons, as shown in Rosenbush et al. (2015).

The polarization phase curves of lo, Europa, and Ganymede are characterized by a wide NPB from about 2° to
9° and a narrow asymmetric minimum of negative polarization at around 0.2-0.4°, called the POE. The mini-
mum degree of linear polarization in the NPB (Pin npg) is around —0.2% to —0.3%, and in the POE (Pin poE),
it goes down to about —0.4% to —0.5%. The polarimetric phase curve exhibits a significant scatter of the data
points of about 0.2% (see data points for Europa in Figure 6), which may be due to longitudinal variegation of
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Figure 7. (a) Depth (Pphin) Versus phase angle at minimum (omin) or (b) depth (Ppmin) versus width (ajny) of the negative part of the polarimetric phase curves of the
ice samples shown in Figures 4, S2, and S3 and of the disk-integrated polarimetric phase curves of some icy satellites described in Rosenbush et al. (2015). Part of the
plot is hatched because the POLarimeter for ICE Samples cannot measure phase angles smaller than 1.5°. The number next to each data point gives the time of
the measurement in minutes after t = 0. The measurements performed at t = 0, corresponding to well-characterized samples (Figure 4b), are highlighted in bold
diamonds. During time, the ice surfaces underwent thermal sintering. Frost samples are particular cases because the frost also grew with time as water condensed
on the cold surfaces. Laboratory and astronomical data are given at 530 nm and V spectral band (550 nm), respectively, except for the Saturn’s moons for which
data in R spectral band (660 nm) are shown. NPB stands for negative polarization branch and POE for polarization opposition effect. These plots clearly show the
increase of Py, for increasing particle size and the decrease of a i, during sintering. They also show that the phase curves of the Galilean satellites are consistent
with large grain sizes or sintered frost, whereas those of the Saturn’s moons are more consistent with finer frost. All these data are available in Data Set S2.

the satellites’ surface properties (Rosenbush et al., 2015). The average trend of the NPB appears relatively flat
over wide intervals of phase angle, and the switch of the polarization sign is abrupt, occurring in a very
narrow interval of phase angles between 8.6° to 9.8° depending on the satellite (see Figure 3.9 in
Mischenko et al., 2010). Less observational data are available for the satellites of Saturn, but they clearly
exhibit deeper minima of polarization (higher |Pn|) than the Galilean satellites. For example, the icy
moons Rhea and Dione exhibit a polarization of —0.9% to —0.6%. The major satellites of Uranus show
even deeper minima of polarization from —1.1% to —1.4%. Moreover, the observations show that in
general as P, decreases, omin is shifted toward smaller phase angles. The origin of these polarimetric
properties are still unknown.

Our polarimetric measurements of well-characterized pure water ice particulate surfaces help to understand
these observations. Figure 6 shows a comparison of the laboratory measurements with the average
disk-integrated polarimetric phase curves of some of the satellites having the purest water ice surfaces
and highest albedo: Europa, Enceladus, and Rhea, having geometric albedos of 1.02, 1.38, and 0.95,
respectively (Verbiscer et al., 2013). We limit our comparison to these bodies because their surfaces contain
a relatively low amount of dark non-icy materials, which can significantly affect the degree of polarization. As
an example of this effect, we also plot the polarimetric phase curve of the trailing hemisphere of lapetus,
having an albedo of 0.55, to compare it with frost grown of a dark surface. In addition, Figure 7 provides a
graphical way to compare the polarimetric properties of icy satellites with those of the samples.
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Figure 6a shows that the average phase curve of Europa displays a similar value and position of polarization
minimum (Pin npe) than the surfaces of spherical L (70 + 30 um) and crushed L (<400 pm) ice particles.
However, the switch of polarization sign occurs at lower phase angle for Europa (i, = 8.7 = 0.1°) than for
the spherical/crushed L ice particles (ainy = 11 £ 1°). Interestingly, when these ice particles sinter, their
inversion angle becomes closer to the one of Europa (changing from 11° to 7°), but the shape of the curve
gets flatter (Figure 6¢). These data appear compatible with a scenario where the surface of Europa is
dominated by ice particles of ~40-400-um diameter having different degrees of sintering. The analysis of
the water absorption bands from mid infrared spectroscopy observations of Europa have led to the same
grain size range, from 40 to 400 um (Dalton et al., 2012; Hansen et al., 2005; Hansen & McCord, 2004; Ligier
etal, 2016).

