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Résumé
La formation planétaire débute par l’agglomération de poussières circumstellaires
pour former des corps plus gros. Cependant, cette croissance n’est pas entièrement
comprise et le modèle standard du scénario d’accrétion fait face à différentes bar-
rières. Plusieurs scénarios ont été proposés pour surmonter ces barrières avec, par
exemple, des poussières irrégulières comme des agrégats fractals de grains, au lieu
des poussières sphériques compactes qui avaient été étudiés les premières vues la
simplicité des modèles. Les télescopes actuels permettent d’observer les disques
protoplanétaires en lumière diffusée et d’obtenir ainsi des informations indirectes,
mais comment interpréter ces informations pour remonter à la morphologie de ces
poussières et comment ces barrières peuvent-elles être dépassées ? Comment faire
sans informations directes sur la poussière ? Pour faire avancer ces connaissances,
nous proposons des mesures en laboratoire, donc dans des conditions expérimentales
contrôlées, afin de réaliser des interprétations à partir des caractéristiques de diffusion
d’objets connus.

Au travers de cette thèse, on cherche à fournir des outils réalistes pour interpréter
les observations de disques protoplanétaires en mettant à profit des expériences de
diffusion en micro-ondes. Des analogues de poussière contrôlés géométriquement et
utilisant un indice de réfraction similaire au silicate astronomique, grâce à la fabrica-
tion additive, ont été mis à profit. Les dimensions de ces analogues ont été choisies
pour conserver le rapport dimension sur longueur d’onde, ce qui permet de repro-
duire des phénomènes de diffusion similaires au observations, grâce à l’invariance
par changement d’échelles des équations de Maxwell.

Au cours de ma thèse, j’ai étudié différents paramètres caractéristiques (dans le
domaine de diffusion de Mie) tels que la fonction de phase, le degré de polarisation
linéaire et d’autres éléments de la matrice de Mueller avec trois morphologies de
poussières : des agrégats fractals, et deux familles de grains ayant différents types de
rugosité. L’objectif était de comprendre ces différents paramètres et de donner des
idées ou des outils qui permettent de mieux appréhender les informations indirectes
contenues dans les signaux diffusés.

Les mesures des analogues de poussières ont été effectuées dans la chambre ané-
choïque du CCRM et validées avec des simulations numériques. Grâce aux orienta-
tions et aux longueurs d’ondes multiples que notre installation permet, deux types
d’analyses ont été réalisées avec les trois morphologies : premièrement, celle des
paramètres de diffusion moyennés sur plusieurs orientations d’analogues à différentes
longueurs d’onde, et deuxièmement, celle des paramètres de diffusion incluant une
distribution de taille, de type loi de puissance. Sur la base de ces deux analyses, j’ai pu
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identifier les propriétés de diffusion qui caractérisent chaque morphologie à l’aide de
leurs paramètres de diffusion. J’ai identifié les changements des paramètres de diffu-
sion entre différents objets d’une morphologie donnée et aussi entre les différentes
morphologies. Je les ai aussi comparées aux paramètres de diffusion de morphologies
similaires trouvés dans la littérature, vérifiant ainsi la cohérence de nos résultats.

Nos résultats ont prouvé que le contrôle de la géométrie, de l’indice de réfraction
et de l’orientation de nos analogues est essentiel pour interpréter leurs propriétés
de diffusion, fournissant des mesures de diffusion uniques grâce à notre expérience
micro-ondes au CCRM et à la fabrication additive. De plus, ces résultats suggèrent que
les porosités de nos agrégats et la rugosité de nos grains compacts affectent clairement
et de manière spécifique leurs propriétés de diffusion. Par ailleurs, j’ai montré l’intérêt
de poursuivre le développement instrumental des télescopes pour obtenir plus que
l’intensité totale diffusée (fonction de phase) et le degré de polarisation linéaire. En
effet, les autres paramètres de diffusion peuvent donner plus d’indices sur la mor-
phologie des poussières des disques protoplanétaires. Enfin, je propose d’augmenter
la taille des analogues et de tester d’autres indices de réfraction qui existent dans les
disques, afin d’obtenir des paramètres de diffusion plus proches des observations. Il
serait également intéressant d’effectuer des mesures plus proches de la rétrodiffusion.

Mots clés: Poussière protoplanétaire, diffusion, analogie micro-onde, analogues,
agrégats fractals, grains, chondres, inclusion réfractaire, fonction de phase, degré de
polarisation linéaire, éléments de la matrice de Mueller.
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Abstract
The first stages of planetary formation begin with the agglomeration of protoplanetary
dust to form bigger bodies. However, this dust growth is not fully understood and
the standard accretion scenario model still contains different barriers inhibiting the
growth of this dust. Several scenarios have been proposed to overcome these barriers,
for example irregular dust, e.g., fractal aggregates and grains, contrary to compact
spherical dust that was accepted to simplify models. Scattered light observations
of protoplanetary disks can be done with nowadays telescopes, obtaining indirect
information on this dust. But how can we interpret these scattering information
to know if this dust has different morphologies and therefore help to improve the
understanding of these barriers? how can we do this when we do not have direct
information about dust? One solution is to study the scattering of dust analogs with
laboratory experiments where the control of the experimental conditions is possible
and therefore the interpretation of scattering information is also possible.

This thesis is dedicated to provide more realistic tools to interpret protoplanetary
disk observations with microwave scattering experiments, where our dust analogs are
geometrically controlled thanks to additive manufacturing, using a refractive index
similar to astronomical silicate. The size of these analogs is chosen to be proportional
to real dust compared to the used wavelengths to do the observations, in order to
respect the electromagnetic scale invariance rule and thus reproduce similar scattering
behaviors as real dust.

During my PhD I studied the scattering parameters (in the Mie scattering regime)
such as the phase function, degree of linear polarization and other Mueller matrix
elements of three dust morphologies, e.g. fractal aggregates, and two families of
grains with different types of roughness. The goal was to understand their scattering
properties and thus give insights or tools to understand the indirect information that
is gathered with scattered light observations.

Measurements of dust analog were performed in the anechoic chamber of CCRM
and cross-validated with numerical simulations. Thanks to the multi-orientation and
multi-wavelength that our setup provides, two types of analyses were performed with
the three types of morphologies: first, scattering parameters averaged over several
orientations of analogs at different wavelengths, and second, scattering parameters
including a power-law size distribution. Based on these two analyses, I was able to
identify characteristic scattering properties of each morphology, showed with their
scattering parameters. I identified the differences of their scattering parameters within
a given morphology and between the different morphologies, and I compared them
with scattering parameters of similar morphologies found in literature, verifying the
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coherence of our results.
Based on our results, I proved that the control of geometry, refractive index and

orientation of our analogs are key to interpret their scattering properties, providing
unique scattering measurements thanks to our microwave experiment in CCRM and
to the additive manufacturing. Furthermore, these results suggest that porosities of
our aggregates and roughness of our compact grains clearly affect in specific ways their
scattering properties. Moreover, I showed the interest to continue the instrumental
development of telescopes to obtain more than the total scattered intensity (phase
function) and degree of linear polarization. Indeed, the other scattering parameters
(which are related to the non-sphericity, the degree of circular polarization and the po-
larization at 45°) can give more clues about the morphology of dust in protoplanetary
disks. Finally, I suggested to increase the size of our analogs and test other refractive
indices to obtain closer scattering parameters to observations of forming disks, as well
as to perform measurements at backscattering angles.

Keywords: protoplanetary dust, scattering, microwave analogy, analogs, fractal
aggregates, grains, chondrules, refractive inclusion, phase function, degree of linear
polarization, Mueller matrix elements.
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Introduction
The first stages of planetary formation begin with the agglomeration of sub-micron-
sized dust particles forming bigger bodies, planetesimals, and then planets. However
this dust growth is not fully understood and the standard accretion scenario model [1,
2] still faces some problems known as the growth barriers that are yet to be resolved [3].
As of today, 5113 exoplanets have been discovered (July 11, 2022, http://exoplanet.
eu). Unfortunately the forming mechanisms of these planets are not well known.
Several scenarios have been proposed to overcome these barriers, as for example
instabilities, e.g., streaming and gravitational instabilities. Nevertheless, instabilities
are mechanisms that happen at very specific/unique conditions, and the drift barrier
prevails [4]. Alternative solutions have been proposed, considering irregular dust, e.g.,
fractal aggregates and grains, contrary to compact spherical dust (accepted to take
profit of simplified models), avoiding two growth barriers, the fragmentation and the
radial drift barrier [5]. Indeed, optical properties of this dust have been modelled
using the Mie theory and the Distribution of Hollow Spheres (DHS) [6]. However,
these scattering simulations of perfect spheres do not fit with protoplanetary disk
observations [7], proving the necessity to consider irregular shapes of dust.

Scattered light observations of protoplanetary disks can be made with nowadays
telescopes, i.e. the Atacama Large Millimeter Array (ALMA), the Very Large Telescope
(VLT), the James Webb Space Telescope (JWST) and the Hubble Space Telescope
(HST), obtaining indirect information on this dust. But how can we interpret these
scattering information to know if this dust has irregular morphologies and therefore
help to improve the understanding of these barriers? How can we do this when we
do not have direct information about dust? One solution is to study the scattering
of irregular dust with laboratory experiments where the control of the experimental
conditions is possible and therefore the interpretation of scattering information is
possible as well.

Two main types of laboratory scattering experiments can be used for this purpose,
microwave scattering experiments and light scattering experiments, from which the
scattering parameters (based on Mueller matrix elements) of protoplanetary dust
analogs can be retrieved. The interpretation of these scattering parameters, gives
insights on the material, the shape and the size of these dust analogs. Therefore, these
laboratory measurements can give clues to interpret observations.

The light scattering experiments use optical sources to study particles in the (sub)
millimeter size range, therefore with size parameters in the Mie/geometric scattering
range. These particles can be ejected by an aerosol generator so measurements are
done for a cloud of particles [8]. Particles large enough (mm sizes) can be positioned

http://exoplanet.eu
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on a holder and measured individually [9]. Other light scattering instruments use ul-
trasonic levitation [10], or even microgravity levitation [11] performing measurements
of randomly oriented particles and in some cases in fixed positions with controlled
acoustic levitation. Unfortunately, light scattering experiments face some challenges:
uncontrolled geometrical shapes of analogs, which leads to scattering parameters
that are difficult to interpret; small size aggregates which tends to stick together with
air ejections and levitation due to Van der Waals forces, making difficult to measure
a cloud of aggregates sufficiently separated or even one isolated grain without the
contribution of neighboring grains.

On the other hand, microwave scattering experiments use microwaves (antennas)
that can scan over a range of wavelengths to study particles in the millimeter to cen-
timeter size range, thus size parameters in the Rayleigh/Mie scattering range. As the
size of these particles is large, particles are positioned in stable-oriented systems. The
advantage of this technique is that particles can have originally sizes from nanometer
to kilometers and thanks to the Scale Invariance Rule (SIR) of the Maxwell equations,
their analogs, in this case dust analogs, can be scaled in proportion to the wavelength
used to perform observations, while keeping the same refractive index [12]. If the
proportion of the change of scale is respected, then the same scattering behaviors
as real dust are reproduced. The advantages of using this technique is the control of
orientation, size, shape, structure and refractive index of the measured dust analogs
[13].

Both techniques have advantages and disadvantages which are discussed in detail in
this thesis (Section 1.4), giving complementary scattering information. However, if the
objective is to understand the scattering parameters of specific controlled geometric
structures (aggregates and grains of dust analogs) in a wide range of wavelengths, the
best choice is to use the microwave scattering experiment with 3D printed analogs
(centimeter sizes). This is a unique possibility that can be achieved with our laboratory
experiment at CCRM in Marseille (for more details on this setup see Section 1.5).

Hence, during my PhD I aimed to study the scattering parameters such as the phase
function, the degree of linear polarization and other Mueller matrix elements of proto-
planetary dust analogs in the Mie scattering range. These scattering parameters were
calculated with measurements performed in our microwave scattering experiment.
The analogs were fabricated with three different morphologies: fractal aggregates and
two irregular grain families, using additive manufacturing (3D printing). The goal
was to understand their scattering properties based on their scattering parameters
and thus give insights to understand the indirect information that is gathered with
scattered light observations. Notice that this is the first time that scattering parameters
of protoplanetary dust analogs are retrieved, using microwave scattering experiments,
and controlling their geometry and refractive index with additive manufacturing.

In this manuscript, I first present in Chapter 1 the state of art about planetary
formation and electromagnetic scattering theory, emphasizing on the protoplanetary
stage and the scattering parameters, respectively. Then the two laboratory techniques,
light scattering and microwave scattering techniques, are discussed and compared,
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and at the end our microwave scattering experiment is presented. Finally, in order
to do the microwave analogy of protoplanetary dust, I describe this analogy from
two points of views, size and material (refractive index). Ultimately, the microwave
analogy assumptions, that were considered to perform the scattering measurements,
are pointed out.

Second, in Chapter 2, I present the scattering parameters retrieved for the first
morphology, fractal aggregates, in which three main studies are conducted: i) scat-
tering parameters averaged over several orientations of our aggregates at different
wavelengths, ii) scattering parameters including a size distribution and finally iii) the
estimation of the fractal dimension based on the phase function.

Third, in Chapter 3, I present the scattering parameters retrieved for two irregular
grain families: the first family for which grains are generated with a synthetic rough-
ness and the second family for which grains have a natural roughness taken from
the tomography of a meteorite. With both families two main studies are conducted:
i) scattering parameters averaged over several orientations of our grains at different
wavelengths and ii) scattering parameters including a size distribution. At the end,
a comparison between the scattering parameters of the three morphologies is pre-
sented, where the most discriminant scattering parameters of each morphology are
identified. Lastly, conclusions of all three morphologies properties and prospects for
future works are discussed.

This thesis was made with the collaboration of Julien Milli (IPAG), Jean-Baptiste
Renard (LPC2E), Hervé Tortel and Christelle Eyraud (Institut Fresnel), Pascal Rannou
(GSMA), Azar Maalouf and Vincent Laur (Lab-STICC), Jean-Marie Felio (IUSTI), Cécile
Leroux and Arnaud Coudreuse (CTTM). This project was financially supported by
CNRS, France, as part of its 80|PRIME cross-disciplinary programme, by the French
National Research Agency in the framework of the Investissements d’Avenir program
(ANR-15-IDEX-02), through the funding of the Cross-disciplinary Project "Origins of
Life" of Université de Grenoble-Alpes and by GdR Suie.
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Résumé version longue
La formation planétaire débute par l’agglomération de poussières circumstellaires
pour former des corps plus gros et finalement des planètes. Cependant, cette crois-
sance n’est pas entièrement comprise et le modèle standard du scénario d’accrétion [1,
2] fait face à différentes barrières de croissance [3]. Chaque jour il y a de plus en plus
d’exoplanètes qui sont découvertes, avec aujourd’hui un total de 5113 exoplanètes (le
11 juillet 2022, http://exoplanet.eu), néanmoins leurs mécanismes de formation
ne sont pas bien connus.

Plusieurs scénarios ont été proposés pour surmonter ces barrières comme par ex-
emple des instabilités de type gravitationnelle ou de l’écoulement. Cependant, ces
instabilités représentent des mécanismes qui arrivent dans des conditions très spéci-
fiques, en laissant la barrière de dérive radial sans la résoudre [4]. D’autres solutions
ont été proposées comme des poussières irrégulières, c.à.d. des agrégats fractals ou
des grains, au lieu des poussières sphériques compactes qui avaient été étudiés les
premières aussi vu de la simplicité des modèles. En effet, les propriétés optiques
de la poussière avaient été modélisées avec la théorie de Mie ou en condiérants des
distributions de sphères creuses [6]. Toutefois, les simulations de la diffusion par ces
sphères n’ont pas le même comportement que les observations de la lumière diffusée
par les disques protoplanétaires [7], ce qui démontre la nécessité de considérer des
poussières irrégulières.

Les télescopes actuels permettent d’observer les disques protoplanétaires en lu-
mière diffusée (voir Figure 0.1) et d’obtenir ainsi des informations indirectes. Mais
comment interpréter ces informations pour remonter à la morphologie de ces pous-
sières et comment ces barrières peuvent-elles être dépassées ? Comment faire sans
informations directes sur la poussière ? Pour faire avancer ces connaissances, deux
types d’expériences en laboratoire peuvent reproduire l’analogie de la diffusion de
cette poussière, donc dans des conditions expérimentales contrôlées, afin de réaliser
des interprétations à partir des caractéristiques de diffusion d’objets connus.

Ces expériences sont la diffusion de la lumière avec une source laser et l’autre avec
des micro-ondes. Les deux permettent d’obtenir les paramètres de diffusion via les
éléments de la matrice de Mueller. En effet, la compréhension de ces paramètres aide à
la compréhension des caractéristiques des analogues tels que leurs composition, taille
et morphologie. Ainsi les mesures en laboratoire donnent des pistes pour interpréter
les observations.

http://exoplanet.eu
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Figure 0.1: Schéma des mesures protoplanétaires avec deux types de sources qui
rencontrent des poussières et produisent de la lumière diffusée. Cette
diffusion est détectée par les télescopes à différents angles de réception
(θr ec ).

Les expériences de laboratoire faites avec une source laser étudient des partic-
ules de l’ordre millimétrique ou submillimétrique, cela veut dire une diffusion de
Mie/géométrique. Généralement, ces particules sont éjectées par un générateur
d’aérosol dont les mesures sont faites avec des nuages de particules [8]. Les particules
peuvent également être en lévitation ultrasonique [10] ou en micro-gravité [11], ce
qui permet d’obtenir des mesures de particules aléatoirement orientées ou parfois
des orientations contrôlées. Malheureusement, les principaux inconvénients de ces
techniques sont: une géométrie non contrôlée des analogues qui donne accès à des
paramètres de diffusion inconnus difficiles à interpréter. De plus, les agrégats de
petite taille ont tendance à se coller les uns aux autres à cause de l’éjection d’air ou de
la lévitation, ce qui rend impossible la mesure des nuages ou des grains bien séparée
sans avoir de perturbation due à la diffusion des grains voisins.

L’autre type d’expérience utilise des antennes donc des mesures en multi-longueur
d’onde. La taille des particules est d’ordre du millimètres/centimètres, cela veut
dire une diffusion de Rayleigh/Mie. Grâce à la taille des particules, elles sont posées
avec des positions fixées dans des systèmes stables. Le principe de cette technique
est l’invariance par changement d’échelle des équations de Maxwell, ce qui permet
de reproduire des phénomènes de diffusion similaires aux vraies particules (pous-
sière protoplanétaires). Ainsi, la particule peut avoir une taille nanométrique ou
kilométrique et son analogue une taille centimétrique, simplement en respectant
le paramètre de taille et l’indice de réfraction originale (analogie micro-onde) [12].
Cette technique fournit également un contrôle d’orientation de l’analogue. Ainsi, les
deux types de techniques ont des avantages et des inconvénients (voir Section 1.4)
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ce qui donne des informations de diffusion complémentaires. Néanmoins, lorsqu’il
s’agit d’étudier les paramètres de diffusion des analogues ayant des géométries con-
trôlées (analogues des agrégats ou grains de poussière) et de les mesurer à différentes
longueurs d’ondes, le meilleur compromis est l’utilisation de l’analogie micro-onde et
la fabrication d’analogues par impression 3D (analogues centimétriques).

De ce fait, au travers de cette thèse, on cherche à fournir des outils réalistes pour
interpréter les observations de disques protoplanétaires en mettant à profit des
expériences de diffusion en micro-ondes. Des analogues de poussière contrôlés
géométriquement et utilisant un indice de réfraction similaire au silicate astronomique
[14], grâce à la fabrication additive, ont été mis à profit. Les dimensions de ces ana-
logues ont été choisies pour conserver le rapport dimension sur longueur d’onde, ce
qui permet de reproduire des phénomènes de diffusion similaires aux observations
de diffusion de la poussière protoplanétaire.

Dans cette thèse, j’ai étudié différents paramètres caractéristiques tels que la fonc-
tion de phase, le degré de polarisation linéaire et d’autres éléments de la matrice de
Mueller avec trois morphologies de poussières : des agrégats fractals, et deux familles
de grains ayant différents types de rugosité. L’objectif principal est de comprendre ces
différents paramètres et de donner des idées et/ou des outils qui permettent de mieux
appréhender les informations indirectes contenues dans les signaux diffusés par la
poussière protoplanétaire.

