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A B S T R A C T

We present an update to the Granada–Amsterdam Light Scattering Database (https://scattering.iaa.es/), which
includes experimental data from both the IAA-Cosmic Dust Laboratory in Granada and the Amsterdam
light scattering setup. The updated version features an expanded collection of samples and a more user-
friendly interface. We have extended the size range of our mineral samples to mm-cm-sized single particles.
Additionally, we have added the diffuse reflectance spectra of some of our powder samples and, from these
spectra, obtained the corresponding refractive indices (200 nm–2000 nm). We have also incorporated synthetic
scattering matrices defined across the entire scattering angle range (0◦ to 180◦) for most of the powder samples
contained in the database. Data in the database are freely available under the request of citation of this paper
and the paper in which the data are published.

1. Introduction

Light scattering measurement data are scarce, not many instruments
exist that produce reliable data. Even less of that data are available
as open and FAIR (Findable, Accessible, Interoperable and Re-usable)
data, with enough meta data to make them truly useful for comparison
to light scattering model data, as input for atmospheric models, or
satellite retrieval, to name a few of the applications the data may
be used for. Yet properly documented and open light scattering mea-
surement data are very durable and remain relevant for a long time.
When the first hydrosol measurement performed at the Amsterdam
light scattering setup were published in 1998 [1], people were still
referring to volume scattering functions measured by [2]. These data
by Petzold were published in a book about ocean water in the form of a
table and were therefore extremely useful for the research community,
even though being more than 20 years old. To stimulate the use of
the data for further research, the first papers about the measurements
performed with the Amsterdam light scattering setup tried to provide
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the same service. They contained a lot of tables with data and meta
data such as size distributions.

When around the year 2000 the internet became more widely and
easily accessible, the idea came up to build the Amsterdam light scat-
tering database that contained measured light scattering matrices and
the meta data describing scattering samples and information on how
to interpret and use the data [3]. This meant giving other researchers
access to data without exerting any influence on how the data would
be used, or whether the work would be properly referenced or credited.
But the benefits turned out to be large. Removing almost all barriers to
the use of the experimental light scattering data caused a wide uptake
of the data by modelers [4–11]. Feedback from the users of the data
was then used to make improvements to the Amsterdam light scattering
database such as the addition of the average scattering matrices and
the synthetic scattering matrix with the full angle range included [12].
After the closing of the Dutch scattering apparatus, the database has
been fed by the experimental data obtained at the IAA-Cosmic Dust
Laboratory [13,14]. This resulted in the joint Amsterdam-Granada
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Light Scattering database, which compiled the data produced by both
laboratories [15]. It was structured so that from the homepage, users
could access the data obtained in Amsterdam or the new data obtained
in Granada. Open access to the experimental data has facilitated its
utilization and application by a plethora of research groups e.g. [16–
20].

In this day and age of open and FAIR data the database remains as
relevant as ever. We describe here the new structure of the Granada–
Amsterdam Light scattering database (GALSD) and the recent additions
made. The paper is organized as follows: Section 2 provides a brief
description of the IAA light scattering apparatus including a sum-
mary of the performance tests developed to assure that the scattering
matrices included in the database correspond to randomly oriented
particles under single-scattering conditions. Sections 3 and 4 describe
the database structure and content, respectively. Section 5 presents the
new additions to the database, while Section 6 provides an example of
using the database through its application to characterizing cometary
dust.

2. IAA Cosmic Dust Laboratory

The Cosmic Dust Laboratory (CODULAB) is located at the Insti-
tuto de Astrofísica de Andalucía in Granada, Spain. A comprehensive
technical description of the scattering apparatus, data acquisition, and
reduction process is provided by [13]. The experiment schematic block
diagram, photograph, movie, tests measurements, and related papers
are available on the ‘‘Experimental Apparatus’’ page of the database
https://scattering.iaa.es/apparatus.