The abrupt change of sign of the polarization (Figure 3.9 in Mishchenko et al., 2010) remains unexplained.
Indeed, all our measurements are consistent with a progressive decrease of the absolute level of polarization
near the inversion angle. This peculiar change of sign is thus likely to be due to a disk-integration effect (com-
bining various surface areas having different polarimetric properties and orientations) and/or to the influence
of the Jupitershine as proposed by Mishchenko et al. (2010) and Rosenbush et al. (2015). Additionally,
although the range from 0° to 1.5° was not accessible to our measurements, it is interesting to note that sin-
tered porous samples such as frost on spherical L at t = 98 min exhibit a sharp decrease of polarization with
values and angular positions not far from the ones observed for Europa’s POE (Figure 6c).

Concerning the Saturn’s moons Enceladus, Rhea, and the trailing hemisphere of lapetus, Figure 6b shows that
their phase curves are best fitted by relatively fresh frost. Their low values of P,;,, are compatible with ice par-
ticles of few micrometers in diameter, but their shape is very different from that of the spherical S particles
(4.5 £ 2.5 pm) and more consistent with the narrower parabola-like negative branches of fresh frosts. Mie
modeling of the phase curves of frost on spherical L at t = 28 min and t = 56 min gives diameter of ice spheres
of 4.7 £ 0.2 and 6.0 £ 0.3 um, respectively (see Figures 5a and 5c). These values suggest that the surface of
Enceladus is covered with ice particles of about 5-um diameter in average and Rhea of even smaller particles.

The estimation of the ice particle size from mid infrared spectroscopy observations of Saturn’s moons gives
different results depending on the method used to interpret the data. Mie calculations also give particle sizes
ranging from submicrometer-sized to 5 um for Mimas, Tethys, Rhea, Enceladus, Dione, and the icy hemi-
sphere of lapetus, compared to larger sizes, from 10 pm to several 100 pm, for the Galilean satellites
(Hansen et al., 2005; Stephan et al., 2016). Modeling of the phase angle variations of the spectra of some areas
of Rhea, Dione, and Tethys using the Multi-Sphere T-Matrix code also suggests icy particles size of 2 um in
diameter (Pitman et al.,, 2017). Conversely, for Enceladus, Verbiscer et al. (2006) found grain sizes of 40—
60 pum in diameters, Jaumann et al. (2008) found a global particle size distribution peaking at 20 um, and
Filacchione et al. (2012) obtained 63 pm, while Scipioni et al. (2017) found the spectra compatible with the
presence of submicrometer-sized ice particles. Using Hapke modeling, Filacchione et al. (2012) found a mean
diameter of 38 um for Rhea, a result about a factor of 10 larger than the other estimates, like for Enceladus.
Hansen (2009) pointed out discrepancies in modeled grain sizes between Mie and Hapke modeling and
recommended the use of Mie calculations for analyzing unknown spectra. Here we note that the polarimetric
data seem to give grain sizes similar to Mie modeling of infrared spectroscopic data.

The trailing hemisphere of lapetus, although rich in water ice, shows a lower geometric albedo than
Enceladus and Rhea because its surface contains some amounts of dark dust (Clark et al., 2012). It is interest-
ing to note that the polarimetric phase curve of frost grown on a dark surface at t = 14 min seems relatively
similar to that of lapetus trailing hemisphere (Figure 6b). This also illustrates the fact that P,,;, can only be a
reliable proxy of the grain size when comparing surfaces of similar albedo and composition.

Finally, clearly none of the phase curves of metamorphosed ice samples looks similar to those of the Saturn’s
moons (Figure 6¢), indicating less consolidated, more pristine, icy surfaces or evolution processes very differ-
ent from the metamorphism observed in our laboratory conditions.