Les analogues ont été mesurés dans la chambre anéchoïque du Centre Commun de
Ressources en Microondes (CCRM) en utilisant des longueurs d’onde de 16,7mm à
100mm (voir la Section 1.5 pour plus de détails sur notre système de mesure). La con-
figuration expérimentale principalement utilisée est celle où la diffusion comprend la
zone de diffusion avant (voir Figure 0.2).

(a) Configuration - diffusion vers l’avant (b) Configuration - diffusion vers l’arrière

Figure 0.2: Installation expérimentale dans deux types de configurations.
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De plus, des simulations numériques ont été réalisées, principalement avec la
méthode des éléments finis [15] pour une validation croisée avec les mesures. Les
hypothèses de base sur les poussières pour faire l’analogie avec les mesures et la
simulation numérique sont : un milieu macroscopiquement isotrope et symétrique
[16] avec des poussières aléatoirement orientées et sans interaction. Ces hypothèses
ainsi que des antennes utilisées dans une polarisation horizontale (pour les deux
antennes) et après verticale, permettent de mesurer 6 éléments de la matrice de
Mueller: S11, S12, S22, S33, S34 et S44. Les différences en incluant la polarisation
croisée ou non, pour ces 6 éléments, sont négligeables. Néanmoins, dans le cas de
S22, l’inclusion de la polarisation croisée est nécessaire pour pouvoir faire après la
normalisation avec S11 . Si la polarisation croisée n’est pas incluse, S22 = S11. Ainsi,
ces éléments décrits en termes des éléments de la matrice de Jones sont :

S11 = 1

2

(|S1|2 +|S2|2
)

,

S22 = 1

2

(|S2|2 +|S1|2 −|S4|2 −|S3|2
)

,

S12 = 1

2

(|S2|2 −|S1|2
)

,

S33 = S44 =ℜ{
S1S∗

2

}
,

S34 =ℑ{
S2S∗

1

}
.

(0.1)

A partir de ces éléments, les paramètres de diffusion ont été calculés, la fonction de
phase (moyenne de S11 sur différentes orientations, < S11 >), le degré de polarisation
linéaire (division entre les moyennes DPL = −<S12>

<S11> ), et aussi <S22>
<S11> , <S34>

<S11> et <S44>
<S11> . Il

faut remarquer que tous les éléments peuvent être retrouvés avec les mesures sauf S22

qui contient la polarisation croisée donc retrouvable avec les simulations.

1. Agrégats fractals:
La première morphologie étudiée a été celle des agrégats fractals (voir le chapitre

2). Nos agrégats ont été générés avec un logiciel d’agrégation par diffusion, c.à.d.
agrégation du type monomère-groupe des monomères, dénommé Diffusion Limited
Aggregation (DLA) [17]. Sept agrégats ont été générés avec 74 monomères, corre-
spondant à différentes dimensions fractales comprises entre D f = 1.5 (très poreux)
et D f = 2.8 (très compact). Les paramètres de taille (X = 2πRmax/λ, étant Rmax

le rayon de la sphère inclusive et λ l’onde incidente) de ces agrégats sont entre
Xag g = 0.97 à Xag g = 19.60, et pour les monomères entre Xmon = 0.97 à Xag g = 1.04.
Après leur génération virtuelle, ils ont été imprimés avec une résine, ayant un indice
proche du silicate astronomique [14] (indice de réfraction des agrégats 1.7+0.03i ),
par stéréolithographie avec la collaboration du Centre de Transfert de Technologie du
Mans (CTTM).

• Deux types d’études sur les paramètres de diffusion des agrégats ont été effec-
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tués. La première étude avec des paramètres de diffusion moyennés à partir
des différentes orientations des agrégats et différentes longueurs d’onde (ou
paramètres de taille). La Figure 0.3 montre un exemple de ces paramètres de
l’agrégat Ag_DLA_Df2.0_N74_1. Les mêmes paramètres ont été obtenus pour
les autres sept agrégats. Grâce au changement du Xmon , on a observé une co-
hérence entre les paramètres obtenus par mesure et par simulation. De plus,
les paramètres des agrégats poreux (D f ≤ 2) présentent des comportements de
diffusion de Rayleigh tandis que les agrégats compacts ont des comportements
de type pseudo-sphérique. Par ailleurs, <S34>

<S11> et <S44>
<S11> ont validés le même com-

portement de diffusion qui a été observé au travers de la fonction de phase et du
DPL. Alors que <S22>

<S11> (qui est lié à la sphéricité) a donné des informations sup-
plémentaires pour identifier les agrégats les plus poreux (D f ≤ 1.7), les agrégats
intermédiaires (D f = 2.0 à 2.5) et l’agrégat le plus compact (D f = 2.8).

• Dans la deuxième étude, pour simuler une distribution de taille, une loi de puis-
sance a été appliquée sur Xmon des différents paramètres de diffusion, avec des
indices de ns = 3.5 (distribution supposée pour la poussière protoplanétaires),
ns = 2 et ns = 5 (les deux dernières afin d’étudier l’effet du changement de ns sur
les paramètres de diffusion). La Figure 0.4 présent les paramètres de diffusion
retrouvés à ns = 3.5 pour cinq de nos agrégats en ayant différentes D f . Grâce
a notre expérience de diffusion en micro-ondes, nous avons pu analyser les
paramètres de diffusion avec ou sans la distribution de taille. Cela nous a permis
de comprendre quels étaient les phénomènes mis en jeu pour retrouver les
paramètres finaux, y compris l’effet de la distribution. D’ailleurs, les différences
entre les agrégats de différentes D f et avec un nombre fixe de monomères
peuvent être identifiée par: i) la largeur à mi-hauteur et les remontés dans la
rétrodiffusion de la fonction de phase, ii) le niveau maximal du DPL et de sa
branche négative dans la rétrodiffusion, iii) les niveaux de <S22>

<S11> , iv) la régularité

de la courbe <S44>
<S11> et v) le comportement constant autour d’une valeur nulle de

la courbe <S34>
<S11> . Cependant, si le nombre de monomères n’est pas fixe (cas des

agrégats dans la nature, i.e. poussière protoplanétaire), les niveau maximal du
DPL et leur angle de diffusion peuvent permettre de différencier les agrégats
poreux des agrégats compacts, même si le nombre de monomères change, car
l’effet de la dépolarisation est complètement lié à la morphologie (sphère) et au
couplage interne entre monomères. Donc le DLP peut être analysée conjointe-
ment avec <S22>

<S11> qui est liée à la sphéricité des agrégats.

• Finalement, dans la troisième étude, la dimension fractale des agrégats a été
déterminée à partir de la fonction de phase représentée dans l’espace q (q =
2k sin(θ/2)). Parmi toutes les méthodes présentées dans la littérature, la méth-
ode la plus prometteuse est une méthode originale que nous avons proposé, la
méthode de Butterworth. Cependant, d’autres cas test sont nécessaires pour
valider le domaine d’application de cette méthode. De plus, il serait important
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d’augmenter la taille de nos agrégats ainsi que leur nombre de monomères pour
augmenter la fractalité et diminuer les oscillations de la pente de la fonction de
phase pour permettre une estimation plus fiable de la dimension fractale.
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(a) Fonction de phase (b) Degré de polarisation linéaire

(c) S22 normalisé (d) S34 normalisé

(e) S44 normalisé

Figure 0.3: Mesures (lignes continues) et simulations numériques (lignes discontin-
ues) des paramètres de diffusion de l’agrégat Ag_DLA_Df2.0_N74_1 (di-
mension fractale 2) à différents paramètres de taille Xmon .
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(a) Fonction de phase (b) Degré de polarisation linéaire

(c) S22 normalisé (d) S34 normalisé

(e) S44 normalisé

Figure 0.4: Mesures (lignes continues) et simulations numériques (lignes discontin-
ues) des paramètres de diffusion des agrégats avec une distribution de
taille en loi de puissance ns = 3.5.
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2. Première famille des grains:
La deuxième morphologie étudiée a été les grains irréguliers (voir chapitre 3) fab-

riqués avec une rugosité contrôlée. Pour cela, des sphères qui ont été initialement
maillées avec des triangles et ensuite la distance entre le centre de la sphère et le
sommet de chaque triangle a été perturbé avec des rayon aléatoires. Six grains, ayant
des rugosités différentes dès r = 2.6% à r = 13.2%, ont été générés virtuellement. Ils
ont ensuite été imprimés par stéréolithographie (collaboration CCTM) avec le même
indice de réfraction que les agrégats ayant un paramètre de taille de 1.07 à X = 7.73.
Les deux mêmes études des paramètres de diffusion, ont été réalisés pour les grains.

• Selon les paramètres de diffusion retrouvés dans la première étude, le DLP a
démontré d’avoir la meilleure sensibilité au changement de la rugosité des grains.
Leurs différences ont été mises en évidence avec l’amplitude d’oscillation du
DLP, ainsi le DLP des grains les plus rugueux a les amplitudes les plus petites
tandis que le moins rugueux a les amplitudes les plus grandes. De plus, grâce
au paramètre <S22>

<S11> , on a pu identifier quel grain était le plus sphérique, qui
présente des niveaux autour de 1 contrairement aux moins sphériques qui a
des niveaux inférieurs à 1. Ce comportement a été validé avec notre calcul de
sphéricité réalisé à partir des fichiers 3D des grains et qui ont montré le même
ordre des courbes <S22>

<S11> selon leurs valeurs de rugosité.

• La deuxième étude, basé sur les paramètres de diffusion avec des distributions
de taille, a démontré que les remontés de la fonction de phase en rétrodiffusion
et les niveaux maximum du DLP peuvent donner des informations sur la ru-
gosité des différents grains à un même ns . De même, <S22>

<S11> a de nouveau montré
sa dépendance avec la sphéricité des grains. En somme, ces trois paramètres
peuvent donner des idées de la rugosité/sphéricité et donc de la morphologie
de nos grains.

3. Deuxième famille des grains
La troisième morphologie étudiée a été une autre famille de grains irréguliers mais

cette fois-ci avec une rugosité naturelle (voir chapitre 3). La morphologie de ces
grains a été obtenu par tomographie assistée par ordinateur à partir d’une chondrite
(météorite rocheuse), laquelle est composée de chondres et d’inclusions réfractaires.
Au total quatre analogues de chondres et d’une inclusion réfractaire ont été réalisées
en 3D (Collaboration avec Yves Marrocchi). Cette fois, les grains ont été imprimés par
dépôt de fil fondu, ce qui permet de bénéficier de plus de matériaux et des réalisation
de dimensions plus importantes (collaboration avec Azar Maalouf et Jean-Marie Felio).
Les chondres ont un paramètre de taille entre X = 1.03 et X = 9.19, et une rugosité
entre r = 5.04% et r = 13.26%. L’inclusion a un paramètre de taille dès X = 3.59 à
X = 21.53 et une rugosité de r = 24.05.

• Les deux mêmes études pour retrouver les paramètres de diffusion ont été réal-
isées. Toutefois, les paramètres ont été calculés seulement à partir de mesures
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car ces analogues présentent une rugosité naturelle difficile à mailler avec pré-
cision pour produire des simulations fiables. Donc, parmi les cinq paramètres
de diffusion, quatre ont été retrouvés uniquement avec des mesures: la fonc-
tion de phase, le DPL, <S34>

<S11> et <S44>
<S11> (voir Figure 0.5 qui présent un exemple

des paramètres de la chondre C0_PLA_orange_r5.04). Tous ces paramètres ont
présentés le même comportement avec l’augmentation de la rugosité que ce
soit pour les chondrules ou pour l’inclusion, c.à.d. lorsque la rugosité augmente
les amplitudes d’oscillations diminuent. Le DLP a démontré plus de sensibilité
que les autres paramètres pour identifier les chondres. En effet, ce paramètre est
lié à la dépolarisation et donc à la rugosité de chaque chondre.

• La deuxième étude (paramètres de diffusion retrouvés avec une distribution de
taille) a montré une différenciation des grains grâce au DLP et <S44>

<S11> . Le DLP a
présenté différents niveaux maximums en fonction de la rugosité des chondres,
et un angle de diffusion correspondant un maximum plus grand pour l’inclusion
que pour les chondres. D’autre part, <S44>

<S11> à montré une organisation aux alen-
tours de 124° qui est lié aussi à la rugosité des chondres (voir Figure 0.6).

Finalement, les paramètres de diffusion des trois morphologies ont été comparés à
ns = 3.5. Grâce au DLP, on a pu différentier les agrégats des deux familles de grains.
Comme perceptive, il serait intéressant de faire des mesures dans la zone de rétrodif-
fusion, surtout pour la deuxième famille de grains pour vérifier si ses paramètres de
diffusion sont bien distincts de la première famille de grains.

En conclusion, nos résultats ont prouvé que le contrôle de la géométrie, de l’indice
de réfraction et de l’orientation de nos analogues est essentiel pour interpréter leurs
propriétés de diffusion, fournissant des mesures de diffusion uniques grâce à notre
expérience micro-ondes au CCRM et grâce à la fabrication additive. De plus, ces
résultats suggèrent que les porosités de nos agrégats et la rugosité de nos grains
compacts affectent clairement et de manière spécifique leurs propriétés de diffusion.
Par ailleurs, j’ai montré l’intérêt de poursuivre le développement instrumental des
télescopes pour obtenir d’autres paramètres que l’intensité totale diffusée (fonction
de phase) et le degré de polarisation linéaire. En effet, les autres paramètres de
diffusion peuvent donner plus d’indices sur la morphologie des poussières des disques
protoplanétaires. Enfin, comme premiers prologement de ces études je propose
d’augmenter la taille des analogues et de tester d’autres indices de réfraction qui
existent dans les disques, afin d’obtenir des paramètres de diffusion plus proches des
observations. Il serait également intéressant d’effectuer des mesures à des angles plus
proches de la rétrodiffusion.
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(a) Fonction de phase (b) Degré de polarisation linéaire

(c) S34 normalisé (d) S44 normalisé

Figure 0.5: Mesures (lignes continues) des paramètres de diffusion de la chondre C0_-
PLA_orange_r5.04 à différents paramètres de taille X .
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(a) Fonction de phase (b) Degré de polarisation linéaire

(c) S34 normalisé (d) S44 normalisé

Figure 0.6: Mesures (lignes continues) des paramètres de diffusion des chondres et
CAI avec une distribution de taille en loi de puissance ns = 3.5.
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1.1 Introduction
Planetary formation is a highly debated subject, where there is still missing informa-
tion to understand the whole growth process to form planets. Within the stage of
protoplanetary disks, dust grows forming different morphologies, e.g., aggregates and
pebbles. However, the mechanisms that describe this dust growth face some problems
known as the growth barriers that are yet to be resolved. In order to understand more
how these dust particles grow, indirect information on their structure can be obtained
with observations of scattered light of dust of protoplanetary disks. To interpret these
observations, laboratory scattering measurements and numerical simulations can
give some clues by using analogs of protoplanetary dust particles and thus help in the
comprehension of dust growth in planetary formation. During my thesis, I aimed to
understand the scattering properties of different protoplanetary dust analogs using
laboratory scattering measurements, this being the first time using the microwave
scattering technique and geometrically controlled dust analogs.

In this chapter I first present an overview of the stellar and planetary formation,
and then more specifically the protoplanetary stage is detailed. Then, I describe
the scattering theory on which this study is based. Third, I discuss the different
laboratories that can be used to obtain these scattering measurements. And finally, I
describe the laboratory scattering experiment that I used during my PhD to obtain
the scattering parameters of protoplanetary dust analogs.

1.2 Stellar and planetary formation
Within the stellar and planetary formation, protoplanetary disks are within one of
the stages of this formation. The following section outlines this formation. Then a
detailed description of protoplanetary disks and constraints of dust aggregation is
presented, the main subject of this study being protoplanetary dust.

41



1 State of the art – 1.2 Stellar and planetary formation

1.2.1 Formation
1. The prestellar phase:

The stars and planets formation occur in the interstellar medium, in molecular
clouds, where 99% of the baryonic matter is gas (from this gas 76% is hydro-
gen (H) and 22% is helium (He)) and 1% is dust [4]). The contraction of these
molecular clouds leads to over dense regions, known as dense cores. Some of
these dense cores can evolve to form even denser regions out of which individ-
ual stars form, named prestellar cores (prestellar phase) [18]. Due to different
mechanisms that produce the lost of the internal support of the core, i.e. loss of
stability, (e.g., ambipolar diffusion [19], dissipation of turbulence [20, 21], and
other internal and external perturbations as pressure [22]), the prestellar core
follows a gravitational collapse and thus the beginning of the protostellar phase.

2. The protostellar phase:

The protostellar phase is where the main accretion happens. In this phase the
protostar has a smaller mass compared to its envelope. However, due to the
accretion of the envelope material onto the protostar, as well as the material
ejection (i.e., jets and outflows [23]), the mass of the protostar increases until
exceeding the mass of the envelope. The accretion comes to an end when all the
envelope material is accreted/ejected.

It is important to note that the surrounding protostar material is contained in an
envelope but also into an accretion disk. Indeed, protostellar cores are rotating
systems inherited from their molecular clouds. Therefore, to preserve the angular
momentum of this rotation, particles of the envelope rotate. Yet, due to the
centrifugal force, the material that is rotating in the equatorial plane is not able
to be accreted by the protostar, leading to the accumulation of material in the
equatorial plane and thus forming a circumstellar disk [24]. These circumstellar
disks are thought to be found even before, in the prestellar phase, as was shown
for example by a survey of 16 protostellar disks in which 11 of them presented a
better reproduction of models with observations by including dust continuum
emission envelope models and circumstellar disk models [25].

3. The pre-main-sequence phase:

After the accretion/ejection of the envelope material, the protostar is only sur-
rounded by the circumstellar disk, starting the pre-main-sequence phase. The
circumstellar disk, which is composed of dust and gaz, is slowly acretted (with a
rate between 10−11 to 10−8M¯ /yr , where M¯ is the solar mass, while pre-main-
sequence stars have a rate between 10−8 to 10−6M¯ /yr [26]) by the pre-main
object (which has already accumulated 90% of its final mass). These circumstel-
lar disks host the grains that will grow and form planets (protoplanetary disks).
Notice that this is the phase in which this thesis will be focused on.
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The pre-main object is not enough hot to be into a radiative equilibrium, there-
fore it undergoes into a quasi-static contraction that will last a Kelvin-Helmholtz
timescale [27]. The beginning of this contraction states the birth of the stellar
embryo, known as the birthline in the Hertzprung-Rusell diagram, appearing as
a visible object [28]. During the contraction, the temperature of the pre-main-
sequence star progressively increases up to 106 and 107K (temperatures to burn
deuterium and hydrogen, respectevely) thanks to the excess of the gravitational
energy during the contraction and the photospheric radiation. In parallel, the
disk losses its gas, becoming an optically thin circumstellar disk (Debris disk)
[29].

Finally, when the pre-main-sequence object arrive to 107K, the thermonuclear
combustion of hydrogen starts and so the main-sequence object appears (adult
star).

1.2.2 Empirical evolutionary sequence
The evolution of young stellar objects, described previously from the protostellar
phase to the pre-main-sequence phase, can be classified in an empirical way, based
on observations of the mass distribution surrounding the stellar object, the velocity
distribution of the disk gas, and the non-stellar radiative flux. In the case of the mass
and temperature distribution, they can be inferred by modeling the spectral energy
distribution (SED). Protostellar SED is divided in four classes. Within this classes,
Class I to Class II were first defined by Lada in [30]. Then Class 0 was implemented by
Andre, Ward-Thompson, and Barsony in [31]. This classification is shown in Figure
1.1, considering the bolometric temperature (which is the temperature of a blackbody
whose SED has the same average frequency [32]), the mass of the envelope (Menv

compared to the stellar mass M∗) and the disk mass (MDi sk compared to the solar
mass, M¯, and Jupiter mass, M Jupi ter ). Additionally, the time is defined since the
formation of the protostellar object or collapse of the dense core (t = 0). The classes
are described from Class 0 (the youngest stars) to class III (The most evolved stars) as
follows:

1. Class 0: the protostellar mass is smaller than the envelope mass. This protostellar
object is surrounded by the cold material of the envelope, which emits as a cold
blackbody in the millimeter wavelengths (thermal emission of cold dust). Red
arrows coming out of the protostellar object represent the jets and outflows, and
dark blue arrows represent the accretion.

2. Class I: the protostellar mass becomes greater than the envelope mass. There is
an increase in the protostellar object temperature. At this stage, the protostellar
core is detectable at millimeter to near infrared wavelengths, and the infrared
excess infers the presence of a disk.
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3. Class II: the envelope has dissipated almost completely. The spectrum is caused
by two objects, one from the pre-main-sequence star (which can be a T Tauri
star with 1 to 2 M¯ [33] or Ae/Be Herbig star with 2 to 8 M¯ [34]) acting as black
bodies with a maximum at the near infrared, and the other from the spectrum
coming from the re-emission, material of the protoplanetary disk (with a mass
of 0.01M¯) emitting at longer wavelengths (infrared excess). This is the stage
where this thesis is focused on.