In brief, light from a diode laser (available wavelengths are 405,
488, 514 and 640 nm) passes through a polarizer and an electro-optic
modulator and is scattered by the sample placed at the center of the
set-up. By combining electro-optic modulation of the incident beam
with lock-in detection, we enhance the accuracy of our measurements
and simultaneously determine several elements of the 4 × 4 scattering
matrix, 𝐅 [21]:
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The scattered light is detected by two photomultipliers (detector and
monitor). The detector moves along a ring covering scattering angles
between 3◦ to 177◦, while the monitor is placed at a fixed angular
position and serves to control the fluctuations of the laser signal and/or
dust jet stream from the aerosol generator. There are two optional
optical elements in front of the detector (a quarter waveplate and an
analyzer). The elements 𝐹𝑖𝑗 of the scattering matrix are dimensionless
and depend on the physical properties of the particles (morphology,
size, and refractive index), the wavelength of the incident beam, and
the direction of scattering. The direction of scattering is defined by the
angle between the propagation directions of the incident and scattered
beams, i.e., the scattering angle, 𝜃, ranging from 0 to 𝜋, and an azimuth
angle 𝛷 that ranges from 0 to 2𝜋. For randomly oriented particles, as is
the case in our experiment, all scattering planes are equivalent, and the
scattering direction is fully described by the scattering angle. Further,
in case the cloud contains a sufficient number of particles so that mirror
symmetry in the ensemble can be assumed, the 4 × 4 scattering matrix,
for each scattering angle, is defined as (see e.g. [22]).
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The cloud of randomly oriented μm-sized particles is produced by
an aerosol generator as follows: a compacted amount of powder is
loaded into a cylindrical reservoir. A piston pushes the powder onto

a rotating brush at a certain speed, adjustable from 0 to 400 mm/h.
An air stream carries the aerosol particles from the brush through a
tube to a nozzle above the scattering volume. Fig. 1 displays the aerosol
generator dispersion unit.

2.1. Testing the performance of the scattering apparatus

The performance of the scattering apparatus is evaluated by com-
paring the measured scattering matrix elements of a selected set of
well-characterized spherical particles (in terms of size, sphericity, and
refractive index) with the results from Lorenz–Mie calculations for
the corresponding size and refractive index. This applies to clouds of
spherical micron-sized water droplets produced by a nebulizer [13] or
a single well-characterized sphere [23]. For the latter, we have chosen
a N-BK7 glass sphere (Edmund Optics) with a radius similar to that of
the dust grain of interest. Fig. 2 shows an example of test measurements
with water droplets. It displays the measured and computed scattering
matrix of spherical water droplets at 520 nm. We do not show the ratios
𝐹13(𝜃)∕𝐹11(𝜃), 𝐹14(𝜃)∕𝐹11(𝜃), 𝐹23(𝜃)∕𝐹11(𝜃), and 𝐹24(𝜃)∕𝐹11(𝜃) since we
verified that they are equal to zero within the error bars at the full
measured scattering angle range. As described in [13], for the Lorenz–
Mie calculations, we assume a two parameters (rg, 𝜎𝑔) log-normal size
distribution as defined by [24]. In the fitting procedure, the water
droplets refractive index is fixed to m = 1.33 + 0.0i. The parameters for
the size distribution are selected to minimize the differences between
the measured and calculated values of 𝐹11(𝜃) and −𝐹12(𝜃)∕𝐹11(𝜃). As
shown, the water droplets measurements show an excellent agreement
with the Lorenz–Mie computations over the entire angle range. These
test measurements assure the reliability of further measurements with
irregular particles.

2.2. Single-scattering test

After testing the optical train alignment and optimum control pa-
rameter for our apparatus electronic devices, we must check that our
measurements are performed under single scattering conditions. During
the measurements, we need a sufficient number of particles in the scat-
tering volume to represent an ensemble of randomly oriented particles
of diverse sizes and shapes, while ensuring that the particle density
is low enough to minimize the impact of multiple scattering. To test
that this is the case, we follow the procedure described by [22]. With
the detector fixed in position, a series of measurements are conducted
with increasing sample concentrations. Multiple scattering is consid-
ered negligible as long as the scattered flux remains proportional to
the aerosol concentration. This method aids in determining the optimal
sample concentration. During a typical light scattering measurement
using a dust sample, the speed of the aerosol generator piston (Fig. 1)
needs to be sufficiently high to maintain a stable aerosol stream, yet not
excessively high to prevent unnecessary sample wastage. Typically, the
piston speed ranges from 40 to 100 mm/h, depending on the specific
sample under study. As shown in Fig. 3, in the single scattering test the
piston speed was adjusted from 50 mm/h to 250 mm/h in increments
of 50 mm/h. Even at speeds as high as 250 mm/h, we observed no
significant departure from a linear behavior [14,22], indicating that
multiple scattering effects can be disregarded in our experiments.