The photometric phase curves of the icy satellites also exhibit differences that can be due to dissimilar surface
particles structure and texture. From 1° to 50° phase angles, Europa’s photometric phase curve is flatter than
Enceladus and Rhea (Buratti, 1995; Buratti et al., 2008; Domingue et al., 1997; Grundy et al., 2007). In addition,
from 0° to 1° phase angles, the amount by which the reflectance increases toward opposition is lower for
Europa than for Enceladus and Rhea (Verbiscer et al., 2013). Differences of surface roughness, porosity,
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and/or particles size influencing the shadow-hiding and CB mechanisms may explain these observations
whose interpretation remains difficult. Our data show that the surge of brightness at the smallest phase
angles measured here (between 3° and 2°) is the highest for the smallest ice particles (Figure 4a) and the
lowest for the sintered ones (Figure 4c). Consequently, at small phase angles, both the photometric and
polarimetric data could be consistent with larger and/or more sintered ice particles on Europa than on
Enceladus and Rhea.

To conclude, our data suggest that the change of polarimetric properties of the icy satellites with decreasing
distance from the Sun, pointed out by Rosenbush et al. (2015), may be due to increasing sizes and degree of
sintering of the ice grains covering their surfaces. Galilean satellites may be covered by relatively coarser
grains (~40-400 pm and larger) than the Saturn’s moon, made of finer frost particles. This could explain
the lower thermal inertia of the Saturn’s moons compared to the Galilean satellites (Howett et al.,, 2010),
because surfaces made of smaller grains have lower thermal conductivity (Presley & Christensen, 1997).
The possible dissimilarity of grain size between Saturn’s and Jupiter’s moons may be due to their different
surface temperatures, ranging from 80 to 130 K for Europa but from 50 to 100 K for Enceladus and Rhea
(Howett et al.,, 2010; Spencer et al, 1999). As shown by Clark et al. (1983) and Gundlach et al. (2018),
temperatures above 100 K allow the mobility of the ice, resulting in grain growth and sintering, impeded
at lower temperatures. Moreover, the resurfacing mechanisms of these satellites may be significantly differ-
ent. Irradiation by electrons and ions from the magnetosphere is less severe on Saturn’s than on Jupiter’s
satellites (Mauk et al., 2009), and sputtering rate is observed to be correlated with grain size on Europa
(Cassidy et al., 2013). Additionally, deposits of endogenous or exogenous particles may also influence grain
sizes, such as the micrometer-sized ice particles from the E ring, which are suspected to coat the Saturn’s
satellites (Howett et al.,, 2010; Verbiscer et al., 2007).

As a final point, we note that caution should be taken when comparing laboratory measurements, performed
at a single emergence angle, with disk-integrated observations, which contain the contributions of multiple
light rays scattered on the planetary hemisphere with emergence angles varying greatly. Indeed, to our
knowledge it has not been proved that the degree of polarization at a given phase angle is independent
on the emergence or incidence angles. To allow a more robust comparison with observations, it would be
necessary to measure bidirectional polarization distribution functions of surface samples and then use these
functions to compute the disk-integrated phase curves. Future laboratory works should address this point.

5. Conclusions and Perspectives

We have measured the photometric and polarimetric phase curves of several surfaces made of well-
characterized pure water ice particles (spherical and crushed grains produced from freezing liquid water
and frost from condensation of vapor), mainly at 530 nm and from 1.5° to 30° phase angles using the newly
developed POLICES setup at the University of Bern.

These measurements reveal how the parameters of the NPB are influenced by the properties of the particu-
late ice surfaces.

+ The results show that the minimum of polarization in the negative branch (P,;,) is the main indicator of the
average particle size: the larger by absolute value P,;,, the smaller the particle size.

« We have found that fresh frost formed by condensation of water vapor on cold surfaces (at 173 to 220 K
and relative humidity of 25-30%) produces phase curves characterized by oscillations of the degree of
polarization by up to a factor of 10 from 0° to 8°. These oscillations are due to resonances, typical for light
scattered on smooth and transparent particles of simple shapes. They are well reproduced by computed
Mie oscillations, suggesting the presence of spherical frost embryos of few micrometers and narrow size
distribution (o < 15%). As the frost layer grows, the angular position of the oscillations is shifted toward
smaller phase angles, while they progressively vanish due to the mixed influences of (i) the increase of
particle sizes, (ii) the broadening of the size distribution, and (iii) the change of particles shapes.

« Alternatively, spherical particles of ice formed by rapid freezing of liquid droplets have similar polarimetric
phase curves as crushed particles, with a larger parabola-like negative branch without oscillation. This is
probably because they contain internal optical defects on which the light scatters, causing multiple
scattering and destroying the resonances but producing a shallow parabola-like NPB typical for particulate
surfaces.
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« Our data also suggest that the angle of inversion of the polarization (0;n,) increases with the amount of
multiple scattering in the surface, controlled by the number of light scatterers by unit of volume.