4. Class III: the spectrum of the star dominates in the near infrared and as the
temperature of the star increases, the peak shifts toward visible wavelengths. An
optically thin disk is formed around the star, with a detectable mass, smaller
than the Jupiter mass.

Figure 1.1: Empirical evolutionary sequence based on the shape of SED, the bolomet-
ric temperature and the disk mass [taken and modified from 35].
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1.2.3 Protoplanetary disk
As it was previously seen, protoplanetary disk (PPD) and its pre-main-sequence star
have a spectral Class II. At this stage, the formed thick disk is made of dust and gas,
and the dust accretion is taking place for the formation of pebbles, planetesimals and
planets. This accretion is described by the core accretion scenario model [1, 2] which
is the most popular explanation for the origin of gas giant planets of the Solar System,
i.e., Jupiter and Saturn. This model begins first with a core (protoplanet) that grows at
a fixed disk radius by accreting dust and planetesimals whose orbits cross. Note that
the core is surrounded by a near-hydrostatic gaseous envelope. As the core becomes
more massive, it attracts more gas and solids that will fall later into the envelope.
After reaching its critical mass, the envelope enters in a runaway growth (mainly
accreting gas). At the end of this stage (due to disk dissipation or the opening of a disk
gap), a giant planet is formed. The problem with this model is that the timescale to
form giant planets is longer than the disk lifetime (around 1−3M yr ) [36]. For this
reason, different subjects as instabilities (which is an alternative mechanism to form
planets in a faster way), dust growth processes, dust morphologies, etc, are being
studied to reduce the growth timescales. In this thesis I will focus on the study of dust
morphology in protoplanetary disks. Hence, in this section I will first describe the main
characteristics of protoplanetary disks, and then I will focus on protoplanetary dust:
dust transport, dust growth and dust barriers, and finally, how can we get information
on the dust of these protoplanetary disks with scattering observations.

1.2.3.1 General characteristics of PPD

Radius: one approach to estimate the protoplanetary disk radius is to define an ef-
fective size r j , defined as the radius that encircles a fixed fraction of the luminosity
L from tracer j . In this way, based on mm continuum observations (for mm-sized
dust) of 200 disks, rmm ≈ 10−500 AU (rmm encircling 0.9Lmm) [36]. For smaller grains
(µm-sized dust), the scattered images demonstrate that these particles are distributed
out of greater distances than mm-sized grains (which is expected since small grains
are predicted to be well coupled to the gas). In the case of the disk gas, the CO line
emission is used to estimate the radius, having rCO ≈ 100−500 AU (based on a survey
of 22 Lupus disks [37]).

Mass: the mass disk can be defined assuming an emission that arises in an optically
thin, isothermal portion of the disk. In this way, the observed flux (Fν) is directly
related to the disk mass (Mdi sk , considering the gas and dust of the disk), as follows:

Mdi sk = d 2Fν
κνBν(Tc )

, (1.1)

where d is the distance to the source, κν is the opacity, and Bν(Tc ) is the Planck func-
tion at a characteristic temperature Tc .
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In order to have an idea of the protoplanetary disk mass values, some examples of
mass estimations are presented as follows based on observations of different molec-
ular clouds. One of the first large survey to measure this mass, was made with the
observations of protoplanetary disks of the Ophiuchi molecular cloud [38]. In this
survey, protoplanetary disk masses were estimated between 0.001 to 0.1 M¯. Another
survey in the Taurus-Auriga star formation region, detected 74 objects of Class II,
observed with sub-millimeter wavelengths, presenting a mean mass of 0.003M¯ [39].
A recent survey in the Serpens star-forming region, presented the mass disk of 235
protoplanetary disks, having a mean mass around 0.00005M¯ (calculated based on
the full version of Table 1 in [40]).

Structure: PPD are studied around pre-main-sequence stars of approximately ≤
3M yr old [36] to ≤ 17M yr old [41]. At this stage, the structure of this geometrically
thin disk flares, i.e. as the radius of the disk (r ) and the vertical scale height (thickness
of the disk, h) increase.

Assuming that gas is at hydrostatic equilibrium, the vertical structure can be described
by the pressure gradient that takes into account the gas density (ρ) and the vertical
component of gravity (gz) [42]:

dP

d z
=−ρgz , (1.2)

where the vertical component of gravity can be described as follows:

gz = GM∗
d 2

sin(θ) = GM∗
d 3

z, (1.3)

G being the gravitational constant, M∗ the stellar mass, z the height above the mid-
plane of the disk and d the distance from the stellar object to z (see Figure 1.2). The
pressure gradient (Equation 1.2), points outwards.

Figure 1.2: Vertical structure of protoplanetary disk considering a vertical hydrostatic
equilibrium (taken from [42]).

Considering a geometrically thin disk (z/r << 1) and assuming a vertically isothermal
disk, the hydrostatic equilibrium is recalculated with the sound speed constant (cs)
and solved, obtaining the vertical scale height [42]:
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h(r ) = cs√
GM∗/r 3

, (1.4)

this equation shows that h increases with the distance from the star r .

On the other hand, the radial structure of the disk is defined by the radial surface
density. Assuming a thin, viscous disk, the time evolution of the surface density is [43]:

∂Σ

∂t
= 3

r

∂

∂r

[
r 1/2 ∂

∂r

(
νΣr 1/2)] , (1.5)

where t is the time and ν is the viscosity of the disk. This surface density was charac-
terized as a power law profile Σ∝ R−p (for R ≤ Rout , where Rout is the outer radius of
the disk), if the viscosity could also be written as a power law [44]. However, a pure
power law could not match with observations. For this reason, the surface density was
later redefined with a power law profile including an exponential taper (the disk does
not have a sharp edge as described by a power law) [45] based on [46]:

Σ(R) ∝ R

Rc

−γ
exp

[
−

(
R

Rc

)(2−γ)
]

, (1.6)

where Rc is a characteristic radius that delineates where theΣ profile begins to steepen
significantly from a power law and γ specifies the radial dependence of the disk vis-
cosity (ν∝ Rγ). However, this surface density profiles are under discussion and mea-
surements of disk densities based on observations remain in an exploratory phase,
as shown for example in [47]. Additionally, the previous profiles consider smooth
disks and it has been shown that disks are not smooth, i.e. there are cavities and other
substructures (see Section 5.1 in [41] for a summary in substructures).

Finally another element that affects the disk structure is its temperature (thermal
structure), where the main irradiation on dust is made by the host star. Notice that the
disk temperature is mainly controlled by dust (dust opacities affect a large electromag-
netic spectrum, dominating the absorption of the stellar light and thus the thermal
emission. Hence, we can assume that dust and gas have the same temperature). The
classical way to constrain the temperature distribution is with SED modeling, where
the temperature profile of a flared disk was defined as [48]:

Tdi sk (r ) ∝ r−1/2, (1.7)

affecting the radial profile of the disk and showing how the disk temperature de-
creases while the radius of the disk increases. Yet, the disk temperature also varies
with altitude, Tdi sk (z). Indeed, temperature decreases from surface layers of the disk
(outer upper/lower layers) to the midplane [49]. This is caused by the fact that stel-
lar radiation can not penetrate the midplane due to the disk opacity. Lastly, recent
works have been modeling the temperature profile based on observations of opti-
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cally thick molecular emission lines (i.e., CO and CN), as shown for example in [50, 51].

Dust and gas composition: initially, disk composition is 99% gas and 1% dust but as
gas accretion occurs (and small dust particles are coupled to gas), these percentages
evolve. For the gas, the most abundant gaseous species is H2, followed by CO, H2O
and other less abundant molecular species that are detected in very small percentages
[52, 53].

In terms of protoplanetary dust composition, the main components are silicates:
amorphous silicates, olivine and pyroxene, and crystalline silicates, forsterite and
enstantite, or just silica [54]. The presence of crystalline silicates is due to the trans-
formation of amorphous silicates because of thermal annealing and condensation in
the inner disk or shock heating in the outer disk [53]. Other minor components are
carbons, polycyclic aromatic hydrocarbons [55], ices [56] and other minerals.

Dust size: The radius size of these small grains is around 0.1µm to 10µm [52] and
thanks to agglomeration during this protoplanetary stage, the dust can range from
submicrometer to centimeter scales [42]. Based on the mentioned radius size range, it
has been suggested that protoplanetary dust has a power law size distribution with
exponent −3.5 which is the same as for Debris disks [57, 58], the submicrometer-sized
dust being more abundant than dust in tenths of micrometers (see Equation 1.8). This
size distribution, in Debris disks, results from a steady-state evolution supposing an
infinite collisional cascade producing submicrometer dust sizes.

n(a) ∝ a2−3q , (1.8)

where a is the radius of the dust, q = 11/6 is the population mass index giving a final
exponent of −3.5. The size of dust can vary depending on the disk. As previously
mentioned protoplanetary dust size ranges from 0.1µm to 10µm. For simplicity we
consider in this study a minimal size of 0.1µm.

1.2.3.2 Aggregation of dust

The aggregation of dust takes place thanks to the dust transport and growth mecha-
nisms, both described in the following section and based on [59].

Dust transport in PPD:

1. Drag force: dust is embedded in a gaseous disk, producing an aerodynamic drag
force (FD , see Equation 1.9) when particles move throughout (i.e. gas friction
opposing to the motion of particles) [42]:

FD =−1

2
CDπa2ρv2, (1.9)
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where CD is the drag coefficient, a the radius of a spherical dustt particle, ρ the
density of the gas and v the speed of the particle relative to the gas. This drag
force not only depends on the gas and particles motion but on the size of the
particle, giving two drag regimes: the Epstein regime (small particles interact
in the gas in a free-molecular-flow regime) and Stokes regime (a flow structure
develops around larger particles). Particles in both regimes, having radius up to
centimeters, are affected by this drag force, being coupled with the gas (when
the Stokes number St is < 1, St =Ωkτs , whereΩk is the Keplerian orbital velocity
and τs is the stopping or friction time).

2. Radial drift: the radial motion of dust in the disk is caused by the differential
velocity between gas and dust. Gas is subjected to gravitational, centrifugal
and pressure forces while dust is only subjected to gravitational and centrifugal
forces, thus gas has a sub-Keplerian orbital velocity due to the pressure force
and dust has a Keplerian velocity (Ωk ). As dust has a larger velocity compared
to the gas, dust experiences a drag force due to the gas, causing a loss in the
dust angular momentum and drifting inward (toward the pre-main-sequence
star). However, the radial drift is not always inward, if the sign of the gas pressure
gradient changes, dust will not be drifted inward, instead it will be pushed
outward.

3. Dust trapping: the problem with the radial drift is that particles should move
inward in a small fraction of the protoplanetary disk life time. Only if the gas pres-
sure gradient is locally reversed, being positive or zero (it is normally negative
making particles move inward), there will not be a radial motion to inner regions
but particles will be drifted outward. However, if a local gas pressure maximum
is created (by vortices, planets clearing gaps or other magneto-hydrodynamic
mechanisms), the gas pressure gradient will have opposite signs on both sides of
the maximum, creating a dust trapping (dust piles up) called pressure bumps
[60, 61].

4. Meridional flows and radial mixing: viscous evolution of gas drags particles
inward with radial gas velocity (advection transport of particles), as long as
particles are well coupled to the gas (which means St < 1). If the gas velocity
in a region has some inward motion, then the gas velocity can be positive at
the midplane, producing a meridional flow pattern and allowing to transport
dust particles outwards. However, this process is weaker than the inward radial
drift, thus it does not explain the presence of millimeter sized particles in the
outer regions of the disk. Additionally to this meridional flow pattern, the gas is
considered as turbulent, hence this turbulent stirring creates radial mixing of
dust particles.

5. Vertical mixing and settling: vertical mixing of dust can be possible if dust has
larger sizes (St > 1), producing a partial decoupling from the gas and having
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damped vertical oscillations due to its orbital motion and gas drag force. During
this vertical mixing the vertical component of the gravitational acceleration and
the deceleration of the drag force create a settling velocity (vset t ) to the midplane:
vset t = StΩK z. This settling increases with particles size and height. In this way,
while large particles settle and grow in the midplane, it is expected that small
dust stays in the upper layers (surface) of the disk.

Dust growth in PPD:
Transport mechanisms of dust, previously explained, lead to differential vertical

and radial motion of dust. These movements cause two growth processes: grain-grain
collision (that is related to relative velocities), and condensation. During the growth
process the primordial dust particles, known as monomers, stick together forming
aggregates. This whole phenomenon of aggregation depends on the composition of
dust, the monomer size distribution, the structure of aggregates, the impact parameter
(b is defined as the projected distance between the centers of mass of the aggregates
in the direction perpendicular to the collision velocity, if b = 0 there is a head-on
collision between aggregates and if b = bmax there is a grazing collision [62]) and
impact velocity.

The first growth process, grain-grain collision, has two important elements which
are the collision frequency and the collisional outcomes. The first element, collision
frequency, depends on the relative velocities of grains. These relative velocities are
originated by the different sizes of the particles and thus relative motions. As the
size difference between particles increases, relative motions increases (particles of
similar sizes have similar Stokes numbers and thus same velocities). Examples of
these relatives velocities are the vertical settling relative velocity, radial drift relative
velocity and turbulent relative velocity. All of them are affected by the Stokes number,
velocities being small for particles having St < 1 and reaching higher values for St > 1.
These relative velocities can also be larger if the Stokes number difference between
the colliding particles increase (up to St = 1). Another motion is the Brownian motion
that produces relative random velocities affecting specifically small particles (sub-
micrometer sizes).

The second element of collision, the collisional outcomes, have been retrieved with
laboratory and microgravity experiments performed during the last 30 years. There
are two types of outcomes depending on the size of the colliding particles, supposing
that particles are composed of only silica, which is in fact one of the most abundant
components of protoplanetary dust (see Figure 1.3) [63]:

• Outcomes for similar-sized dust: size ratio between the two colliding particles is
around one, producing different collisional outcomes, i.e., sticking, bouncing,
fragmentation and abrasion. Sticking occurs when the collision energy is smaller
than the van-der-Waals energy. The sticking leads to different regimes, i.e.,
hit-and-stick regime when there are small impact velocities (producing fractal
dimensions between 1.1 ≤ D f ≥ 2.0) and compaction regime for higher impact
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velocities (producing fractal dimensions D f < 3.0). Bouncing happens when the
energy dissipation of the collision is insufficient to stick and not large enough
to destroy the colliding particles. Fragmentation is when the threshold velocity
(for impact velocities & 1m/s depending on the particle size) is exceeded leading
to the destruction of particles. And finally, abrasion occurs when cm-sized
aggregates, having bouncing collisions, lose mass in very small quantities (1000
collisions are needed to completely destroy these centimetric particles).

• Outcomes for small projectiles hitting larger target particles: the difference
of colliding particle size (size ratios 6= 1) produces three additional outcomes:
mass transfer, cratering and erosion. Above a certain velocity threshold, not
only fragmentation can take place but also a mass transfer of the small hitting
particle to the larger dust target. However, if the size of the hitting particles
increases, keeping the same velocity that in the mass transfer outcome, then
there will be a lost mass of the dust target by cratering. On the contrary, if the
size of the hitting particle decreases, at the same impact velocity as the two
previous outcomes, then an erosion effect will occur.

Figure 1.3: Collisional outcomes for silica colliding particles at a distance of 1 AU
[taken from 63].

The second growth process, condensation, is a mechanism in which gas conden-
sates on the surface of grains, creating ice mantles. However, this process is limited
by the quantity of material in the gas phase. Indeed, there is not enough condensed
gas to grow dust/ice mantles on every grain surface (there is no continuous source
of condensable material) and continue with this mechanism in an indefinite growth

51



1 State of the art – 1.2 Stellar and planetary formation

process. Thus, the limited gas material goes preferentially onto small particles because
the accretion of this condensed gas is a surface process and the dust surface area is
larger for small particles compared to their volume than large particles. Therefore
this mechanism happens at small scales (microscopical grains) but it does not solve
the growth barriers for larger grains to reach to planetesimal sizes (km-sized solids).
Notice that as well as condensation, evaporation takes place, producing the opposite
effect.

Growth barriers in PPD:
Within the different mechanisms of transport and growth of dust there are still some

constraints that have not yet been solved for pebbles (mm to cm sizes): the growth
barriers [3], i.e. the bouncing barrier, the drift barrier and the fragmentation barrier.
The bouncing barrier happens at the bouncing stage and it is the incapacity of pebbles
to stick and grow rather than bounce between each other, inhibiting other growth
process [63]. The fragmentation barrier occurs when the impact velocity increases
when particle size increases, shattering particles and making impossible the transition
from pebbles to planetesimals (km sizes). Finally, the drift barrier is associated with
a dust transport process, radial drift, in which dust is coupled with gas bringing all
dust inwards to the pre-main-sequence star [64] and sublimating all dust unless there
is an instability. However, instabilities (i.e.,streaming and gravitational instabilities)
are mechanisms that happen at very specific/unique conditions, and the drift barrier
prevails. Nonetheless observations proved that planetesimals and planets exist, thus,
there is a problem in the core accretion model.

For example, for the gravitational instability to happen and form giant planets,
very massive (Mdi sk = 0.25M∗) and cold disks (with fast cooling time of tcool = 5Ω−1,
where Ω is the angular frequency) are needed [65, 66, 67]. On the other hand, the
streaming instability occurs at local gas pressure maximum zones. For this instability
to happen, two favorable conditions, to form planetesimals from pebbles, must be
satisfied. First, dust is slightly coupled to gas and the higher the Stokes number the
higher is the instability [68] (St > 0.01[69]). Second, dust-to-gas ratios in the midplane
must be larger than 1 [68]. When dust-to-gas rations reaches this value, drift velocities
of dust particles are slowed down, generating particle-density enhancements. Hence,
particles are piled up collapsing (due to self-gravity) and forming larger particles up to
planetesimals [70].

However, for these instabilities to happen, stringent conditions need to be satisfied
as previously mentioned. Thus, other possibilities to solve the growth barriers and
therefore the planet forming timescales of models need to be studied. As for example,
dust morphologies. Indeed, the different models that describe the dust transport
and dust growth consider spherical dust particles which actually is a very strong
assumption. Lets see in the following section which type of PPD observations can
help us to obtain more information about this dust morphology.
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1.2.3.3 PPD observations

A summary of the general characteristics of PPD is presented on Figure 1.4. On
the right side there are the different dust sizes that can be found in protoplanetary
disks and the telescopes that are able to observe them, based on their wavelengths.
The distribution of particles is also schematized, larger particles are settled on the
midplane while smaller particles are at the surface of the disk. On the left side, there is
a representation of dust transport and growth processes.

Figure 1.4: Representation of a protoplanetary disk with its transport and growth
processes (on the right) as well as dust sizes (on the left) [taken from 59].

In order to understand more the accretion process of these sub-micrometer to
centimeter particles (from dust to pebbles), it is important to study the morphology of
this dust. Indirect information on the dust morphology can be retrieved with obser-
vations of protoplanetary disks with different telescopes at millimeter, near-infrared
and optical wavelengths, i.e., Atacama Large Millimeter Array (ALMA), Very Large
Telescope (VLT), James Webb Space Telescope (JWST) and Hubble Space Telescope
(HST); as well as with centimeter wavelengths, i.e., Square Kilometre Array (SKA) and
Very Large Array (VLA).

For representing the case in which protoplanetary dust particles are measured with
telescopes, lets first imagine the situation and then understand it based on the scat-
tering theory (explained in Section 1.3). Imagine a protoplanetary disk, with a center
pre-main-sequence star emitting non-polarized light (first source) in all directions.
This radiation encounters different dust particles that compose the disk. After en-
countering dust, this non-polarized light can follow several transformations due to
absorption, scattering and multiple scattering (between dust) [71, 72], transforming
the first source in a second source, this time of partially polarized light. Then, thanks
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to telescopes, the scattered light coming from these dusts can be detected (see Figure
1.5).

Figure 1.5: Scheme to represent the two types of sources that encounter dust in proto-
planetary disks, producing scattered light that is detected by telescopes at
different angles of reception (θr ec ).

After detection, scattered images of protoplanetary disks are reconstructed as shown
in Figure 1.6 [73], where different protoplanetary disks at different positions can be
seen. Notice that these scattered images present a main challenge at the optical and
NIR wavelenghts, which is the contrast of the disk compared to the host star [36]. In
fact, scattered light from the disk is significantly fainter than the star. Thus, in order
to obtain only the scattered light of the disk, a coronagraphic mask is necessary to
remove the stellar emission.