2.3. Particle random orientation test

The scattering matrix definition as presented in Eq. (2) assumes
that the particles in the scattering volume are randomly oriented. As
shown in Fig. 1, the aerosol generator’s nozzle is positioned directly
above the scattering volume, causing the aerosol jet to flow perpen-
dicularly through it. This setup suggests that the particles within the
scattering volume do not exhibit a specific orientation, except for a
potential orientation in the direction of the jet stream. However, we
have verified that there is not preferential alignment along the aerosol
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Fig. 1. Schematic picture of the aerosol generator (RBG 1000 Palas) dispersion unit. The piston pushes powder onto the rotating brush at a certain speed expressed in mm/h. An
air stream carries the aerosol particles of the brush through a tube to a nozzle right above the scattering volume. The aerosol jet is directed perpendicular to the scattering plane
(black nozzle). Gray nozzle shows the setup during the random orientation test.

Fig. 2. Comparison of simulated and measured scattering matrices for water droplets at 520 nm. The measurements are indicated with circles and error bars. Solid lines correspond
to results of Lorenz–Mie computations at 520 nm for a log-normal size distribution (𝑟𝑔 = 0.8 μm, 𝜎 = 1.5). Measured and computed data for the 𝐹11 element are normalized to 1
at 30 degrees.

beam either. To achieve this, the aerosol nozzle was positioned at a
45-degree angle to the scattering plane (gray nozzle in Fig. 1). We con-
ducted scattering matrix measurements for a clay sample at 632.8 nm
and found no significant differences in the elements of the scattering
matrix as functions of the scattering angle for the two orientations
of the particle jet [22]. Therefore, the orientation of the particle jet
stream does not significantly impact our experimental results, and the
particles in our experiments can be considered randomly oriented.
Further, measuring all elements of the scattering matrix provides extra
random-orientation, reciprocity, and mirror symmetry tests (https://
scattering.iaa.es/matrix, [25]). For instance, the measured elements of
the scattering matrix fulfill the theoretical relations 𝐹13(𝜃)∕𝐹11(𝜃) ≡
𝐹14(𝜃)∕𝐹11(𝜃) ≡ 𝐹23(𝜃)∕𝐹11(𝜃) ≡ 𝐹24(𝜃)∕𝐹11(𝜃) ≡ 0, which hold for an
ensemble of randomly oriented particles with equal numbers of mirror
particles. Since these elements are zero at all scattering angles for all

our measured powders so far, we typically omit these scattering matrix
elements from figures.

3. Database structure

In this section, we describe the information provided by the database
from a user’s point of view. The home page of the database is depicted
in Fig. 4. The main website leads to 6 pages, namely : list of all samples,
sample categories, news, papers, theory, and experimental apparatus.

• List of all Samples: This page lists all samples included in the
database organized in five different categories: Aerosols (clouds
of micron-sized particles), hydrosols, mm-sized single particles,
average scattering matrices, and test particles. In this way, the
user can check if the sample of interest is included in the database
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Fig. 3. Scattered flux (in arbitrary units) at 𝜃 = 10◦ versus aerosol generator piston speed for white clay particles. After [14].

Fig. 4. Home page of the Granada–Amsterdam Light Scattering Database, available at https://scattering.iaa.es/.

without the need to dive through it. Within each category, the
samples are organized in alphabetical order including informa-
tion on their size/size distribution, wavelength(s), and scattering-
angle range at which the measurements have been performed.
Further, for some samples the database provides the retrieved
sample refractive index in the wavelength range from 200 to
2000 nm. Details on the refractive index retrieval procedure are
provided in Section 5.1.

• Sample Categories: This page consists of six sub-categories,
namely: micron-cosmic analogs, mm-cosmic analogs, terrestrial
aerosols, meteorites, hydrosols, and Martian analogs (Fig. 5). The
content of each category is described in detail in Section 4.

• News: The news page is continuously updated with new pub-
lished papers that imply new data in the database or general
information on light scattering as is the case of related conference
or topical journal issues.

• Papers: It displays all papers linked to the database in alpha-
betical order. All measurements presented in the database have

been previously published in peer-reviewed scientific journals.
The data in the database are freely available under request of
citation of this paper and the paper in which the experimental
data are published.