To summarize, the polarimetric phase curves of surfaces made of water ice particles appear to be mainly
influenced by (i) the particle size (through the d/A ratio), (ii) the width of their size distribution, and (iii) the
intraparticle and interparticle structures of the ice layer.

Moreover, we found that the polarimetric phase curves are extremely sensitive to the degree of sintering of
the ice surfaces.

+ Fresh ice samples exhibit a strong nonlinear surge of brightness, the opposition peak, together with a
parabola-shaped NPB. As the ice surfaces undergo thermal metamorphism, these two features vanish
simultaneously.

+ Independently from their initial state (spherical, crushed, or frost particles), all ice surfaces affected by
thermal metamorphism see the slope of their polarimetric phase curves from 5° to 30° decreasing toward
similar values and their NPB’s minimum shifting toward smaller phase angles: ami, decreases below 2°.
However, sintering leads to different slopes of the photometric phase curves from 5° to 30° and different
shapes of the polarimetric phase curves below 5°, depending on the initial samples.

These evolutions observed during sintering are due to the modifications of the ice particles and surface
structure driven by the reduction of the surface energy, coalescence of grains forming larger particles but also
local sublimation/recondensation forming smaller light scatterers, which can have diverse influences on the
optical properties. Further experimental characterization of samples undergoing sintering and numerical
modeling is needed to explain which optical mechanism(s) play a role in these evolutions.

These measurements also constitute references for the direct interpretation of observations through
comparisons of data. They shed light on the surface properties of the icy satellites of the Solar System.

« Comparisons of the polarimetric phase curves of pure water ice particles with the observations suggest
that Europa is possibly covered by relatively coarser (~40-400 pm) and more sintered grains than the
surfaces of Enceladus and Rhea, which are more likely covered with finer frost-like particles of few
micrometers in average. These conclusions obtained from polarimetric data in the visible domain are in
line with some of those obtained from the analysis of the water absorption bands via mid infrared
spectroscopy (Dalton et al, 2012; Hansen et al, 2005; Hansen & McCord, 2004; Ligier et al., 2016;
Stephan et al., 2016; Pitman et al., 2017).

However, the surfaces of these icy satellites are not made of pure water ice and contain some amounts of
various mineral and organic compounds (Dalton et al.,, 2012; Filacchione et al., 2012). Consequently, we
foresee to extend this laboratory work to mixtures of water ice with salts, sulfur, and other compounds to
study their influences on the polarimetric properties of icy surfaces. Future measurements should also study
the effect of the porosity of layers of ice particles on the polarimetric phase curves.

Because of its great sensitivity to grain size and degree of sintering of ice particles, polarimetry could be used
to detect hints of ongoing processes on icy planetary surfaces. The surfaces of the icy satellites of the giant
planets are affected by endogenous (tectonic activity and cryovolcanism) as well as exogenous (radiolysis
and sputtering due to energetic particles) processes responsible for changing the surface microtexture
globally or locally (Cassidy et al, 2013; Jaumann et al,, 2008; Scipioni et al, 2017; Sparks et al., 2017).
Spatially resolved polarimetric observations of the icy satellites could help to identify areas affected by these
processes. Such observations can be achieved using large ground-based telescopes, such as the VLT
equipped with SPHERE and its high-angular resolution polarimetric imager ZIMPOL (Schmid et al., 2018).
Much higher-spatial resolution could be provided by polarimetric instruments onboard spacecrafts. In this
respect, it could be interesting to reanalyze the old data gathered by the photopolarimeters onboard
Galileo and Pioneer 10 and 11 (Martin et al., 2000) and consider the development of new polarimetric
instruments for future missions.

The results of this study could also find applications in the field of Earth remote sensing, to monitor the
melting state of surfaces covered by snow or to detect the presence of fresh frost using visible polarimetry
(Kelly & Hall, 2008). From Earth orbit, polarimetry is mainly used to retrieve the aerosols properties, but the
data inversion requires the correct removal of the contribution of the surface to the polarimetric signal. We
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note here that inversion of aerosols above land surface covered by fresh frost might have to take into account
the large amplitude and narrow angular variations of the degree of polarization induced by the frost.
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