Another technique to obtain only the scattered light coming from the disk is using
a polarization differential imaging (PDI). By using a polarizing beam-splitter in the
telescope instrument, the incoming light is divided and perpendicular polarized [see
Section 7.2.3 in 74]. The subtraction of these two linearly polarized components
gives the polarized emission coming from the disk while the unpolarized light coming
from the host star is vanished. The way to characterize this polarized light in the
PDI is by using the Stokes formalism, where the Stokes vector describes the different
states of polarization (see Section 1.3.2 for a detail explanation). Based on the Stokes
vector, I represent the total intensity, Q and U the linear polarization, and V the
circular polarization. Combining Q and U , the polarized intensity (

√
Q2 +U 2) can be

calculated (see Equations 1 for Q and Equation 2 for U in [75]). From the polarized
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intensity, U can be neglected since it is a signal dominated by noise and instrumental
or reduction artifacts (when considering single scattering). However, in [76] was
probed that PPDs that are observed under high inclination, present multiple scattering
and therefore U cannot be neglected. After retrieving the polarized intensity, this last
one can be divided by the total intensity giving the degree of polarization (including Q
and U in the polarized intensity) or the degree of linear polarization (including only
Q in the polarized intensity). Hence, with nowadays scattered light and polarimetric
observations, the total intensity and the polarized intensity can be retrieved and
therefore the degree of linear polarization of the disk is computed (see Figure 1.7
where these three scattering parameters were retrieved with observations of disk
LkCa15 with VLT/SPHERE).

Figure 1.6: Images of protoplanetary disks seen in scattered light with HST (color
images) at NIR wavelengths for all sources, except for IRAS 04200, Oph
163131, ESO-Hα 574 and HK Tau B which are at optical wavelengths; and
with ALMA (continuum images in white contours) at band 7 for all sources,
except for Oph 163131 which is at band 6 [taken from 73].
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Figure 1.7: Images of disk LkCa15 presented in polarized intensity (left image) , total
intensity (middle image) and the computed degree of linear polarization
(right image). Note that the color map of the total intensity is 10 times
larger than for the polarized intensity and the gray circle in the middle is
the coronographic mask [taken from 41].

The fact of being able to model protoplanetary disks and retrieving similar disk as
observations probes that we understand the different properties and components
of itself. However, there is still a lot of work to do to obtain the exact observed disks
based on current models. Indeed, evidences that protoplanetary disk observations
are not reproducible with models of the same population of spherical dust, as shown
for example in [77, 78], probes that we need to consider other dust morphologies. For
this reason, it is of outmost importance to study and understand the signatures of
this dust through their scattering parameters. But how can we pass from the scatter-
ing parameters of dust (i.e., total intensity, degree of linear polarization, etc) to the
observations in scattered light of disks which include all the interactions between
dust particles (also represented in terms of total intensity, polarized intensity, degree
of linear polarization, etc)? To solve this question two steps are necessary: first, the
scattering parameters of dust must be obtained. This can be done with laboratory
measurements or simulations. Second, taking into account these dust scattering
parameters and other interactions (as for example interactions between dust, interac-
tions between dust and gas, and absorption of dust), we can use the radiative transfer
to model protoplanetary disks. Indeed, these disks are optically thick and to obtain
their scattering parameters a radiative transfer is necessary to model the whole disk.
Therefore, using radiative transfer codes, synthetic images of protoplanetary disks are
retrieved. Then, synthetic images can be compared to observations seen in scattered
light and in this way constrain the possible morphologies of this dust (see Figure 1.8).

During my thesis I focused on the first step, aiming to obtain the scattering param-
eters as a function of the scattering angles of dust of different morphologies, using
laboratory measurements (microwave analogy) and simulations. The scattering pa-
rameters that I studied are the phase function (intensity in terms of the scattering
angles), the degree of linear polarization and some others that cannot be observed
directly but instead to be used, as prospects, in transfer radiative codes. Herein, we
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are interested in studying the scattering parameters in the Mie scattering regime (see
following section, Figure 1.11). The reasons for this choice are: i) we aim to study the
scattering behavior at the scale of the photon-dust interaction, ii) the smallest dust
can be easily simulated in the Rayleigh regime, thus we can ignore them and iii) the
size distribution of protoplanetary dust is assumed to be a power law distribution
which gives more weight to small sized-dust, hence we assume a small contribution of
large sized-dust. Therefore, the zone of our interest to study the morphology of dust
with the scattering parameters is in the Mie scattering regime.

Figure 1.8: Scheme for passing from (a) the scattering parameters of dust to (b) the
same parameters of protoplanetary disk. Images (a) and (b) were taken
from [41].

Notice that disks that are more evolved in their formation, as it is the case for debris
disks, their scattering parameters as a function of scattering angles (2D diagrams), can
be retrieved from observations without using a radiative transfer code. Indeed, debris
disks are optically thin, gas is already dissipated (as previously explained in Section
1.2.1). Therefore, examples as intensity diagrams in 2D (named in this manuscript as
phase functions) of these disks, as shown in Figure 1.9, are retrieved. Since the main
objective of my thesis is to obtain the scattering parameters in 2D of dust and not
to obtain the synthetic scattered images of protoplanetary disks in 3D, in Chapters 2
and 3, comparisons with scattering parameters of a debris disk are performed, as a
first approach to validate our results (as well as comparisons with other laboratory
measurements and simulations).
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Figure 1.9: Phase function of disk HR4796A based on observations in scattered light
taken from [78]. The phase function is represented over the scattering
angles from 13.6° to 166.6°.

The following section is focused on the electromagnetic scattering theory, Stokes
formalism and the scattering parameters of interest in this study.

1.3 Electromagnetic scattering theory
The phenomenon of scattering happens when an electromagnetic wave encounters
an object called the obstacle or target. So when the wave "gets in contact", the object
electric charges oscillate due to the electric field of the incident wave. This first process
is called excitation. In addition, accelerated electric charges radiate electromagnetic
energy which is a secondary radiation, this second process is called re-radiation. Thus,
the scattering is composed of an excitation and a re-radiation. It is important to
note that the excitation can transform the electromagnetic energy into other types of
energies like thermal energy, which is called absorption. In this way, scattering and
absorption are related processes that happen at the same time [79].

It is important to clarify that the host media in which the obstacle is found is sup-
posed to be homogeneous (indeed, all media scatter light because of the heterogeneity
of the system under consideration but for simplicity we will consider it as homoge-
neous, which means that the atomic and molecular composition of the medium is
negligible compared to the incident wavelength), isotropic and non absorbing. In
this way, the present work studies the scattering phenomenon of a particle in this
host medium. Furthermore, the composition of the particle is assumed to be stated
in macroscopic terms which means that it is defined with optical constants which
depends on the frequency. Another important assumption is that the frequency of
the incident wave is the same as the scattered wave, i.e. elastic scattering (no loss of
energy when the wave encounters the object).

If there is a single particle, divided in small imaginary regions, and submitted to an
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incident wave (oscillating field), there will be an induction of a dipole moment in each
region. Therefore, those regions will be dipoles oscillating at the same frequency as
the incident wave, scattering a secondary radiation (see Figure 1.10)

Figure 1.10: Electromagnetic scattering for a single particle.

On the other hand, if there is a collection of particles, like it is in the case of ag-
gregates, constituent particles of the aggregate will be electromagnetically coupled
which means that each constituent particle is excited by the incident field plus the
scattered field of other constituent particles (coupling) [79, 80]. If there is a group of
aggregates then there will be also electromagnetic coupling between aggregates, know
as multiple scattering.

Based on this scattering process, the incident field interacts with a particle or a
collection of particles and the scattered field will contain information related to that
particle(s), i.e. size, shape, material and structure [13]. Furthermore, the relation
between the wavelength and the particle size is important and it is usually expressed
with the size parameter:

X = 2πr

λ
, (1.10)

where r is the radius of a spherical particle or the radius that includes a collection of
particles and λ is the wavelength in the medium. The size parameter can be separated
in four different scattering regimes: geometric optics (r >>λ), Mie scattering (r ≈λ),
Rayleigh scattering (r <<λ) and negligible scattering regimes [81] (see Figure 1.11). In
this thesis we are interested in the Mie scattering regime.
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Figure 1.11: Scattering regimes depending on the particle radius and the wavelength
[taken and modified from 81].

Depending on the information that is apriori known about the field and the object,
the interaction between the wave and the particle can give different information,
giving rise to two kinds of problems: the direct and inverse scattering problems. The
direct problem is the determination of the scattered field for a known object. This
means, the observer knows the shape, the size and the composition of the object and
after applying an electromagnetic wave (with a specific polarization and frequency),
the observer obtains (with measurements or numerical simulations) the unknown
scattered field corresponding to the object under study. On the other hand, the
inverse problem allows the determination of the object properties from the known
scattered field of the object. Thus, the goal of the inverse problem is to obtain an
electromagnetic characterization of the studied object, like its permittivity, degree of
polarization, etc, that gives information on its shape, size and composition, from a
controlled electromagnetic wave [79].

For our case study, the analysis of this scattered field will give us clues to interpret
the scattered waves observed from protoplanetary disks and thus deduce the scat-
tering properties of protoplanetary dust (inverse problem), based on the knowledge
developed with our laboratory experiments and simulations (direct problem).
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1.3.1 Electromagnetic wave
To understand the electromagnetic scattering phenomenon, it is necessary to first
define the electromagnetic wave that interacts with the object. The following de-
scription and notation are from [79], unless stated otherwise (from Section 1.3.1 to
Section 1.3.4).

Consider a complex electric field for a time-harmonic plane electromagnetic wave,
propagating along the z direction:

E = Re{Ec } = Re(A+ i B)e(i kz−iωt ), (1.11)

Ec being the complex electric field, A and B real vectors (independent of the position),
i 2 =−1, k the wave number, z the distance from the source to the object,ω the angular
frequency and t the time. Using the Euler’s formula, Equation 1.11, takes the form:

E = Acos(kz −ωt )−Bsin(kz −ωt ), (1.12)

if Equation 1.12 is in a specific plane z = 0, it is transformed as:

E = Acos(ωt )−Bsin(ωt ). (1.13)

Equation 1.13 is known as the vibration ellipse (see Figure 1.12) and it describes the
state of polarization of an electromagnetic wave, which is one of the characteristics of
the wave. It is necessary to understand polarization because scattering is one of the
mechanism which influences polarization of electromagnetic waves.

From Equation 1.13, three cases appear: a linear polarized wave (if A = 0 or B = 0),
a circular polarized wave (if |A| = |B| and A ·B = 0) and an elliptically polarized wave
(Equation 1.13).

Figure 1.12: a) Vibration ellipse viewed from the plane x y with its amplitudes A and B
(see Equation 1.13), semimajor axis a, semiminor axis b, angles γ and η
(see Equation 1.16); b) Vibration ellipse viewed in the z direction.

The vibration ellipse can rotate in two directions, clockwise (right-handed rotation
of the ellipse viewed by an observer who is looking toward the source) and anticlock-

61



1 State of the art – 1.3 Electromagnetic scattering theory

wise: this characteristic is called handedness. Another characteristic is the ellipticity
which is the length of the semiminor axis (a) of the ellipse divided by the length of
the semimajor axis (b). Finally, the last property is the azimuth that is the angle (γ)
between the semimajor axis and an arbitrary reference (see Figure 1.12 for a, b and γ).
These three characteristics plus the irradiance (also known as intensity or flux, which
is the energy per unit area and time [W m−2] represented by I or the magnitude of the
Poynting vector) form the ellipsometric parameters.

1.3.2 Stokes parameters
Even though the ellipsometric parameters describe a monochromatic wave, they are
not appropriate to understand the transformations of polarized waves and they are not
directly measurable by most of the optical instruments (not intensity but handedness,
ellipticity and azimuth angle). Accordingly, Stokes defined the Stokes polarization
parameters, which are measurable or observable quantities, in 1852 [82].

Lets consider a monochromatic wave defined by an electric field E in two orthogonal
components:

E = E0e(i kz−iωt ), (1.14)

where E0 = E∥e∥+E⊥e⊥ in which the amplitudes are E∥ = am∥e iδ∥ and E⊥ = am⊥e−iδ⊥

and the orthogonal bases are e∥ and e⊥. Based on the above equation, four cases
appear giving birth to the Stokes parameters:

1. Whatever the wave (incident or scattered wave of the object) its intensity can be
written as E∥E∗

∥ +E⊥E∗
⊥, giving the first Stokes parameter I .

2. When there is a horizontal polarization, the amplitude of the wave is E∥ and
the measurable quantity, the intensity (I∥), is E∥E∗

∥ . On the contrary, if there is
a vertical polarization, the amplitude of the wave is E⊥, and the intensity (I⊥)
is E⊥E∗

⊥. The difference between these two intensities, E∥E∗
∥ −E⊥E∗

⊥, gives the
second Stokes parameter Q.

3. When there is a linear polarization of 45°, the orthogonal basis should change
for convenience, thereby the orthogonal basis are:

e+ = 1p
2

(
e∥+e⊥

)
and e− = 1p

2

(
e∥−e⊥

)
,

the electric field is E0 = E+e++E−e− and the amplitudes are:

E+ = (E∥+E⊥)p
2

and E− = (E∥−E⊥)p
2

.

If there is a 45° polarization, the amplitude is E+ and the intensity is:

I+ = (E∥E∗
∥ +E∥E∗

⊥+E⊥E∗
∥ +E⊥E∗

⊥)/2.
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On the other hand, if the polarization is −45°, the amplitude is E− and the
intensity is:

I− = (E∥E∗
∥ −E∥E∗

⊥−E⊥E∗
∥ +E⊥E∗

⊥)/2.

The difference between I+ − I− gives the third Stokes parameter U which is
E∥E∗

⊥+E⊥E∗
∥ .

4. The last case is for circular polarization. It is also convenient to define another
orthogonal basis:

eR = 1p
2

(
e∥+ i e⊥

)
and eL = 1p

2

(
e∥− i e⊥

)
.

Based on the basis noted above, the field is defined as E0 = ER eR +ELeL where
R represents the right circular polarization and L, the left circular polarization.
The amplitudes are:

ER = (E∥+i E⊥)p
2

and EL = (E∥+i E⊥)p
2

.

If there is a right circular polarization, the amplitude is ER and the intensity is:

IR = (E∥E∗
∥ − i E∗

∥ E⊥+ i E∗
⊥E∥+E⊥E∗

⊥)/2.

On the other side, if there is a left circular polarization, the amplitude is EL and
the intensity is:

IL = (E∥E∗
∥ + i E⊥E∗

∥ − i E∥E∗
⊥+E⊥E∗

⊥)/2.

Subtracting IR − IL = i (E∗
⊥E∥−E∗

∥ E⊥), the last Stokes parameter appear, V .

In this way, the Stokes parameters are:

I = E∥E∗
∥ +E⊥E∗

⊥ = a2
m∥+a2

m⊥,

Q = E∥E∗
∥ −E⊥E∗

⊥ = a2
m∥−a2

m⊥,

U = E∥E∗
⊥+E⊥E∗

∥ = 2am∥am⊥ cos(δ),

V = i (E∗
⊥E∥−E∗

∥ E⊥) = 2am∥am⊥ sin(δ),

(1.15)

where ∗ represents the complex conjugate.
These four parameters can also be described in terms of the ellipsometric parame-

ters (see Figure 1.12) as follows:
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I = c2,

Q = c2 cos
(
2η

)
cos

(
2γ

)
,

U = c2 cos
(
2η

)
sin

(
2γ

)
,

V = c2 sin
(
2η

)
,

(1.16)

in which c2 = a2 +b2 is the quadratic sum of the semimajor axis and semiminor axis,
γ is the angle between 0 ≤ γ≤π and η is the angle between −π

4 ≤ η≤ π
4 of the vibration

ellipse.
The Stokes parameters are organized in a vector called the Stokes vector I (intensity

vector), where all quantities are measurable and its unit is
[

W
m2

]

I =


I
Q
U
V

 . (1.17)

Based on the Stokes vector, the different states of polarization can be defined as
shown in Figure 1.13 in which the vector is normalized to the unity.

Figure 1.13: Basic states of polarization represented by the Stokes vector. Note that the
horizontal and vertical polarizations have inverse signs in the standard
astronomical convention (see Figure 1 in [83]).

At the beginning of this section, the wave was supposed to be a monochromatic
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wave, yet the Stokes parameters can also represent quasi-monochromatic waves and
non polarized waves [79, 84]:

• If the wave is monochromatic, it means E∥ and E⊥ (the complex amplitudes of
the electric field) are completely correlated, so the radiation is totally polarized.
The Stokes vector in the Equation 1.15 and the parameters are related as follows:

I 2 =Q2 +U 2 +V 2. (1.18)

• If the wave is quasi-monochromatic, it means E∥ and E⊥ are partially correlated
so the radiation is partially polarized. Stokes parameters takes the form:

I =
〈

E∥E∗
∥ +E⊥E∗

⊥
〉
=

〈
a2
∥
〉
+〈

a2
⊥
〉

,

Q =
〈

E∥E∗
∥ −E⊥E∗

⊥
〉
=

〈
a2
∥
〉
−〈

a2
⊥
〉

,

U =
〈

E∥E∗
⊥+E⊥E∗

∥
〉
= 〈

2a∥a⊥ cos(δ)
〉

,

V = i
〈

E∗
⊥E∥−E∗

∥ E⊥
〉
= 〈

2a∥a⊥ sin(δ)
〉

.

(1.19)

The brackets 〈〉 represent time averages in which the interval is much longer
than the period, 2π/ω.

Additionally, the identity that relates them is:

I 2 ≥Q2 +U 2 +V 2. (1.20)

• If the wave is unpolarized, E∥ and E⊥ are totally uncorrelated so the time average
is null for any time shift and orthogonal direction couple. The Stokes parameters
take the form Q =U =V = 0.

If there are two or more waves propagating in the same direction and knowing that
there is no relation between the phases of each separate wave (incoherence), thanks
to the incoherent additivity rule, the intensities of these two waves can be added up to
form a total intensity. Using this rule, the Stokes vectors of each wave can be added up.
Moreover, this rule also provides the possibility of separating the Stokes vectors in an
incoherent sum of unpolarized waves and totally polarized waves [84] as shown below
[82]:
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
I
Q
U
V

= (1−P )


I − (Q2 +U 2 +V 2)1/2

0
0
0

+ (P )


(Q2 +U 2 +V 2)1/2

Q
U
V

 ,0 ≤ P ≤ 1. (1.21)

Equations 1.20 and 1.21 lead to the equation of the degree of polarization:

P = (Q2 +U 2 +V 2)1/2

I
. (1.22)

The degree of polarization is a value between 0 and 1. P = 1 is when the wave is
totally polarized and P = 0 when the wave is totally unpolarized, e.i., for light coming
from the star. A more specific degree of polarization is the degree of linear polarization
(Equation 1.23), where the parameter V is not included because it is related to the
circular polarization:

Pl =
(Q2 +U 2)1/2

I
. (1.23)

There is another degree of linear polarization in which U is eliminated (for an inci-
dent unpolarized wave, this means considering a single scattering for protoplanetary
dust as previously discussed in Section 1.2.3.3 and not a multiple scattering between
dust particles) but it is called in the same way [80]:

Ps = −Q

I
. (1.24)

Note that in the following chapters, I will refer to this Equation 1.24 as the degree of
linear polarization (DLP).

Finally, the degree of circular polarization is defined in Equation 1.25, where param-
eters V and Q are not taken into account.

Pc = V

I
. (1.25)

1.3.3 Amplitude scattering matrix or Jones matrix
This thesis is interested in the scattering of an elastic wave by a particle. There are two
ways of describing this phenomenon: with the amplitude scattering matrix (using the
two components of the electric field) or with the scattering matrix (using the Stokes
vector, see Section 1.3.4). In this study, we have access to the incident and scattered
fields with our laboratory scattering measurements, thus we also have access to the
amplitude scattering matrix, also known as the Jones matrix (see Section 1.5). Note
that the amplitude scattering matrix S is known as the Jones matrix in the optical
domain and the Sinclair matrix in the radar domain.
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Consider a plane harmonic electromagnetic wave that is scattered by a particle.
The plane between the incident direction of propagation and the scattered direction
is called the scattering plane. Based on this plane, the electromagnetic incident
and scattered fields can be decomposed into two orthogonal components, a parallel
component and perpendicular one to the scattering plane (see Figure 1.14). Therefore,
the incident electric field is:

Ei = (E0∥e∥i +E0⊥e⊥i )e(i kz−iωt ) = E∥i e∥i +E⊥i e⊥i , (1.26)

where e∥i and e⊥i are the orthonormal basis vectors, k = 2πn/λ is the complex
wavenumber in the medium surrounding the object, n is the refractive index in the
surrounding medium and λ is the wavelength of the incident wave. E∥i and E⊥i are
the complex amplitudes of the incident wave. The scattered electric field, in the far
field region (at a large distance r from the object, kr >> 1), is defined as:

Es = E∥se∥s +E⊥se⊥s . (1.27)

It is important to note that e∥s and e⊥s form a different set of orthonormal basis
vectors only used for the scattered wave. The complex amplitudes of the scattered
wave are E∥s and E⊥s .