• Theory: The primary objective of this page is to clarify the
meaning of the data provided in the database, thereby aiding
in the proper utilization of the experimental data. It comprises
the following pages: Stokes vector & Scattering matrix; What
do we measure?; Synthetic Matrix, Size Distribution, Particle
composition & Refractive indices; and SEM images. The Parti-
cle composition & Refractive indices and Synthetic Matrix are
discussed in Sections 5.1 and 5.4, respectively.

• Experimental Apparatus: This page includes a schematic overv-
iew of the IAA light scattering apparatus along with a photograph
and a short movie. As mentioned, the performance of the scat-
tering setup is tested by direct comparison of the experimental
scattering matrices of spherical particles to results of Lorenz–
Mie computations. This page provides the measured scattering
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Fig. 5. Sample categories page of the Granada–Amsterdam Light Scattering Database.

matrices for test particles at different wavelengths. Detailed in-
formation on the light scattering apparatus and data reduction
process is also provided in [13,14].

4. Database contents

The core of the database includes tables and figures of the measured
scattering matrix elements as functions of the scattering angle at vari-
ous wavelengths. Additionally, it provides detailed characterization of
the samples, including size/size distributions tables and figures, com-
position, origin, optical and/or scanning electron microscope images,
and information on the refractive indices of the particles based on
literature values. By clicking at the sample name either from the ‘‘list
of samples’’ or ‘‘sample categories’’ pages, the user has access to the
corresponding fact sheet that includes tables and figures. Recently,
we have added the diffuse reflectance spectra of the powders (200 to
2000 nm) to the database. From the reflectance spectra, we derive the
complex refractive indices (see Section 5.1). All papers in pdf format,
full references, and citations in BibTeX format are also provided.

4.1. Samples

The particle samples included in the database comprise a wide range
in origin, size and composition. The ‘‘List of samples’’ page displays
all samples organized in five categories: Aerosols, Hydrosols, mm-
sized grains, Average scattering matrices and Test measurements. The
samples included in each category are described below.

4.1.1. Aerosols
The aerosols-category encompasses all samples composed of clouds

of powders in random orientation. As detailed in Section 2, these clouds
are produced by an aerosol generator. The aerosol samples include
particles with radii ranging from sub-micron to 100 micrometers. To
enhance the accessibility and usability of the Granada–Amsterdam data
collection, the aerosol samples have been divided into four subcate-
gories based on their potential applications: micron-cosmic analogs,
terrestrial aerosols, meteorites, and Martian analogs. We note that
some samples might be included in various categories. Those are the
cases of the meteorites and Martian analogs that are subsets of the
micron-cosmic analogs category.

4.1.2. Hydrosols
The hydrosols collection comprises the 𝐹11 and −𝐹12∕𝐹11 curves for

15 different types of coastal and inland water phytoplankton species
and two types of estuarine sediments [1]. The hydrosols measurements
were performed at the Amsterdam light scattering setup [25,26]. The
hydrosol sample is contained in a cylindrically shaped cuvette (d =
30 mm) of pyrex glass. The cuvette is located in the center of a
22 cm (diameter) basin filled with glycerine. Glycerine and glass have
the same refractive index (m = 1.5) at the measured wavelength
(632.8 nm). In this way, the reflexions produced by the strong change
in refractive index air–glass occur farther away from the scattering
volume. The measured scattering-angle range with the hydrosols setup
is constrained to 25–155 degrees.

4.1.3. mm-sized single grains
The range of particles sizes included in the GALSD has been recently

extended up-to the millimeter size range [23,27]. The millimeter-sized
regime is particularly significant in protoplanetary disks [28], cometary
dust tails [29], or asteroidal regolith [30]. For those measurements,
the particle/grain is positioned on a conical-tip black holder, which
is mounted on an x–y rotating table. Further, a beam expander is
necessary to uniformly illuminate the entire cross-section of the sample.
Further details on the procedure to simulating random orientation are
provided in Section 5.2.