Finally, the amplitudes of the incident wave and the amplitudes of the scattered
wave are linearly related by the amplitude scattering matrix or Jones matrix as follows:(

E∥s

E⊥s

)
= e i k(r−z)

−i kr

(
S2 S3

S4 S1

)(
E∥i

E⊥i

)
, (1.28)

where S1, S2, S3 and S4 are the complex elements of the amplitude scattering matrix
and depend on the scattering angle θ, the distance to the source z and the distance to
the detector r .

Figure 1.14: Incident and scattered electric fields described by their perpendicular
and parallel components to the scattering plane [based on 84].
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If the incident wave is totally polarized, parallel to the scattering plane e∥i , the
only incident complex amplitude will be E∥i . This means only the elements S2 and
S4, from Equation 1.28, remain. In this case, two types of scattered waves can be
produced: parallel e∥s or perpendicular e⊥s to the scattering plane. S2E∥i will be
equal to E∥s producing a co-polarization and S4E∥i will be equal to E⊥s producing a
cross-polarization.

Now let us suppose a totally polarized wave but this time perpendicular e⊥i to the
scattering plane. Using again Equation 1.28, two cases will be produced. The first one,
S3E⊥i equals to E∥s producing a cross-polarization. The second one, S1E⊥i equals to
E⊥s producing a co-polarization.

To summarize the two previous paragraphs, S1 and S2 are the co-polarized elements
and S3 and S4 are the cross-polarized elements of the amplitude scattering matrix .

Experimentally, to obtain the amplitude scattering matrix, the amplitude and phase
of the scattered waves should be measured. These measurements might be done in all
directions for two incident orthogonal polarization states (i.e., horizontal (parallel)
and vertical (perpendicular) polarization). This kind of measurements can be done in
our anechoic chamber (see Section 1.4.1 and 1.5).

1.3.4 Scattering matrix or Mueller matrix
The other mathematical way to describe scattering is with the scattering matrix S(i , j ),
also known as the Mueller matrix in the optical domain or the Kennaugh matrix in the
radar domain. This matrix is obtained based on Equation 1.28 that shows the relations
between the incident and the scattered waves, using the Stokes parameters shown in
Equation 1.19 [79, 80]:

Is

Qs

Us

Vs

= 1

k2r 2


S11 S12 S13 S14

S21 S22 S23 S24

S31 S32 S33 S34

S41 S42 S43 S44




Ii

Qi

Ui

Vi

 . (1.29)

The elements of the Mueller or scattering matrix Si j are dimensionless quantities
contrary to the Jones matrix (or amplitude scattering matrix) in which its elements
are complex quantities. These Mueller matrix elements can be obtained with light
scattering experiments (see Section 1.4.2), but also with our microwave scattering
experiment. This latter is possible thanks to the relations between the Jones matrix
elements and the Mueller matrix elements that are used in this study and shown in
the following equations [79]:
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S11 = 1

2

(|S1|2 +|S2|2 +|S3|2 +|S4|2
)

,

S12 = 1

2

(|S2|2 −|S1|2 +|S4|2 −|S3|2
)

,

S13 =ℜ{
S2S∗

3 +S1S∗
4

}
,

S14 =ℑ{
S2S∗

3 −S1S∗
4

}
,

S21 = 1

2

(|S2|2 −|S1|2 −|S4|2 +|S3|2
)

,

S22 = 1

2

(|S2|2 +|S1|2 −|S4|2 −|S3|2
)

,

S23 =ℜ{
S2S∗

3 −S1S∗
4

}
,

S24 =ℑ{
S2S∗

3 +S1S∗
4

}
,

S31 =ℜ{
S2S∗

4 +S1S∗
3

}
,

S32 =ℜ{
S2S∗

4 −S1S∗
3

}
,

S33 =ℜ{
S1S∗

2 +S3S∗
4

}
,

S34 =ℑ{
S2S∗

1 +S4S∗
3

}
,

S41 =ℑ{
S∗

2 S4 +S∗
3 S1

}
,

S42 =ℑ{
S∗

2 S4 −S∗
3 S1

}
,

S43 =ℑ{
S1S∗

2 −S3S∗
4

}
,

S44 =ℜ{
S1S∗

2 −S3S∗
4

}
.

(1.30)

At the left side of the equations, there are the scattering matrix elements (or Mueller
matrix elements), and at the right side, there are the amplitude scattering matrix
elements (or Jones matrix elements).

In the case of a single particle, the equations defined in 1.30, from the 16 elements
Si j , at least 7 are independent real quantities: the 4 modules of the complex am-
plitudes and 3 phase differences of S1, S2, S3 and S4. This means that from the 16
equations, only 9 relations can be established. In the case of a collection of particles,
the scattering matrix can be the sum of all particle scattering matrices only if cou-
pling is negligible, otherwise interactions between them should be included. With
laboratory measurements, coupling is measured, thus no approximations need to be
done.

The element S11 in a normalized scattering matrix is known as the phase function p
and represents the angular distribution of the scattered wave by an object at a given
wavelength. This quantity p is related with the differential scattering cross-section
dCsca , which is included inside the definition of scattering cross section Csca as follows
[85]:

Csca =
∫

4π
d r̂

dCsca

dΩ
. (1.31)
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Therefore, the phase function is [85]:

p = 4π

Csca

dCsca

dΩ
, (1.32)

where dCsca
dΩ should not be interpreted as a derivative but as the electromagnetic power

scattered into a unit solid angle dΩ in a given direction per unit incident intensity.
The term p satisfies the following normalization condition [85]:

1

4π

∫
4π

pdΩ= 1

2

∫ π

0
p(θ)sin(θ)dθ = 1, (1.33)

where dΩ is the differential solid angle defined as dΩ= sin(θ)dθdφ.
In terms of the amplitude scattering matrix, the phase function is:

p = S11 = 1

2

(|S1|2 +|S2|2 +|S3|2 +|S4|2
)

. (1.34)

Dust particles in protoplanetary disks are supposed to be randomly oriented, thus
in terms of the Mueller matrix this is equivalent as supposing particles with reciprocity
and mirror symmetries. Applying these two symmetries (for more information about
these symmetries see [80]), Equation 1.30 is transformed to:

Is

Qs

Us

Vs

= 1

k2r 2


S11 S12 0 0
S12 S22 0 0
0 0 S33 S34

0 0 −S34 S44




Ii

Qi

Ui

Vi

 . (1.35)

1.3.5 Scattering parameters to be studied
After considering the mentioned symmetries, there are 6 nonzero independent scat-
tering matrix elements. Based on these elements, several scattering parameters can
be defined: the phase function, the degree of linear polarization (DLP), the non-
sphericity, the degree of circular polarization (DCP), and other Mueller elements
normalized by S11.

The phase function p is the element S11 of the Mueller matrix and in terms of the
Jones matrix elements, it is defined in Equation 1.34. The degree of linear polarization
expressed in Equation 1.24 can also be expressed in terms of Jones and Mueller matrix
elements. When light is totally parallel polarized, the intensity is I∥:

I∥ = S11 +S12 = |S2|2 , (1.36)

and when light is totally perpendicular polarized, the intensity is I⊥:

I⊥ = S11 −S12 = |S1|2 , (1.37)

then, relating Equations 1.36 and 1.37 with 1.24, the degree of linear polarization is
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(IS = S11Ii , QS = S12Ii and U =V = 0):

Ps = −Q

I
= I⊥− I∥

I⊥+ I∥
=−S12

S11
= |S1|2 −|S2|2

|S1|2 +|S2|2
. (1.38)

Moreover, element S22 normalized with the phase function S11, gives S22
S11

, which is
sensitive to the non-sphericity of a particle. Indeed, one indicator of asphericity is the
degree to which the depolarization ratio (∆= 1− S22

S11
) diverges from zero. Additionally,

spherical particles follow S11 = S22 and S33 = S44; these relations are known as the Mie
symmetries [79]. Thus, these elements help to identify the presence or absence of
spherical symmetries.

Furthermore, S44
S11

is proportional to the degree of circular polarization as shown

in Equation 14.5 in [79]. Finally, S34
S11

is present when the particle scatters with a
polarization of 45°.

1.3.6 Conclusions
In conclusion, the Mueller and Jones matrices are mathematical representations of an
incident wave that is transformed into a scattered wave, after encountering an object.
During this process, the wave suffers changes in its state of polarization and gives birth
to the scattering phenomenon. This scattering phenomenon provides information
about the encountered particle based on different scattering parameters: the phase
function, degree of linear polarization (DLP), spherical symmetries, degree of circular
polarization (DCP), and some other normalized Mueller matrix elements.

These Mueller matrix elements are related to the observables obtained with tele-
scopes (scattered Stokes vectors) from circumstellar disks. Therefore, certain dust
properties are encoded within the Mueller matrix and this is the kind of information
we would like to analyze. However, observations are not enough to interpret proto-
planetary dust properties. For this reason, it is important to explore the scattering
properties of protoplanetary dust analogs with laboratory scattering measurements.
Based on these measurements, different scattering parameters can be obtained and
the particle shape, material and orientation can be controlled. The following sec-
tion presents the different laboratory experiments that can be used to retrieve these
Mueller matrix elements.

1.4 Laboratory techniques for measuring scattering
parameters

There are two main ways of measuring the scattering parameters of an object which
depend on the type of instrument used for producing and measuring the emitted
and scattered wave. If the source is a laser and the detector is a photomultiplier, then
it is the light scattering technique. If the source and detector are antennas, then it
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is the microwave scattering technique. These two types of techniques are going to
be discussed in this section, specifying the most relevant authors in the scattering
domain and the main characteristics of both techniques.

1.4.1 Microwave scattering technique
The microwave scattering technique relies on the scale invariance rule (SIR). This rule
states that analog particles can have the same scattering properties as real particles
if the analog electromagnetic system has geometrical dimensions that are scaled in
proportion to the incident wavelength, while keeping the same complex refractive
index [12]. To respect this proportion, the use of the size parameter is essential, defined
as the ratio between the particle size to the incident wavelength (defined in Equation
1.10). Thereby, if the size parameter and the refractive index are respected, then the
analog has the same scattering properties as the real particles. The advantage of this
rule is that real particles of different sizes that are measured with different wavelengths
can be reproduced using microwaves and scaling the size of the analog compared
to the real particle. Therefore, scattering observations with near-infrared or optical
wavelengths of (sub)micrometer dust particles can be reproduced with this technique.

1.4.1.1 Microwave scattering experiment in SUNYA laboratory

In the 1950s J. M. Greenberg was the first to construct a microwave scattering facility
in the X-band (frequency of 9.43GHz and wavelength of 3.18cm) at Sunya Laboratory
in New York city. The measurements were made with an apparatus that had a Pound-
stabilized klystron as the microwave source and connected to a horn-type radiator
as the transmitting aperture. After the wave encountered the target, the receiving
aperture was a circular parabolic reflector connected to a crystal detector and a DC-
amplifier. The target was suspended in the air by thin nylon lines at a distance of 40ft
from the transmitter and 30ft from the receiver. The X axis of the target was fixed by a
synchro motor and this information was sent to the plotter or recorded, while the Y
axis information was gathered by the DC-amplifier. At the end, the plotter received
these two entries [86]. The following figure illustrates the experimental setup.
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Figure 1.15: Microwave scattering setup at SUNYA laboratory [taken from 86].

The main interest of Greenberg was the scattering measurements of interstellar ana-
log materials. He measured the scattering of different objects like spheres, spheroids
and cylinders, where their sizes were at the same scale as the wavelength, for a size
parameter ranging from X = 1.25 to X = 5. The analog materials were Lucite or
Plexiglas representing the refractive index of silicates of approximately n = 1.6. The
measurements were done at scattering angles ranging from 0° to 170° [86].

1.4.1.2 Microwave scattering experiment at Bochum University

Later in the 1970s R. H. Giese built a microwave scattering facility at Bochum University
in the Ka-band (at a frequency of 35GHz and a wavelength of 8.57mm). The sizes
of the particles that could be analyzed were between 0.5λ to 10λ, corresponding
to particles in the optical range from 0.25µm to 5µm. If there was the necessity to
analyze particle sizes between 20µm to 150µm, a laser apparatus was used instead.
The scattering angles were between 15° to 170° which later evolved to angles from 0°
to 175° [87].

The microwave setting is shown in Figure 1.16, where the signal was produced by a
phase-locker Gunn oscillator, operating at a frequency of 35GHz. Then three branches
were splitted from the transmitter, where the first was a phase reference, the second
was acting as a compensation for the scattering noise and the last one was for power
monitoring. The transmitting antenna was fixed while the receiving antenna could
sweep all the scattering angles. Both antennas could change in different states of
polarization and with four combinations between them, they could produce all the
scattering matrix elements. After the phase adjustment between Ex and Ey (previously
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named as E∥ and E⊥), the signal x and y could be taken, representing the real and
imaginary parts of each scattering matrix element [88].

Figure 1.16: Microwave scattering setup at Bochum University [taken from 88].

Giese was interested by the study of interplanetary dust particles like dielectric and
absorbing non-spherical particles (cubes, concave and convex particles) as well as
fluffy [89] and compact particles. Most of his work was focused at refractive indices
between m = 1.4−0.05i to m = 1.7−0.015i and size parameters between X ≈ 0.5 to
X ≈ 40 [90, 89, 91, 13, 87].

1.4.1.3 Microwave scattering experiment at the University of Florida

In 1995 the microwave scattering facility at the University of Florida started being
functional. Different from the other two previous facilities, this one had the possibility
to work with more than just one wave, in the w-band from 75GHz to 110GHz (from
a wavelength of 2.7 to 4mm). The transmitting and receiving horn antennas were
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connected to a Network analyzer assembly for generating the selected wavelengths
and analyzing the signals. In addition, both antennas had a front Fresnel lens and a
polarizer. The Fresnel lens was used to produce a planar wavefront and the polarizer
was used to produce perpendicular or parallel polarization to the scattering plane.
With four combinations of polarization, the intensity and phase of the waves were
obtained. The receiving antenna could move all along the scattering angles from 0° to
168° [92]. Figure 1.17 illustrates the described setup.

Figure 1.17: Microwave scattering setup at the University of Florida [taken from 92].

The first object model that was studied in this laboratory by B. A .S Gustafson,
was the bird’s nest structures which consisted of two concentric cylinders made of
two different analog materials, i.e., Plexiglas and Eccofoam, representing silicate and
ice. The idea was to represent aggregated interstellar grains [93]. Other materials
were BK7 glass, acrylic, polysterene and nylon having refractive indices between
m = 1.61−0.004i to m = 2.518−0.023i . Different types of particle shapes like spheres,
spheroids, disks and rods were analyzed [94]. Other measurements were made on
inhomogeneous particles with inclusions, where the refractive index was calculated
with the Mixing rule [95]. The apparatus was adapted to measure size parameter from
X ≈ 0.4 to X ≈ 200 [96].

1.4.2 Light scattering technique
Contrary to the microwave scattering technique, light scattering technique directly
measures micrometer/millimeter dust particles at optical wavelengths.
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1.4.2.1 Multicolor light scattering experiment at Bochum University

At Bochum University, there was another experiment for measuring scattering proper-
ties of dust particles [87]. The experiment was based on a laser apparatus and it was
known as the multicolor light scattering experiment (see Figure 1.18). The purpose
of this experiment was to study larger single particles compared to the microwave
scattering experiment of the same University, between X ≈ 40 to X ≈ 300. There were
four different colours (blue λ= 476nm, green λ= 531nm, yellow λ= 568nm and red
λ= 676nm) emitted by a Krypton Ion laser. After the laser, a pockels cell was placed to
turn the linear light 90° and then the light was encountered with a suspended particle
(suspension by electrodynamic balance of charged particles). The scattered light was
passed through a polarizing beam splitter prism which divided the two orthogonal
polarized components of the scattering light. Finally, the light was detected by two
photomultipliers, measuring the co and cross-polarization [87].

Figure 1.18: Multicolor light scattering setup at Bochum University [taken from 87].

The main idea with this setup was to analyze the effect of different wavelengths (or
colors) on the same particle to identify different scattering informations of the object,
as the wavelength is affected by different size details of the target.

Additionally, another light scattering experiment was the photopolarimeter for rapid
particle analysis (see Figure 1.19). Composed of a laser and a half-wave plate to change
the polarization, the particle was by four sensors. The first one was positioned at 5° for
the forward scattering intensity to determine the size, the second and third ones were
at 90° measuring the co and cross scattered components, and finally, the last sensor
was at 175° to measure the backscattering.
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Figure 1.19: Photopolarimeter setup at Bochum University [taken from 87].

1.4.2.2 Scatterometer at the University of Helsinki

At the University of Helsinki, K. Muinonen has been studying and using the discrete-
dipole approximation (DDA) which is a wave optics method for simulating the elec-
tromagnetic scattering of different particle shapes that can be anisotropic and/or
inhomogeneous. For comparing the simulation results, his group has developed
an scatterometer (see Figure 1.20) which measures scattered light at different wave-
lengths, for particles in the micrometer to millimeter size scale. The instrument is
composed of several photomultiplier tubes used as detectors, a ultrasonic levitator for
the samples and a Argon-krypton laser as the light source, which includes 12 different
wavelengths from 465nm to 676nm. Measurements are performed in the azimuthal
angle around 360°, except from 11° to −11° which is a dead zone [97]. In this previous
study, two measurements are presented, the calibration sphere (r = 2.5mm) which is
a big sample for the levitator so it is measured in a fixed position at a wavelength of
514nm (X ≈ 30560) and a Chelyabinsk LL5 chondrite particle (X ≈ 12224) measured
in the levitator.
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Figure 1.20: Scatterometer setup at the University of Helsinki [taken and modified
from 97].

One of the main light scattering studies of K. Muinonen is about internal inho-
mogeneities and surface roughness of large cosmic dust particles with samples of
hematite, white clay and water ice (with refractive indices from m = 1.6+0.00001i to
m = 3+0.01i ), which are materials that can be found on Mars, comets and asteroids
[98]. Other studies are on the reflectance spectra of meteorite samples [99], where
the main components are olivine, pyroxene and iron (materials that are also found in
chondrites). As well as, studies of space weathering effects of olive grains with nano
inclusions performed with the reflectance spectra [100].

In general, this group is mainly interested in the study of interplanetary and dust
particles, using different methods like DDA and the scatterometer instrument which
later evolved into the 4π Scatterometer [10] and ray optics codes for the reflectance.

1.4.2.3 Amsterdam light scattering experiment at the University of
Amsterdam

In the 1980s a light scattering setup was built at the Astronomical Institute of the
University of Amsterdam in J. W. Hovenier’s group. During the existence of this experi-
mental setup, there was also the creation of the Amsterdam Light Scattering Database
in 1989. Nevertheless, the experiment was closed in 2009, as well as the database [8].

This apparatus was based on the device developed by Hunt and Huffman presented
in [101]. It worked with two types of lasers, an He-Ne laser (λ = 632.8nm) and an
He-Cd laser (λ = 441.6nm). Then light was passed through a polarizer (P) and an
electro-optic modulator (EOM). After this, light encountered randomly oriented par-
ticles produced by an aerosol jet stream and scattered light was passed through a
quarter-wave plate (Q), an analyzer (A) and finally it was detected by a photomultiplier
(that could measure around the scattering angles from 5° to 173°). The ensemble of
modulator plus lock-in amplifier was used to retrieve all the elements of the scattering
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matrix. Additionally, a monitor was used to correct variations of the aerosol stream
[102] (see Figure 1.21).

Figure 1.21: Light scattering setup at the Astronomical Institute of the University of
Amsterdam [taken from 102].

Different studies were made thanks to the measurements performed with this
instrument in the micrometer range scale with size parameters between X ≈ 8 to
X ≈ 163 [for more information see 103]. One of their research works was on mineral
terrestrial aerosol particles (feldspar, red clay, quartz, loess, Pinatubo and Lokon
volcanic ashes, and Sahara sand with refractive indices between m = 1.5+0.00001i to
m = 1.7+0.001i ) with sizes between 0.1µm to 100µm of diameter. The objective was to
analyze the light scattering properties of different sizes and complex refractive indices
of irregular particles. The experimental results were compared with simulations (ray
optics methods using Gaussian random shapes for representing the minerals) and
in general there was a good agreement between measurements and computations.
Moreover, even if the study was about terrestrial minerals, in the discussion, they
presented the importance of their results for astronomical objects (which are also
composed of silicates), specifically circumstellar dust shells [102]. Others subjects
of interest were the light scattering properties of aerosols, volcanic ashes, planetary
atmospheres and cosmic dust particles.

1.4.2.4 Granada light scattering experiment in the Instituto de Astrofísica
de Andalucía

The Granada light scattering setup known as IAA setup was built at the Instituto de
Astrofísica de Andalucía. The device was based on the Amsterdam light scattering
instrument that was explained in 1.4.2.3 but with several improvements. The upgrades
are: i) the blockage of the laser beam in backward and forward directions, allowing
a larger scattering angle range (3°−177°), ii) corrections in the background signals,
producing better measurements at small and big scattering angles iii) and finally, light
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source change for a tunable argon-krypton laser, having 5 different wavelengths (483,
488, 520, 568 and 647nm) where size parameters are from X ≈ 20 to X ≈ 380 [for more
information see database https://www.iaa.csic.es/scattering/ which is the
fusion between the Amsterdam database and Granada database 103].

The IAA apparatus emits light with a linearly polarized continuous-wave tunable
argon-kripton laser, then light passes through a filter wheel (FW), polarizer (p) and
electro-optic modulator (M). Light is scattered by the target particles that are ejected
by a nebulizer (for water droplets) or an aerosol generator. Later, scattered light
passes thought a quarter-wave plate (Q) and an analyzer (A) and then it arrives to a
photomultiplier detector (PM). This last instrument helps to produce left and right
circular polarizations which together produce unpolarized light. The monitor is also a
photomultiplier tube but it is used to correct the variations in the aerosol stream (see
Figure 1.22). It is important to know that the optical components are positioned at
special angles to polarize light and produce all the scattering matrix elements [104].

Figure 1.22: Granada light scattering setup at the Instituto de Astrofísica de Andalucía
[taken from 104].

One of the main research subjects of this group is the scattering properties of cosmic
dust particles. In [105] two kinds of irregular particles were studied, both with high
refractive indices: hematite (m = 3.0+10−1i to 3.0+10−2i ) which is a material that is
found in Mars and rutile (m = 2.73+0i ) which is present in oxygen-rich circumstellar
shells. In [106], light scattering measurements were performed for fluffy aggregates
composed of magnesiosilica, ferrosilica and alumina which are cosmic dust that can
be found in circumstellar and interplanetary environments.

Also in [107], measurements of the phase function were done for three irregular
millimeter-sized cosmic dust grains: enstatite, quartz and volcanic material (from
Mount Etna). At side and backscattering angles, enhancements of the phase function
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were found for these particles. These enhancements were also found in the phase
function of the Fomalhaut and HR 4796A dust rings.

Moreover, in [108], the phase function and degree of linear polarization of four
carbonaceous chondrites, two silicate minerals and one organic powder (with sizes
ranging from sub-microns to hundreds of microns) were studied, these samples being
analogs of cometary dust. Finally, in [9], the study of the phase function and the degree
of linear polarization of three millimeter compact cosmic dust analogs was presented,
the analogs being charcoal, Mg-Fe aluminiosilicate and quartzite.

The previous papers are some of the examples of the studied cosmic dust particles
or analogs that have been measured by this group with refractive indices between
m = 1.54+0i to m = 3+0.1i .

1.4.2.5 PROGRA2 experiment

The PROGRA2 experiment, acronym that stands for Propriétés Optiques des Grains
Astronomiques et Atmosphériques, in english Optical properties of astronomic and
atmospheric grains, started operating in 1994. The PROGRA2 experiment was cre-
ated by two french universities LPC2E and LATMOS, where the scientific director is
Jean-Baptiste Renard. This experiment was made to perform polarimetric measure-
ments of clouds of particles that are in the submicrometer and micrometer range at
different wavelengths and of any composition (see database in https://www.icare.
univ-lille.fr/progra2/). Three different setups are used:

1. PROGRA2 in levitation: the particles are lifted by an air draught inside a vial
(that is in a rotating plataform) where a laser (source) points inside. Usually the
particles float with random movements from 1 second to tens of seconds. The
laser can be in the visible wavelength range, thus the setup is called PROGRA2-
VIS, using two wavelengths λ = 543.5nm and λ = 632.8nm. Or the setup is
called PROGRA2-IR, using a laser in the infrared range λ = 1.5−1.6µm. After
the light encounters the cloud of particles, the scattered light goes to a beam-
splitter separating the parallel and perpendicular scattered components, both
components being collected by two CCD cameras. These two cameras are fixed
at 90° one from the other, hence, the platform that contains the vial is in charge
of rotating the sample for measuring at different phase angles from α = 5° to
165° (where α is the phase angle and it is related to the scattering angle θ as
follows 180°−α= θ). With this collected data, the polarization of the scattered
light can be extracted, yet not the phase function. For the phase function, a third
camera is needed as a reference to obtain the scattered light in the vial at the
same phase angle (fixed at α= 90°). Hence, the phase function is derived by the
addition of the parallel and perpendicular scattered components and divided by
the reference leading to results in arbitrary units without the need of an absolute
calibration [11]. The PROGRA2 setup is shown in Figure 1.23.
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Figure 1.23: PROGRA2 setup at visible wavelengths [taken from 11].

2. PROGRA2 in microgravity: the particles are lifted with parabolic flights having
a microgravity phase of approximately 22 seconds where they can float with
random movements. The experimental setup is the same as presented in Figure
1.23, the only difference being the type of vial. For microgravity experiments,
a vacuum-vial is used (see Figure 1.24). This setup is specific for large samples
that can not be suspended with air levitation (particle diameter> 20µm), while
with air levitation, it is adapted for fluffy aggregates or lightweight particles.

Figure 1.24: PROGRA2 vials [taken and modified from PROGRA2 database].

3. PROGRA2-SURF experiment: this experiment is adapted to measure grains that
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are deposited in layers (type of deposition: random ballistic deposition). The
setup (see Figure 1.25) is composed of a laser that works in the visible range
at λ = 543.5nm and λ = 632.8nm. The laser is connected to an optical fiber
and this fiber is fixed to a rotating arm. After the laser beam encounters the
sample, a beam-splitter divides the two scattered components that are collected
by two CDD cameras. The beam-splitter and the two cameras are also fixed on a
rotating arm, measuring from a phase angle of 6° to 140°- 160° [109].

Figure 1.25: PROGRA2-surf setup [taken from 109].

In general, the images that are taken by the PROGRA2 cameras are used to build the
intensity and the polarization maps pixel by pixel. This imaging allows to measure the
polarization coming from individual grains, dense clouds, aggregates and groups of
aggregates. The size parameters of the particles that can be measured by PROGRA2
are: for aggregates around X = 5−11560, for constituent particles X = 0.14−5.7 and for
deposited particles X = 49645−115605. The main subject of research of this group is
interstellar dust particles (cometary/asteroidal analogs, lunar analogs, mars analogs),
earth atmosphere (different kinds of soots, volcanic ashes) and other atmospheric dust
particles (e.g., Titan’s atmosphere), which include morphologies like aggregates or
grains (rough particles) and materials like alumina, silicates (enstatite, forsterite) and
others minerals mixed with carbons (refractive indices ranges from m = 1.11+0.08i
to m = 2+1i ) [110, 111, 112, 113, 109, 114].

1.4.3 Summary
Table 1.1 presents a general comparison between the microwave and light scatter-
ing laboratory techniques that measure scattering quantities in order to infer the
scattering properties.

The microwave scattering technique has two main advantages. First, it can gather
the amplitude and the phase of the scattered wave, offering more information of the
scattering phenomenon than just the intensities. Second, the wavelength range is
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Light scattering technique Microwave scattering technique

Measurement
(scattering
quantities)

Measurements of the
Mueller/scattering matrix

elements that are related to the
intensities of the scattered wave.

Measurements of the
the Jones/amplitude scattering

matrix elements that are related to
the amplitude and the phase of

the scattered wave.

Size of the
setup

Distance from the
detector to the sample is of

the order of centimeters.

Distance from
the detector to the sample
is of the order of meters.

Wavelength
range

Measurements are done
with one or few visible

wavelengths depending on
the laser.

Measurements are done
with antennas so there is a large

range of wavelengths that can
be used.

Target
positioning

system

The targets are lifted in randomly
orientation thanks to different

systems (e.g. acoustic levitation,
aerosol jet stream, microgravity).

Additionally, some setups
have also a pedestal to

measure in fixed positions or
controlled acoustic levitator.

The targets are positioned in
a stable oriented system. In order

to obtain a randomly oriented
particle, the target position has

to be changed as many
times as necessary.

Target
size

Micrometer to millimeter. Millimeter to centimeter.

Target
size

parameter

10. X . 10000
Geometric and part of Mie

scattering range. Advantage of
having a larger size parameter

range.

0.5. X . 200
Mie scattering range.

Target
material

Refractive indices
1.1 < n < 3 and 0.00001i < k < 1i

Refractive indices
1.4 < n < 2.5 and 0 < k < 0.25i

Table 1.1: Comparison between light scattering and microwave scattering techniques.
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larger thanks to the fact that measurements are performed with antennas. On the
other hand, the light scattering technique has a smaller experimental setup size and
particles can be measured in random orientation and in some cases, in fixed position,
which is an advantage compared to the microwave scattering technique that can only
perform measurements for a fixed target position. However, if measurements need to
be performed in a fixed position, the microwave scattering technique appears more
accurate. Both techniques can measure different target sizes, thus different scattering
regimes, and different target materials, depending on the final application, yet the
light scattering technique can measure a larger size parameter range.

As can be seen, both techniques have advantages and disadvantages. Thus, these
techniques give complementary scattering information. However, if the objective is
to understand the scattering properties of specific controlled geometric structures in
a wide range of wavelengths, the best compromise is to use the microwave analogy
(microwave scattering technique) with 3D printed particles (centimeter-sized parti-
cles). This is a unique possibility that can be achieved with our laboratory experiment.
The details of the experimental setup and how measurements are performed is ex-
plained in the following section. Additionally, the realizations of our dust analogs by
3D printing are explained in Chapters 2 and 3, depending on the sample type.

1.5 Microwave scattering experiment at CCRM
Our measurements are performed in the anechoic chamber of Centre Commun de
Ressources en Micro-Ondes (CCRM) in Marseille. This anechoic chamber is in a Fara-
day cage where different microwave devices allow the generation, transmission and
reception of microwave signals. This section is focused on the description of the ane-
choic chamber facility, setup and the steps to perform the scattering measurements.

1.5.1 Anechoic chamber facility
The anechoic chamber facility was built in 1996 in Marseille. The whole structure is
inside a Faraday cage of dimensions 14.5m x 6.5m x 6.5m to shield the interior from
external electric fields. This way, measurements are not perturbed by external sources.
Inside the chamber, there are pyramidal absorbing foams that attenuate at least 40 dB
for frequencies equal or greater than 1GHz (see Figure 1.26).
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Figure 1.26: Photo of anechoic chamber CCRM.

This anechoic chamber is equipped with microwave devices that can perform
measurements at wavelengths between 100mm to 7.5mm (frequencies between 3GHz
to 40GHz), but for this study wavelengths will be selected between 100mm to 16.7mm
(frequencies between 3GHz to 18GHz).

1.5.2 Experimental setup
In order to perform measurements, several microwave devices are needed for the
generation, the transmission and the reception. First, for the generation, a reference
synthesizer (R&S SMB100A) generates a continuous wave signal of frequency FB = 1
to 18GHz. Second, the signal propagates into a coaxial cable to a reference coupler.
This coupler delivers the transmitting signal to the transmitting antenna (DRG horn
antenna) and also to the 20dB attenuator. The coupler and the attenuator guarantee
an attenuation of 40dB so the signal can be delivered to the reference mixer (NSI-
RF-5945), without damaging this latter with high amplitude signals. The reference
mixer scales the reference signal (RF) from GHz to an intermediate frequency (IF) of
20MHz. This scaling is possible thanks to a local oscillator synthetizer (R&S SMB100A),
producing a local oscillation frequency FLO = FB − 20MHz. The local oscillation
frequency is transmitted to the mixer through a Digital Frequency Converter (DFC).
That way, the IF signal named a1 that was generated by the transmitting mixer is
transmitted to the Vector Network Analyzer (VNA, R&S ZNB4) through the DFC.

Third, for the reception, the receiving antenna (DRG horn antenna) detects the
signal and a coaxial cable sends the signal to the test mixer (NSI-RF-5945). This mixer
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does exactly the same as the transmitting mixer but for the received signal. After
mixing the received signal and combining it with the one from the oscillator, a test
signal b2 is transmitted to the VNA. The VNA calculates the ratio b2

a1
in amplitude and

phase (see Figure 1.27 for the setup of the devices at CCRM). All these devices allow to
perform measurements between 2GHz to 18GHz [for more information see 115].

Figure 1.27: Setup of microwaves devices at CCRM [taken from 115].

Emitting and receiving antennas are both linearly polarized and used at the same
states of polarization, horizontal and then vertical. Two types of configurations are
used during measurements: forward and backward configuration which corresponds
to scattering angles (θ) from 0° to 130° with the horizontal arrangement (see Section
1.5.2.1) and from 120° to 168° with the vertical arrangement (see Section 1.5.2.2),
respectively [116].

1.5.2.1 Forward scattering zone

Each sample is laid on a expanded polystyrene mast (transparent material for the used
wavelengths) that can be 360° rotated all around its symmetry axis. Furthermore, each
sample can be placed on the mast at different positions, giving thus other orientations.
For one chosen position, the receiving antenna is moved in the forward zone from
θ = 130° to −130° in the scattering plane and then the polystyrene mast (on which
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the sample is placed) turns 10° to restart the receiving antenna measurements. The
emitting antenna is always positioned at the same place pn the vertical arrangement
atΦ= 90° (see Figure 1.28).

Figure 1.28: Forward experimental setup where the emitting antenna is fixed at the
vertical arrangement while the receiving antenna moves on the horizontal
arrangement [taken from 117].

1.5.2.2 Backward scattering zone

The samples are similarly laid on a polystyrene mast that turns all around its symmetry
axis, as for the forward scattering zone. The difference is only in the position of the
receiving antenna. In this case, the emitting antenna is placed at the same point on
the vertical arrangement but the receiving antenna is moved through the vertical
arrangement (fromΦ=−11° toΦ= 78° and fromΦ= 102° toΦ= 168° backward zone)
for each 10° of rotation of the polystyrene mast (see Figure 1.29).
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Figure 1.29: Backward experimental setup where the emitting antenna is also fixed
while the receiving antenna moves on the vertical arrangement [taken
from 117].

1.5.3 Measurements
The receiving antenna measures two different complex transmission coefficients to
finally obtain the scattered field: the first one, where there is no sample, the second
one, in presence of a sample. Measurements are later calibrated with a metallic sphere
measurement, turning the transmission values into incident field values Ei (without
the sample) and total field values Et (with the sample). This calibration considers an
illumination of magnitude 1 and phase 0° at the center of the sample. After obtain-
ing the electric fields, drift errors are treated with a drift correction procedure [118,
119] applying a complex correction coefficient to the total field, and so the subtrac-
tion between the total field and the incident field is made, giving the scattered field,
Es = Et −Ei.

Additionally, another post-processing is applied, an angular low pass filter [119],
which uses the deduction of the spatial bandwidth of the scattered field with two
elements: the wavelength and the bounding sphere of the sample. Indeed, in [119]
is demonstrated that the angular spectrum of the Fourier transform of the scattered
field cannot be more than X 2/2, where X is the sample size parameter that depends
on radius of the bounding sphere and the used wavelength. Thus, signals larger than
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X 2/2 are cut off. Finally, once the post-processed scattered values are obtained, the
average intensities (average over the different orientations of the sample) of the Jones
matrix elements can be calculated. Knowing that the antennas are configured either
in horizontal or vertical polarization, the only two Jones matrix elements that can be
calculated are the co-polarized elements, S1 and S2. These two elements, expressed in
terms of Mueller matrix elements, give the possibility to calculate different scattering
parameters, e.g., the phase function, degree of linear polarization, and others that are
specific depending on the type of sample.

The main assumptions for our measurements are:

1. The host media is supposed to be homogeneous, isotropic and non-absorbing.

2. The incident wave is a time-harmonic locally plane electromagnetic wave and
quasi-monochromatic.

3. Elastic scattering: the frequency of the incident wave is the same as the scattered
wave.

4. The composition of the sample is assumed to be stated in macroscopic terms.

It is important to note that the CCRM setup is able to do other type of measurements,
i.e., radar cross section measurements, that are not specified in this study but is an
advantage to determinate other characteristics like the inner structure of a sample.
For example, radar measurements in CCRM of an analog of Itokawa asteroid can give
information of its inner structure [120].

1.6 Numerical simulations
In order to compare measurements with numerical simulations, our group has devel-
oped two homemade codes based on two rigorous methods: Finite Element Method
(FEM) [15] and Method of Moment (MoM) [121].

These codes have been compared to other methods like the superposition T-Matrix
method [122] and DDA [123]. In [121], measurements and numerical methods such as
the superposition T-matrix method, DDA and MoM were compared in amplitude and
phase of the scattered field for an aggregate, giving comparable results for different
frequencies or wavelengths. Furthermore, in [115], measurements and numerical sim-
ulations of the scattered field of spheroids in T-matrix and FEM gave also equivalent
results in terms of intensity and phase. These results proved the validation of our
simulation methods compared to other models and our measurements.

For the FEM, the weak form of the vectorial Helmholtz equation is used to compute
the electromagnetic field. A scattered field formulation is implemented and the
electric field is discretized onto basis functions associated to edges of tetrahedrons,
resulting from unstructured mesh of the domain [15]. With a discretization of an order
of λ/10, 2x106 degrees of freedom (DOF) can be typically obtained. The sparse linear
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system obtained is solved thanks to dedicated sparse linear solvers like MUMPS in
[124] or Pardiso in [125]. The scattered far-field is then computed (for all the scattering
angles and wavelengths) with the help of a classical near-field to far-field transform.

On the other hand, the MoM solves the observation equation which is a 3D integral
involving: the free-space dyadic Green function, the contrast, which is the difference
between the square of the wave number at a determined point and the square of the
wave number in vacuum, and the total field. Then the field inside the object, which
is expressed as the addition between the incident field and some coupling terms, is
computed (for all the scattering angles and wavelengths) with the coupling equation
[121]. It is numerically resolved with a 1D-FFT-method, exploiting the block-Toeplitz
structure of the free-space dyadic Green function [120].

In conclusion, with the microwave scattering experiment at CCRM and numerical
simulations (FEM and MoM), we can obtain the scattered field of a chosen sample
having the Jones matrix elements and thus the Mueller matrix elements, and for this
specific study, at 16 different wavelengths from λ= 16,7mm to 100mm (frequencies
between 18GHz to 3GHz). Measurements can be done in two scattering zones, re-
trieving scattering information about the sample from θ = 0° to 168°. On the other
hand, FEM and MoM simulations can retrieve all the scattering information for angles
up to 180°.

The specific sizes and materials of samples depend on the application, in this case,
protoplanetary dust, sizes and materials are going to be discussed in the following
section.

1.7 Microwave analogy of protoplanetary dust
As previously explained in Section 1.4, the microwave analogy relies on the scale
invariance rule (SIR). Thereby, the size parameter and the refractive index of the real
particle should be conserved in order to have the same scattering properties for the
analog particle (see Figure 1.30 for an example of a real particle of size a and its analog
particle that has been multiplied by a factor f in size, f a, and incident wavelength,
f λ, while conserving the same refractive index).
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Figure 1.30: Scale invariance rule [taken and modified from 85].

It should be noted that the scaling can be applied to produce larger analogs as it is
the case for the previous example or smaller analogs, for example centimetric analogs
of trees [115].

1.7.1 Size analogy
In the case of protoplanetary dust, we suppose that dust particle sizes are at orders
of sub-micrometers to micrometers (radius from rr eal = 0.1µm to rr eal = 10µm) and
that the scattered waves are observed in the optical, NIR and millimetric wavelength
ranges (see Section 1.2.3 for more information). This means that the size parameter of
dust particles ranges from Xmi n_r eal = 0.0002 to Xmax_r eal = 157.08, see Table 1.2.