4.1.4. Average scattering matrices
The first dataset for mineral samples obtained in Amsterdam in the

late 1990s demonstrated that the measured scattering matrix elements
for different samples fell within relatively narrow ranges when plotted
against the scattering angle. This similarity justified the creation of an
initial Average Scattering Matrix for mineral aerosols by combining
experimental data at 441.6 nm and 632.8 nm [26]. Further measure-
ments of terrestrial aerosols demonstrated that grouping the non-zero
scattering matrix elements of samples with a common origin, such
as volcanic ash or desert dust, led to even tighter clustering when
plotted against the scattering angle. This led us to construct separate
Average Scattering Matrices for volcanic ashes and desert dust, which
can be used for remote sensing studies when specific aerosol properties
are unknown. The Average Scattering Matrix for volcanic ashes is
available at blue (combined data at 441.6 nm and 488 nm) and red
(combined data at 632.8 nm and 647 nm) wavelengths. It is derived
from the measured scattering matrices for 11 samples of volcanic ashes:
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Pinatubo, Lokon, Redoubt A, Redoubt B, Spurr Gunsight, Spurr Stop 33,
Spurr Anchorage, Mt. St. Helens, El Chichón, Puyehue, and Eyjafjalla-
jökull [26,31–33]. For desert dust, the average scattering matrices are
available at 448 and 647 nm, derived from the scattering matrices for
two airborne desert dust samples: Gobi and Sahara-OSN [33]. Details
on the average scattering matrices construction are provided in [32].

4.1.5. Test samples
In accordance to the FAIR principles recommended by the Euro-

pean Commission, apart from detailed information on the experimental
procedure we also provide tables with the test measurements with
spherical water droplets and glass spheres. They are available via the
list of samples and the Experimental Apparatus pages.

4.2. Powder size distributions

In the database we provide tables of the normalized number,
n(r), projected-surface-area, s(r), and volume, v(r), and corresponding
N(logr), S(logr) and V(logr) particle size distributions of the powder
samples. Definitions and interrelations for these size distribution are
available in the database at https://scattering.iaa.es/size. As example,
Fig. 6 displays the measured size distributions for a sample consisting of
a forsterite powder [34]. Values for the corresponding effective radius
and variances as defined by [24] are also provided in the database.

The projected-surface-area size distributions of the samples studied
in Amsterdam were measured using a Fritsch laser particle sizer [35],
which employs Fraunhofer diffraction theory for spheres. The particle
sizer used in Granada is a Mastersizer 2000 from Malvern Instruments.
The Matersizer retrieval is obtained by using either the Lorenz–Mie
theory or the Fraunhofer approximation for spheres. A detailed study
of the range of validity of the Laser light scattering particle sizer can
be found in [36] and https://scattering.iaa.es/size. Briefly:

For spherical particles at visible wavelengths (𝜆 = 633 or 466 nm):

• In the case of highly absorbing particles, the Fraunhofer retrieval
can be safely applied for particles radii, r > 0.5 μm. In any other
case the lower limit is increased up to r > 3 μm (𝜆 = 633 nm).
This limit is reduced by a factor of ∼0.7 if the measurements are
carried out at 466 nm.

• The Mie model with the correct refractive index constrains the
intrinsic applicability method to r > 0.1μm. Claims of sensitivity
below this limit must be regarded with scepticism if additional
supporting techniques (e.g. polarimetry) are not considered.

For irregular particles at visible wavelengths (𝜆 = 633 or 466 nm):

• The limit of applicability of the Fraunhofer retrieval is lowered to
r ∼ 1 μm (𝜆 = 466 nm) even for transparent particles. Fraunhofer
cannot be generally trusted below that limit.

• The retrieval based on the Mie theory extends the validity almost
to the lower limit for spheres (r ∼ 0.3 μm) if the real part of the
refractive index (n) is high. Note that if n is uncertain, it is safer
to assume values at the upper end of the uncertainty limit.

5. What is new in the database?

5.1. Samples reflectance spectra and refractive indices (200–2000 nm)

The diffuse reflectance spectra of the samples are measured over the
wavelength range of 200 to 2000 nm using a Varian Cary 5000 UV–
vis–NIR spectrophotometer with a ‘praying mantis’ diffuse reflectance
accessory. The instrument is equipped with a deuterium arc source
for the UV wavelengths and a halogentungsten source for the vis–
NIR region. The samples are deposited in a small bowl-shaped powder
holder and gently compressed so that they present a flat surface to
the incident light. Three measurements of each sample are performed

and each spectrum is calibrated using a polytetrafluoroethylene (PTFE)
reflectance standard. The final spectrum is obtained by averaging the
three measurement sets of the individual samples. The refractive index
retrieval is based on the method developed by [37,38]. The method
utilizes the measured diffuse reflectance spectra and particle size dis-
tributions in geometric optics regime together with state-of-the art
light-scattering codes that account for irregular particle shapes. Cur-
rently, we only provide complex refractive indices for a set of Martian
dust analog samples. We plan to expand the retrieval to other samples
in the database.