Dust radius (µm) Wavelengths (µm) Size parameter
rmi n rmax Range λmi n λmax Xmi n Xmax

0.1 10
Millimetric 300 2600 0.0002 0.21
NIR 1 2.5 0.25 62.83
Optical 0.4 0.7 0.90 157.08

Table 1.2: Parameters of protoplanetary dust.

Based on Table 1.2, if we respect the maximum and minimum size parameters, and
knowing that with the anechoic chamber we can measure objects with size of the
order of centimeters (from ranal og = 1cm to ranal og = 20cm), then the wavelengths
that should be used in the anechoic chamber, in order to measure all the sizes of
protoplanetary dust, are from λ= 0.4mm to λ= 6.28×106mm (frequencies between
4.7×10−5GHz to 750GHz). However, as it was previously mentioned, the maximum
wavelength range of CCRM setup is from λ= 7.5mm to λ= 100mm (frequencies be-
tween 40GHz to 3GHz), meaning that with our setup we can cover size parameters
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from Xmi n_anal og = 0.6 to Xmax_anal og = 167.6, which is a large range of the protoplan-
etary dust size parameter (see Table 1.3). Notice that these different size parameters
can be achieved with the different wavelengths but also with 3D printed analogs of
different sizes, which is the advantage of using the microwave analogy together with
the 3D printing or additive manufacturing.

Dust radius (mm) Wavelengths (mm) Size parameter
rmi n rmax λmi n λmax Xmi n Xmax

10 200 7.5 100 0.63 167.6

Table 1.3: Parameters of protoplanetary dust analogs that can be achieved with CCRM
setup.

For this current study, measurements are performed at a smaller wavelength range
than what can be achieved with the CCRM setup. Measurements are at wavelengths
of λ= 16.7mm to λ= 100mm (frequencies between 18GHz to 3GHz) and in general
3D printed dust analog sizes are of orders of ranal og = 1cm to ranal og = 10cm. Thus,
analog parameters for this specific study are presented in Table 1.4.

Dust radius (mm) Wavelengths (mm) Size parameter
rmi n rmax λmi n λmax Xmi n Xmax

10 100 16.7 100 0.63 37.62

Table 1.4: Parameters of protoplanetary dust analogs for this specific study.

1.7.2 Material analogy
The composition of protoplanetary dust is mainly silicates and in lower percentages
ice, carbons and other minerals (explained in Section 1.2.3). In order to make a
microwave analogy, the complex refractive index (m = n + i k) must be kept the same,
meaning that if the protoplanetary dust is observed at a certain wavelength, the analog
must have the same refractive index at the wavelength of the microwave devices.

I made a bibliographical study in order to summarize the refractive indices of
silicates, ice and carbon. Figure 1.31 shows the different materials with their cor-
responding refractive indices, real and imaginary parts (for permittivity see Figure
1.32). Three different types of materials are presented: first, analog materials used in
laboratory scattered measurements; second, natural materials from samples found
in Earth and used as analogs for laboratory scattered measurements or simulations;
third, astronomical materials where their refractive indices have been accepted by the
astronomical community and that are shown in the infrared band (700nm - 1mm) and
millimetric ALMA bands (band 3: 2.7−3mm, band 6: 1.2−1.4mm, band 7: 0.85mm).
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Figure 1.31: Bibliographical study of refractive index of protoplanetary dust (these
specific references are at the end of this section with a prefix M for material
properties).

Figure 1.32: Bibliographical study of permittivity of protoplanetary dust (these spe-
cific references are at the end of this section with a prefix M for material
properties).

As can be seen in Figure 1.31, most of the materials are assembled around real parts
of n = 1.3−1.8 (real permittivity ε′ = 1.7−3.2) and imaginary parts of k = 0−0.05
(imaginary permittivity ε′′ = 0− 0.2). Exceptions can be seen for the amorphous
carbon, in IR and millimetric bands, presenting larger refractive indices.
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Based on this bibliographical study and knowing that the most abundant materials
are silicate minerals, this thesis will be focused on the simplest scenario which is to
suppose that all dust is made of silicate, this being the first approach to produce 3D
printed protoplanetary dust analogs. For this reason, our analog materials will have
refractive index values close to the astronomical silicate [14] (see Figure 1.33).

Figure 1.33: Refractive index of the astronomical silicate.

As shown in the following two chapters, the analog materials were chosen based
on two criteria. First, our analogs need to have similar refractive indices to the astro-
nomical silicate, and second, they need to be able to be printed by means of additive
manufacturing.

In conclusion, it is possible to produce dust analogs with the desired size and
material. Furthermore, these dust analogs can be measured in the CCRM facility,
having the advantage of controlling their orientation, geometry and optical index.
It should be noted that this is the first time that protoplanetary dust analogs are 3D
printed and measured using the microwave scattering technique.
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1.7.3 Microwave analogy assumptions
Knowing that we are able to reproduce part of the size parameters of protoplane-
tary dust and conserve a similar refractive index, several assumptions for the analog
measurements need to be stated in order to mimic the same conditions as with proto-
planetary dust particles:

1. Dusts are considered sufficiently far from each other to not produce interference
between each other. Thus, samples in the anechoic chamber are measured one
by one.
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2. Dust is considered randomly oriented in protoplanetary disks and not preferen-
tially orientated. For this reason, each sample is considered as one object and
its measured scattered field is the average of a sufficient number of orientations
[126].

3. There are different sizes of dust, for this study we assume sizes from 0.1µm
to 10µm in protoplanetary disks, with a size distribution. For measurements
in the anechoic chamber, one representative sample is measured at multiple
wavelengths which is equivalent to having multiple samples of one object with
different sizes at one wavelength.

With laboratory scattering experiments (previously described in Section 1.4), the
analogy of this protoplanetary scenario (sketched in Figure 1.5), can be made. The
analogy can be made using three main components: an electromagnetic source
(laser or antenna), dust analogs and a detector. However, depending on the type
of technique (i.e., light or microwave scattering technique) to obtain the Mueller
matrix elements and thus the scattering parameters of interest (see Equation 1.35 for
randomly oriented particles and Section 1.3.5 for the scattering parameters), different
measurements need to be performed.

For the microwave analogy, which is the technique used in this study, there are
several substeps, described as follows, to retrieve the scattering parameters of analogs
of protoplanetary dust (remember that this thesis is focused on the first step (a) of the
scheme presented in Figure 1.8):

1. The emitting and receiving antennas must be used in four linear states of po-
larization: both horizontally, both vertically, and two cross-polarizations (one
vertical and the other horizontal and vice versa). This must be done for the
incident field (measurement without sample) and total field (measurement with
sample), explained in Section 1.5.3.

2. After performing the four states of polarizations, the four Jones matrix elements
can be retrieved.

3. From these four Jones matrix elements, the six Mueller matrix elements of inter-
est for randomly oriented particles can be calculated (see Equations 1.28 and
1.30).

4. Based on these six Mueller matrix elements, the scattering parameters of interest
can be calculated (see Section 1.3.5).

The six Mueller matrix elements that are retrieved, means that the incident source
is unpolarized, finding the elements of the first column of the Mueller matrix and
therefore the phase function and the degree of linear polarization. The other four
remaining elements are retrieved for a source that is partially polarized, and based
on them, the other scattering parameters of interest are retrieved. Therefore, we can
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retrieve the scattering parameters of protoplanetary dust analogs for a non-polarized
incident source and a partially polarized source which is the case described in Figure
1.5.

Remember that the second step (b) (described in Figure 1.8) is out of the limits of
the main objective of this thesis. For this second step, Mueller matrix elements need
to be put inside a 3D radiative transfer code as inputs to model the scattered light in
dense dusty media (protoplanetary disks), then the output is a synthetic image of the
scattered disk, and finally synthetic images can be compared with observations of
protoplanetary disks.

As previously explained in Section 1.2.3.3, in order to know if our measurements are
consistent, comparisons between our retrieved scattering parameters can be done
with other circumstellar disks that are not optically thick, i.e. debris disks, where the
phase function and the degree of linear polarization are presented as a function of the
scattering angles (2D diagrams). However, other Mueller matrix elements such as S22,
S33, S34 and S44 are not possible to be compared because this type of disk is considered
optically thin and so multiple scattering that produces incident partially polarized
light is negligible, thus only incident non-polarized light coming from the star is taken
into account. If only non-polarized light acts as the incident source, then, S22, S33,
S34 and S44 become zero, which is the case for debris disks. For this reason, only the
phase function and the degree of linear polarization of debris disks are possible to
be compared with our results. Other comparisons can be done with other objects
that were involved in the formation of the Solar System as with comets which also
have the phase function and the degree of linear polarization. Finally, comparisons
with existing laboratory measurements and numerical simulations of the scattering
parameters of aggregates and grains can be performed.

On the other hand, if measurements are performed with the light scattering tech-
nique, then more states of polarization, not just four linear polarizations as with the
microwave scattering technique, need to be used [see Table 1 in 104] in order to find
the six Mueller matrix elements of interest S11, S12, S22, S33, S34, S44. Therefore, us-
ing the microwave scattering technique is simpler and we can calculate the Mueller
matrix elements and thus the scattering parameters of protoplanetary dust interest
with just four states of polarization. This latter is possible because with the microwave
scattering technique we can retrieve the whole complex scattered field, phase and
amplitude, then this can be expressed in terms of the Jones matrix elements and
thanks to the passage equations the Mueller matrix elements are retrieved to finally
obtain the scattering parameters.

1.8 Conclusions
There is an evident need to understand in more detail the accretion processes during
the protoplanetary stage where different barriers are presented in the current accre-
tion model. Barriers that are present because protoplanetary dust has been always
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considered as compact an spherical. Information on these protoplanetary disks is
obtained with observations of scattered light. However this does not give direct in-
formation on the morphology of protoplanetary dust. A way to understand and go
further in the interpretation of these observations and obtain some information about
dust is with the help of laboratory scattering experiments. As previously described in
this first chapter, two techniques are used for this purpose, the microwave scattering
technique and the light scattering technique.

The main objective of this thesis is to use the microwave scattering technique
(microwave analogy) in order to study different scattering properties of protoplanetary
dust analogs and to give clues to interpret the protoplanetary scattered observations.
This latter will give some tools to understand the accretion scenario. Compared to
others techniques, the microwave scattering technique in which this study is based
on, has enormous advantages. First, with this technique we can retrieve the complex
scattered field, having the phase and the amplitude, and leading to the Mueller matrix
elements and scattering parameters of interest. This latter can be achieved with only
four states of polarizations. Second, the centimeter-sized analogs allow a physical
control of the particle orientation (we can manually control the position of centimeter-
sized analogs). Third, the fabrication of 3D printed analogs gives a total geometrical
and material control, which leads to an easier analysis of the scattering parameters
and the interpretation of these parameters leads to the scattering properties.

The present study is focused on the scattering parameters of 3 types of protoplan-
etary dust analogs : fractal aggregates presented in Chapter 2, and two families of
irregular grains in Chapter 3.
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2.1 Introduction
The process by which dust grains from the interstellar medium evolve during the
collapse of a molecular cloud, and grow in a protoplanetary disk to form pebbles,
boulders and finally planetesimals or planets still faces many open questions [see 59,
for a review]. Several theoretical scenarios are proposed to overcome the physical
barriers to grain growth and many are tested against laboratory experiments [see 63,
for a review]. Fractal aggregates and irregular solid grains have been proposed as
the outcome of the dust growth process and their presence was confirmed by the
observations of cometary dust in the Solar System [e.g. 127, 128, based on recent
results from the Rosetta and previous missions]. However, observational evidence
in protoplanetary disks is still missing, despite tremendous progress in high-angular
resolution instruments in the (sub)millimeter, near-infrared and optical ranges. Sensi-
tive panchromatic observations of disks at high-angular resolution are now routinely
produced by facilities such as ALMA, SPHERE, or GPI, but most interpretations do not
consider aggregates and still rely on compact spherical particles. As a first step to pro-
vide more realistic tools to interpret protoplanetary disk observations and study grain
growth in those disks, we study here the scattering properties with the interpretation
of the scattering parameters of small fractal dust aggregates made of 74 monomers.

Fractal aggregates are characterized by their porosity or their fractal dimension D f

as these two parameters are closely related [129]. The fractal dimension D f ranges
from 1 for a very fluffy or porous particle to 3 for a compact sphere. The size parameter
Xag g = 2πR/λ is another important descriptive parameter, where R can be the radius
of the sphere enclosing the aggregate and λ the incident wavelength or R can also be
the gyration radius. These aggregate characteristics directly influence their scattering
parameters, such as phase function, degree of linear polarization, and other Mueller
matrix elements, and therefore their scattering properties.

Scattering properties of aggregates have been studied since the seventies to analyze
different dust particles, e.g. interstellar dust particles, soot particles and aerosols in
planet atmospheres. Two different laboratory measurement techniques have been
used to better understand these properties: light scattering and microwave scattering
techniques.
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Light scattering technique uses optical sources to study particles in the (sub) mil-
limeter size range, therefore with size parameters larger than 1. These particles can be
ejected by an aerosol generator so measurements are done for a cloud of particles [8].
Particles large enough (mm sizes) can be positioned on a holder and measured indi-
vidually [9]. Other light scattering instruments use levitation, in this case ultrasonic
levitation, having the advantage to make 4π measurements for single targets at visible
wavelengths as is the case of the 4π Scatterometer [10]. Or even using microgravity
levitation during parabolic flights as in the case of PROGRA2 experiment operating in
visible and infrared wavelengths for particles that are larger than 20 µm [130], but as
aggregates tend to stick in these flights, an air levitation experiment is used, covering
sizes from submicrons to tens of microns and fluffy-like aggregates (of sizes around
microns to millimeters with 90% of porosity) [111]. In [11] the study of clouds of
irregular particles of silicon carbide grains and desert sand aggregates gave a better
understanding of their brightness and polarisation phase functions. A more specific
study of the analysis of polarisation and maximum polarisation of fluffy aggregates
composed of silica and carbon was published in [110], in [112] with highly porous
aggregates of similar materials and in [113] with different silicates and mixtures of
carbon.

Unfortunately, light scattering experiments are facing challenges: uncontrolled
aggregate geometries, which leads to unknown parameters during measurement and
therefore results that are difficult to interpret; small size parameter aggregates which
tends to stick together with air ejections and levitation due to Van der Waals forces,
making difficult to measure a cloud of aggregates sufficiently separated or even one
isolated grain without the contribution of neighboring grains [11].

Another way of obtaining scattering parameters is to take advantage of the mi-
crowave analogy, which relies on the scale invariance rule (SIR) to measure objects
that in reality are very big (kilometer scales) or small like it is the case of our study for
the (sub)micrometer protoplanetary dust. In Maxwell’s equations, the SIR states that
an electromagnetic system will give equivalent scattering results at any frequency if all
geometrical dimensions are scaled in proportion, while keeping the complex refractive
index identical [131, 16, 12]. The first particle analogs to be fabricated were inspired
by stratospheric dust aggregates collected by high-altitude-flying U2 spy-planes [132,
133]. These analogs were measured in the microwave scattering facility of Bochum
University. They were fabricated with size parameters between Xag g = 20 to Xag g = 32
[89] and matched with the flux of zodiacal lights measured by Helios and Pioneer space
probes. However the geometry of these analogs was not controlled which produced
scattering parameters difficult to interpret and thus scattering properties.

Microwave measurements of the scattering phase function and degree of linear po-
larization of aggregates made of identical monomers followed: assembly of spherical
monomers with monomer size parameter ranging from Xmon = 0.58 (Rayleigh scat-
tering) to Xmon = 7.86 [88, 134, 135] ; assembly of spheres, sphereoids and cylinders
monomers with monomer size parameter ranging from Xmon = 0.51 to Xmon = 21.1
[136, 96]. The main conclusion of these works was that the more packed the aggregate,
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the wider the forward scattering peak of the phase function. Unfortunately, the fractal
dimensions of the aggregates used in the aforementioned microwave studies were
unknown.

Scattering parameters of protoplanetary aggregates can also be simulated (see for
example [137, 138, 139] where different scattering approximate methods, e.g. Discrete
Dipole Approximation (DDA) and T-Matrix method, were used). Studies on simulated
scattering properties of aggregates of interplanetary dust particles and cometary parti-
cles are found in [140, 141, 142, 143]. Similar numerical studies have been performed
for aerosols and atmospheric applications [144, 145, 146]. Yet, aggregates used in
these numerical methods are discretized in dipoles which is an approximation of the
object that scatters and therefore these scattering simulations need to be compared
with scattering measurements.

Although several measurements and theoretical scattering studies of aggregates
exist, the need remains for more results, in particular to differentiate aggregates and
irregular polydisperse particles, as well as to study large particles of (sub)micrometer
sizes and aggregates containing thousands of monomers with a realistic size distribu-
tion or even larger irregular particles below the geometric optics regime [147]. The aim
of this chapter is therefore to provide laboratory measurements, using the microwave
scattering technique, of the scattering parameters of protoplanetary dust aggregates
whose fractal dimensions, geometries and refractive indices are fully controlled. To-
gether with these measurements and their interpretation (giving the scattering proper-
ties), we also provide finite element method (FEM) simulations of the same aggregate
particles for cross validation.

The present chapter studies numerically and experimentally the scattering param-
eters, i.e. phase function, degree of linear polarization and other Mueller matrix
elements, of seven different protoplanetary analog aggregates, with wavelengths rang-
ing from 100mm to 16.7mm (in frequency, from 3GHz to 18GHz), leading to sizes
parameters ranging from Xag g = 1 and Xag g = 20. These aggregates are defined by
their fractal dimensions D f of 1.5, 1.7, 2.0, 2.5 and 2.8. The main advantage of using
this microwave scattering technique with aggregates fabricated with additive manu-
facturing is that the geometry and the refractive index of our analogs are controlled
to high accuracy. This thesis is based on our group previous studies in which several
scattering field measurements (magnitude and phase) of different aggregates were per-
formed, using different manufacturing methods from sticking monomer by monomer
to using additive manufacturing techniques [148, 149, 121, 150].

In this chapter I first make a brief introduction of the fractal definition. Then, I
describe how the analog aggregates of protoplanetary dust were fabricated by a col-
laboration with Centre de Transfert de Technologie du Mans (CTTM). I present and
analyze the scattering parameters that were obtained based on scattering measure-
ments and numerical simulations for our aggregates. Finally, I make an estimation
of the fractal dimension of aggregates based on their phase function using different
methods and proposing a new one. At the end, I present the conclusions and prospects
for future works for this first studied morphology, aggregates.
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2.2 Fractal definition
The definition of the fractal dimension D f , was first given by Mandelbrot in [151] who
defined this dimension different to what was explained by the mathematicians until
the 19th century. Based on the euclidean space, the dimension D is an integer number
being 1 for a line, 2 for a plane and 3 for a 3D structure. However, Mandelbrot defined
D f as a set of fractional and integer numbers, from 1 to 3 included.

The main characteristic of these fractal objects, that can be described by D f , is the
invariance of their structures under changes of scale, meaning that there is always
the same structure even by zooming infinitely in or out. This concept is called self-
similarity and it is not present for euclidean objects; for example if a sphere (euclidean
object of D = 3) is zoomed in, there are no other small spheres, actually there is just a
part of the surface of that sphere. But if we take an aggregate composed of an infinite
number of spheres even if the scale is changed, we always find the same elementary
structure, spheres, known as monomers. The characteristics of a fractal aggregate are
related by a single equation named the fractal equation:

N = k0(Rg /a)D f , (2.1)

where N is the number of monomers, k0 the fractal prefactor (or proportionality
constant), Rg the gyration radius (which is the mean-squared value of the distances
between the aggregate center of mass and the geometric center of each monomer), a
the monomer radius and D f the fractal dimension.

However if that aggregate does not have an infinite number of monomers, called
mathematically a bounded set, it will be also self-similar with the union of N non-
overlapping identical subsets. Thus, the aggregate is still fractal but with a finite
number of monomers (see Figure 2.1).

Figure 2.1: Example of one of our fractal-like aggregates created with DLA algorithm
[17] with a fractal dimension of 1.7, number of monomers 74 and radius of
gyration of 23.93mm.
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Based on this definition of finite fractal aggregates of identical monomers which
are also known as fractal-like aggregates, the following section is focused on the
fabrication of these aggregates being analogs of protoplanetary dust.

2.3 Analogs of dust aggregates
The evolution of dust particles in protoplanetary disks is complex and involves several
processes. The structure and shape of a particle retain the record of its evolution, in
particular its collisional history. Yet, very little direct information is available on the
particle structures and shapes in disks and observing their scattering signatures will
allow significant progress in our understanding of dust evolution. To do so, one must
first understand the typical signatures of different families of particles. Here we will
focus on fractal aggregates.