5.2. Single mm-cm sized particles in random orientation

As mentioned, the particle size range in the GALSD collection has
been recently expanded up to the millimeter-sized range. Apart from
the need to adapt the optical setup (Section 4.1.3), it also involves a
dedicated measurement procedure: The 𝐹𝑖,𝑗 (𝜃) in random orientation
is obtained by averaging over 54 𝐹 𝑜

𝑖,𝑗 (𝜃) corresponding to 54 particle
orientations. The holder is mounted on a x–y rotating table. First, the
particle is placed on the holder as shown in Fig. 7 (I). Starting from this
position, each 𝐹 𝑜

𝑖,𝑗 (𝜃) is measured after each of 36 successive rotations
of 10 degrees around the vertical axis (Z). Second, as shown in Fig. 7
(II), the particle is rotated 90 degrees towards the direction of the laser.
From this position, the particle scattering pattern is measured in each
of 18 successive rotations in steps of 20 degrees around the Z-axis.
According to [39], a rigorous 3D orientation average can be achieved
through a sufficient number of Euler rotations: (a) rotation around the
vertical axis, (b) rotation around the 𝑥-axis, and (c) rotation around
the axis perpendicular to the base of the particle. However, such a
procedure requires a mechanical holder with two degrees of freedom
and an excessive amount of experimental time. Instead, our procedure
simplifies this rigorous approach by using only one rotation around
the 𝑥-axis (90 degrees). The number of orientations used to simulate
random orientation is in agreement with the estimates from [40] based
on the experimental data at the microwave analog experiment located
at the Fresnel institute [41] and numerical simulations.

There is still a range of particle sizes that cannot be studied with
either the aerosol generator (radii from sub-micron up to 100 microns)
or the previously described conical support (mm-cm sized). To address
this gap and to facilitate random orientation measurements with large
(r > 300 μm) single particles, we have developed an ultrasonic levitator
that allows us to study grains with radii of a few hundred microns. The
levitator is composed of 35 ultrasonic traducers operating at 40 kHz
configured to form a spherical cavity. The force produced in the center
of the cavity is sufficient for levitating spinning grains up to 50 mg of
mass [42].

5.3. Narrow size distributions

The primary goal of our experimental work is to fill the existing
gaps in our understanding of the interaction between electromagnetic
radiation and non-spherical particles i.e. to disentangle the effects of
size, composition, and shape on the scattering behavior of irregular par-
ticles. This requires the production of different sets of samples in which
only one of the physical properties is varied. The first attempts [43,44]
were devoted to study the size effect on the scattering pattern of
clouds of magnesium-rich olivine (forsterite) samples. However, the
milling/sieving procedures used to produce narrow size distributions
from the bulk olivine samples were not efficient enough. This prob-
lem has been solved by applying processing routines from the fields
of nano-, and micro-ceramics to synthesize well-defined narrow size
distributions. The sample processing strategy combines different stages
of milling, sieving, centrifuging and decanting, followed by several
refining cycles in ultrasonic bath to remove small particles electrostati-
cally attached to the surface of larger particles. Detailed description of
the sample production process is provided by [34,38,45] along with
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Fig. 6. Normalized number distribution N(logr), surface equivalent sphere distribution S (logr), and volume distribution V(logr) for Forsterite S sample described in [34].

Fig. 7. (I) Particle initial position. (II) Particle after a 90 degrees rotation.
Source: Figure adapted from [23].

experimental scattering matrices for a set of forsterite and Martian
analog samples, respectively. The particle size distributions span over a
wide scattering size parameter domain: Rayleigh-resonance, resonance,
and geometric optics. Although the data presented in [34,38,45] are
focused on the characterization of cosmic dust and Martian aerosols,
respectively, they may also be of interest for e.g. theoretical studies
or the characterization of terrestrial aerosols. As an example, Fig. 8
displays the projected surface area distributions as function of radius
(left panel) and measured −𝐹12∕𝐹11 and 𝐹22∕𝐹11 curves (right panel) for
two forsterite samples. The corresponding effective radii and variances
are also presented. As shown, both −𝐹12∕𝐹11 and 𝐹22∕𝐹11 curves show
a strong dependence on particle size. Further, forsterite S shows anti-
correlation between the −𝐹12∕𝐹11 negative polarization branch and the
𝐹22∕𝐹11 surge at backward direction. In the case of forsterite L, the
negative polarization branch becomes shallower and the 𝐹22∕𝐹11 shows
no structure at backward direction. This link between the scattering
mechanism responsible for the negative polarization branch and the
behavior of the 𝐹22∕𝐹11 at backward direction was previously suggested

by [46,47] based on computed values for a set of irregular geometries
with similar sizes as the forsterite S sample.

5.4. Synthetic scattering matrix

As mentioned, at CODULAB our measurable scattering angle range
is restricted to [3, 177] degrees at best [14]. However, for various
purposes, such as radiative transfer modeling, the full scattering angle
range is often required (e.g. [48]). For those cases, an extrapola-
tion of the measured scattering matrix during data processing can be
performed by assuming certain necessary mathematical and physical
conditions. A preliminary version of the extrapolation algorithm was
presented by [32]. Since then, it has been subsequently revised and
improved [33,49,50]. We refer to [51] for a comprehensive description
of the extrapolation procedure. The so-called synthetic (extrapolated)
scattering matrices are defined over the entire range from 0◦ to 180◦.
To facilitate the use of the experimental data in radiative transfer
models, we have recently added tables with the synthetic scattering
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Fig. 8. Left: Projected surface area distribution as function of radius in micrometers in a logarithmic scale for forsterite L (squares) and S (circles). Right: Measured −F12∕F11 and
F22∕F11 curves for two forsterite samples: L (squares) and S (circles).
Source: Figure adapted from [34].

Fig. 9. Right panel: Green circles correspond to two observe phase functions from the OSIRIS camera system from [52]. Left panel: Green triangles correspond to ground-based
observations of the degree of linear polarization curve for comet 67P/Churyumov–Gerasimenko ([53] and references therein). In both panels black squares correspond to experimental
data for a large porous cotton ball with organic inclusions [23]. Both, phase functions a polarization curves are presented as functions of the phase angle, 𝛼 = 180◦-𝜃.
Source: Figure adapted from [23].

matrices for a large number of samples consisting of clouds of micron-
sized particles (terrestrial aerosols, micron-sized cosmic dust analogues,
meteorites and Martian dust analogs categories).

6. Applications

The data collected at GALSD can serve as a standard to validate
numerical techniques aimed at reproducing the scattering patterns of
irregular particles [11,16,54–60] or as input for machine learning
tools [61,62]. Additionally, these data can be used to interpret observa-
tions of astronomical dusty objects, such as comets [63–65], asteroids
like Bennu, the target of the Osiris Rex mission [66–68], planetary
atmospheres [69,70], and protoplanetary disks [71,72].

An illustrative example on the potential use of the data in the
database is related to comet 67P/Churyumov–Gerasimenko, the target
of the European Space Agency’s Rosetta mission. The variations in
the brightness of cometary coma, as observed from Earth, depend not
only on the phase angle but also on changes in the dust production
rate as the comet orbits the Sun. The OSIRIS camera system aboard
the Rosetta mission has provided unique observations of the light
scattered by dust within the 67P coma [52]. These observations cover
an unprecedentedly broad range of phase angles (from 10◦ to 155◦).

The OSIRIS dataset includes observations at various heliocentric and
nucleocentric distances. In all cases, the observed phase functions ex-
hibit a distinctive U-shape with a minimum at a phase angle of around
100◦. As displayed in Fig. 9, left panel, we successfully reproduced the
observational data by assuming a large porous low absorbing particle
with organic inclusions. Further, the experimental-based cometary dust
model can also reproduce ground-based degree of linear polarization
observations of comet 67P (Fig. 9, right panel). This conclusion is in
agreement with experimental data from the PROGRA2 experiment [73]
and computations [74,75].
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