Herein different types of aggregates are generated with fractal dimensions ranging
from 2.8 (compact) to 1.5 (fluffy, porous), see Table 2.1. This range of fractal dimen-
sions covers the outcome of dust growth by collisions of individual monomers with
clusters and by collisions between clusters. For comparison, Ballistic Particle-Cluster
Aggregation (BPCA) results in aggregates with high fractal dimensions, typically larger
than 2.5, while Ballistic Cluster-Cluster Aggregation (BCCA) yields objects with fractal
dimensions typically smaller than 2 [152] for slow collisional velocities.

To produce these analogs two steps were necessary; first, their virtual generation
and second, 3D printing. The details for these two steps are described in the following
sections.

2.3.1 Virtual generation
Nature uses different types of aggregation giving birth to a variety of different fractal
dimensions as previously explained. To generate a large range of fractal dimensions,
all aggregates were generated with a tunable Diffusion Limited Aggregation software
DLA created by [17], in which, at each monomer-cluster aggregation scheme, the
algorithm verifies if the fractal dimension is correct, if it is not the case, the monomer
is eliminated and another monomer will diffuse toward the seed. Thus, this software
is able to produce different fractal dimensions that are presented in nature thanks to
BPCA or BCCA.

Three input parameters are necessary to describe the particles: the fractal dimension
of the aggregate, the number of monomers included in the particle, and the radius
of the monomers. All monomers are spherical and for this study they have the same
size (monodisperse). These parameters are related based on the fractal equation
(see Equation 2.1). All aggregates were fabricated with N = 74 monomers, with a
monomer radius of a = 2.5mm. The reason behind the choice of 74 monomers is
purely historical, indeed our previous group work started working with 74 monomers
because it was the maximum quantity of monomers that they decided to stick [149],
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before fabricating them with 3D printing techniques. The DLA software assumes
a single point of contact between each monomer, i.e., no overlapping. The fractal
prefactor is set to k0 = 1.593 in order to have aggregates that can achieve the highest
possible compactness in a 3D space (fractal prefactor with this value correspond to
monodisperse compact aggregates [153], thus we have the possibility to produce
fluffy aggregates up to very compact aggregates being able to produce all the fractal
dimensions that we want). This prefactor value, which depends on the compactness
factor and the fractal dimension of the particle [see Equation 16 of 154], is set constant
in the DLA software. Specific information of each aggregate is given in Table 2.1.

In Figure 2.2 and Table 2.1, the names of each analog are made of a string specifying
first that they are aggregates generated with DLA (Ag_DLA), followed by their fractal
dimension (Df) and the number of monomers (N). When several realizations with
the same parameters are made, an additional index is added at the end (see, e.g.,
aggregates of fractal dimension D f = 2, where the index goes from 1 to 3, Ag_DLA_-
Df2.0_N74_index). In [126], we used a different naming convention. The names used
in that paper are recalled in the first column of Table 2.1 for reference.

The values of the numerical fractal dimensions are also given in Table 2.1 as well as
the radius of gyration (which was calculated by the software). Other parameters are the
radius of the bounding sphere Rm (it is the smallest sphere in which each aggregate fits
inside) and the size parameter of each aggregate Xag g which was calculated with the
radius of the bounding sphere at the minimum and maximum wavelengths. Moreover,
the porosity, PRg , was estimated as the subtraction to unity of the ratio between the
volume of the material in the aggregate (V ) and the volume of a sphere calculated
with the radius of gyration (Vs) as shown in Equation 2.2 based on [129], values are in
Table 2.1.

PRg = 1−
(

V

Vs

)
, (2.2)

where Vs = 4
3πR3

c and Rc =
√

5
3 Rg [155].

Finally, the material packing density, ρ, was calculated and defined as the ratio of
the aggregate volume to the total volume of the bounding sphere [taken by 156].
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(a) Overlapping monomer (b) Ag_DLA_Df2.8_N74 (c) Ag_DLA_Df2.5_N74

(d) Ag_DLA_Df2.0_N74_1 (e) Ag_DLA_Df2.0_N74_2 (f) Ag_DLA_Df2.0_N74_3

(g) Ag_DLA_Df1.7_N74 (h) Ag_DLA_-
Df1.5_N74

Figure 2.2: 3D printed aggregates, using the SLA technique, with their corresponding
technical name (second column of Table 2.1).

2.3.2 3D-printing by stereolithography
After the virtual generation, aggregates were fabricated using an additive manufac-
turing process named stereolithography (SLA). SLA has the advantage of its good
accuracy and surface finish compared to other 3D printing methods (the first time
our group used this technique to print aggregates was in [150]). The resolution of SLA
printer (collaboration with Centre de Transfert de Technologie du Mans (CTTM)) used
for these aggregates is of 25µm for each photo-polymerized layer and the maximum
dimensions that this printer is able to print are 64mm x 40mm x 134mm.

The principle of SLA is to photopolymerize the liquid acrylic resin, layer by layer. The
solidification is done thanks to a UV laser. The resin that was used to print aggregates
has a refractive index of 1.7+ i 0.03 at our working wavelengths which is close to the
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Aggregate
Aggregate

technical name
Numerical fractal

dimension
Radius of

gyration (mm)-Rg

Radius of the bounding
sphere (mm)-Rm

AgC232 Ag_DLA_Df1.5_N74 1.5 32.30 51.98
AgC233 Ag_DLA_Df1.7_N74 1.7 23.92 36.58
AgC185 Ag_DLA_Df2.0_N74_1 2.0 17.03 26.20
AgC2211 Ag_DLA_Df2.0_N74_2 2.0 17.03 26.54
AgC2221 Ag_DLA_Df2.0_N74_3 2.0 17.03 26.00
AgC186 Ag_DLA_Df2.5_N74 2.5 11.60 18.19
AgC187 Ag_DLA_Df2.8_N74 2.8 9.83 15.49

Aggregate
technical name

Size parameter of the aggregate
λ= 16.7 mm to λ= 100 mm

Porosity %
-PRg

Material packing
density-ρ

Ag_DLA_Df1.5_N74 19.60 to 3.27 97.91 0.011
Ag_DLA_Df1.7_N74 13.80 to 2.30 94.90 0.031
Ag_DLA_Df2.0_N74_1 9.88 to 1.65 85.68 0.085
Ag_DLA_Df2.0_N74_2 10.01 to 1.67 85.83 0.081
Ag_DLA_Df2.0_N74_3 9.81 to 1.63 85.83 0.086
Ag_DLA_Df2.5_N74 6.86 to 1.14 54.78 0.252
Ag_DLA_Df2.8_N74 5.84 to 0.97 25.88 0.407

Table 2.1: Analog aggregate properties with monomer size parameter from Xmon =
1.04 (λ= 16.7 mm) to Xmon = 0.17 (λ= 100 mm).

index of astronomical silicate without any metallic or mineral inclusions. Draine and
Lee astronomical silicate has same values from λ= 0.2 to 3µm (for more information
see [14]).

It is important to note that the monomer radius used by the DLA software was
different from the one chosen at the moment of the printing. The virtual generation
of aggregates was at one point of contact between monomers, however, printing
monomers with this condition is not possible because there is no mechanical strength.
For this reason, the monomer radius was increased by 10%, thus the actual radius
used in practice to allow interpenetration was ai nt = a ∗1.1. Figure 2.2 presents the
overlapping between monomers and the printed aggregates with SLA technique.

2.3.3 Aggregate size analogy
Knowing that the printed monomer radius is ai nt = 2.75mm and wavelength ranges
from 16.7mm to 100mm, the monomer size parameter ranges from Xmon = 1.04
to Xmon = 0.17, respectively. The monomer radius corresponding to the same size
parameter at optical, NIR or millimeter (ALMA band 3 to 10) wavelengths is shown in
Table 2.2. If the analogy is applied to the aggregate size, the minimum aggregate size
parameter is 0.97 and the maximum 19.60. Thus, the aggregate radius corresponding
to the same size parameter at optical, NIR or millimeter (ALMA band 3 to 10) range is
shown in Table 2.2.
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Range name Wavelength
Radius of

protoplanetary monomer
Radius of

protoplanetary aggregate
Optical (nm) 400 to 700 11 to 115 65 to 2180
NIR (µm) 1.00 to 2.50 0.028 to 0.412 0.155 to 7.78
Millimeter (mm) 0.30 to 2.60 0.008 to 0.428 0.046 to 8.09

Table 2.2: Monomer and aggregate radius corresponding to different wavelength
ranges (units are noted in the first column).

2.4 Scattering properties of fractal-like aggregates
In order to obtain the scattering properties of the seven fractal-like aggregates, mea-
surements were performed in the anechoic chamber of CCRM (described in Section
1.5.2), using wavelengths between 100mm to 16.7mm (corresponding to frequencies
of 3GHz to 18GHz). Scattering measurements were obtained for all aggregates in
the forward zone, which was the main experimental configuration used during this
thesis (for an explanation of the experimental setup see Section 1.5.2). Additionally,
numerical simulations were made based on our two methods MoM and FEM (pre-
sented in Section 1.6), using the same geometric file of the 3D objects as the one used
for 3D printing. Both methods have advantages and disadvantages, for example for
the simulation of Ag_DLA_Df2.0_N74_1, MoM needs less memory (2 GB) but more
running time (from 1 hour to 2 hours depending on the frequency), on the contrary,
FEM is faster (10 min for each frequency) but the needed memory is 70 GB. Although
there are these differences, both methods gave very similar scattering behaviors as
can be seen in Figure 2.5. Based on these consistent results, we decided to choose one
of them which was FEM based on its better discretization of the scatterer (aggregates
composed of spheres) in tetrahedrons and not in cubes as MoM do, taking advantage
here of the conformal mesh properties of FEM.

All our results are based on the assumption of having a macroscopically isotropic
and symmetric medium [16] and random orientation of non-interacting aggregates.
Thus, the Mueller matrix that describes this situation is shown in Equation 1.35.
When cross-polarized terms are negligible, it is possible to simplify the Mueller matrix
expressions. However, there is just one exception for S22 where the inclusion of the
cross-polarized elements is essential to then be able to normalize by S11. If this
inclusion is not made, then S22 = S11 (see Section 2.4.1.2 and Figure 2.6). Therefore,
the 6 Mueller matrix elements of Equation 1.30 can be re-described as follows:
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S11 = 1

2

(|S1|2 +|S2|2
)

,

S22 = 1

2

(|S2|2 +|S1|2 −|S4|2 −|S3|2
)

,

S12 = 1

2

(|S2|2 −|S1|2
)

,

S33 = S44 =ℜ{
S1S∗

2

}
,

S34 =ℑ{
S2S∗

1

}
.

(2.3)

Based on these experimental and computational tools previously mentioned, we
measured and simulated the scattering response of aggregates, then I compared mea-
surements with numerical simulations, and I calculated the Mueller matrix elements
obtaining different scattering parameters, i.e. the phase function (S11), the degree of
linear polarization (DLP, −S12/S11) and the normalized elements S22, S34 and S44. The
interpretation of these parameters gave the scattering properties of these fractal-like
aggregates.

2.4.1 Setup parameters
In this section I describe: i) the number of necessary measurements per aggregate,
ii) the method of simulation, iii) the effect of including or not the cross-polarized
elements on the different scattering parameters and iv) the zone where measurements
could be performed.

2.4.1.1 Number of necessary measurements

A collaborative study to obtain the number of necessary measurements and orienta-
tions to retrieve the mean scattering phase function and DLP of randomly oriented
aggregates was made in [126]. For a fixed position of an aggregate, the receiving
antenna measures from −130° to 130° with steps of 2° giving 131 measurements. Addi-
tionally, the support where the aggregate is placed, rotates each 10° all around 360°
for each receiving antenna measurement, providing 36 orientations (see Figure 2.3).
Thus, at each frequency, there is a total of 4716 measurements. Based on this infor-
mation, we calculated the quantity of necessary orientations to achieve the lowest
error percentage or best accuracy of convergence of the phase function and DLP (see
an example in Figure 2.4 for the calculus of the phase function, named brightness,
and DLP, named polarization, of aggregate Ag_DLA_Df2.0_N74_1 at λ= 23mm). Note
that the same analysis was done for all aggregates at the wavelengths of interest and
in order to obtain the lowest desired error percentage, the corresponding maximum
number of measurements of all wavelengths was taken. For an accuracy of 1% for the
phase function and 0.5% for the DLP, a total of 72 orientations were necessary for all ag-
gregates except for Ag_DLA_Df1.7_N74 and Ag_DLA_Df1.5_N74 with 108 orientations.
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The same number of orientations was used to find the other scattering parameters
of interest. Note that numerical simulations were made with the same amount of
orientations to have comparable computational and experimental results. Yet the
position of the aggregate is not exactly known and this could introduce differences
between measurements and numerical simulations.

Figure 2.3: Example of necessary number of orientations and positions of aggregate
Ag_DLA_Df1.7_N74 to obtain mean scattering parameters. A total of 108
orientations were necessary for this aggregate.

Figure 2.4: Example of necessary number of measurements of aggregate Ag_DLA_-
Df2.0_N74_1 at λ= 23mm, Xag g = 7.14 and Xmon = 0.75 [taken from 126].

All results of phase function and DLP were obtained by averaging its different values
of the same aggregate at multiple orientations. This means that we averaged first
the total intensity phase function < S11 > and the polarized intensity phase function
< S12 > before dividing one by the other to find the average DLP, −<S12>

<S11> . In the case of
DLP the average was done before the division because the observables (S12 and S11) in
protoplanetary disks are already averaged in terms of orientations (i.e., supposing that
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we observe the intensity, S11, and polarized intensity, S12, of a population of randomly
oriented dust particles). Similarly to DLP, the other scattering parameters <S22>

<S11> , <S34>
<S11>

and <S44>
<S11> , were also averaged and calculated.

2.4.1.2 Method of simulation and co and cross terms

As previously mentioned, MoM and FEM methods were compared as shown in Figure
2.5 proving an excellent agreement between both models with the superposition of
curves. Based on the discretization that each model has, i.e., tetrahedrons for FEM
and cubes for MoM, and the morphology of our aggregates composed of spherical
monomers, FEM method was selected to perform all the numerical simulations in
this study.

(a) Phase function (b) DLP

Figure 2.5: Comparison between FEM (dashed lines) and MoM (dotted lines) numer-
ical simulations at six different wavelengths (100mm, 50mm, 33.3mm,
25mm, 20mm and 16.7mm) indicated in terms of monomers size parame-
ter, from Xmon = 0.17 to Xmon = 1.04 for Ag_DLA_Df2.0_N74_1.

FEM numerical simulations were also used to verify the effect of cross-polarized
elements (Jones elements S3 and S4) on Mueller matrix elements of all aggregates.
In Figure 2.6, the six scattering parameters based on Mueller matrix elements with
(dashed-dotted lines) and without (dashed lines) cross-polarization are represented
for aggregate Ag_DLA_Df2.0_N74_1. For all scattering parameters, the differences
between including or not the cross-polarization terms (S3 and S4) increase when the
size of the scatterer increases (or Xmon). However, these differences are negligible, thus
we will not take into account cross-polarized elements for our Mueller matrix elements,
except for <S22>

<S11> . In the case of <S22>
<S11> , notice that < S22 > without cross-polarization

becomes < S11 >, thus the ratio between these two Mueller matrix elements equals 1
(see all dashed lines that are superposed at 1 in Figure 2.6.c). Thus, for <S22>

<S11> , cross-
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(a) Phase function (b) DLP

(c) Normalized S22 (d) Normalized S34

(e) Normalized S33 (f) Normalized S44

Figure 2.6: FEM numerical simulations of Ag_DLA_Df2.0_N74_1, considering co-
polarized Jones matrix elements (dashed lines) and co-polarized plus
cross-polarized elements (dashed-dotted lines), from Xmon = 0.17 to
Xmon = 1.04.
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polarized elements are necessary to be able to analyze it, if not the ratio becomes 1 all
along the scattering angles.

Furthermore, the behavior of <S33>
<S11> and <S44>

<S11> , with the inclusion and not of cross-
polarized elements, shows that these two scattering parameters (see Figure 2.6.e and
Figure 2.6.f) are identical with co-polarized elements (dashed lines) and with the
inclusion of cross-polarized elements (dashed-dotted lines). For these reasons, from
now on the numerical simulation results are going to be represented in terms of
co-polarized elements for all scattering parameters, except for <S22>

<S11> (as written in
Equation 2.3). Note that the fact that we will not take into account the cross-polarized
elements for the phase function, DLP, <S34>

<S11> and <S44>
<S11> might produce a slight shift of

curves but the shape is conserved (identical).

2.4.1.3 Forward and backward measurements

We have verified that the Mueller matrix elements of interest do not depend whether
we use the cross-polarized elements or not. The only exception is for < S22 > where the
inclusion of the cross-polarized elements is necessary in order to avoid a constant ratio
of 1 for <S22>

<S11> . Based on this findings, measurements were performed with only co-
polarized elements, i.e, antennas at the same linearly state of polarization. Moreover,
most of our measurements were performed in the forward zone obtaining scattering
parameters that were represented from 0° up to 130°. This decision was made based
on the fact that backward configuration has a lower accuracy due to coupling between
antennas and it would multiple by a factor of two the measurement time by analog.
Thus, Figure 2.7 presents an exceptional case with measurements at forward and
backward configuration for Ag_DLA_Df2.0_N74_1. As can be seen in this figure, solid
curves in the backward and forward zone do not present a continuity. This is due to
the coupling of antennas at backward scattering angles. Indeed, in order to perform
backward measurements emitting and receiving antennas need to be very close and
this leads to mutual coupling where the emission that should be radiated away to
the analog is instead absorbed by the receiving antenna, acting as noise. For these
reasons, for the rest of aggregates, the backscattering analysis will be based on FEM
numerical simulations.
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(a) Phase function (b) DLP

Figure 2.7: Measurements in the forward and backward zone (solid lines) and numeri-
cal simulations (dashed lines) of Ag_DLA_Df2.0_N74_1, from Xmon = 0.17
to Xmon = 1.04.

After verifying the different setup parameters, the Mueller matrix elements for all
our aggregates were used to calculate the scattering parameters and then analyze
them. Two types of scattering results are presented in the following sections: first, scat-
tering parameters of aggregates with average orientation (Section 2.4.2) and second
scattering parameters of aggregates with average orientation plus size distribution
effect (Section 2.4.3).

2.4.2 Aggregates with average orientation
2.4.2.1 Phase function

Phase functions of aggregates with average orientation of different D f are presented
in Figure 2.8 at different wavelengths or Xmon . The levels of phase functions are
consistent with size parameter Xmon and Xag g . Higher values of size parameters
represent higher cross sections Qscaπa2 and so larger intensity of scattered light. For
this reason, levels of the phase function curves at Xmon = 0.17 are the lowest for all
aggregates and the highest at Xmon = 1.04. Moreover, Ag_DLA_Df1.5_N74 has the
largest bounding radius thus the levels of its curves are larger compared to the rest of
aggregates.

The measured phase functions shown in Figure 2.8 are calibrated and thus their
quantitative value is significant. Numerical simulations and measurements have the
same absolute values and curve shape, being both directly comparable. A comparison
criterion was developed in order to estimate quantitatively the difference between our
measurements and computations. Indeed, this comparison was the way we chose
to have an idea of the systematic error of our experimental measurements, since a
real quantification of the systematic error takes a lot of time and this has not yet been
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done in the CCRM anechoic chamber. Thus, as this quantification goes out of the
limits of this thesis, we measured the systematic error with the comparison between
measurements and FEM simulations.

To estimate the difference between measurements and FEM simulations a Root
Mean Square Deviation (RMSD) estimator was chosen, supposing the simulation as
the reference. This criterion was normalized with the Interquartile Range (IQR) which
is the difference of the 75th percentile (Q3) and the 25th percentile (Q1). Thus, the
RMSD with the normalization is:

RMSD IQR = RMSD

(Q3−Q1)
. (2.4)

Furthermore, as the phase functions are represented with a logarithmic scale, this
criterion is calculated on the logarithm of this quantity. The RMSD IQR is presented
in Figure 2.9 for the phase function. The increasing values of the RMSD IQR obtained
when the wavelength decreases (upper horizontal axes) are nothing but normal, but
that the high values obtained at the large wavelengths are due to two different phe-
nomena. First, from the experimental point of view, the scattered signals are very low
and thus more sensitive to noise (especially with the calibration target of 20mm which
is small compared to the large wavelengths and thus more sensitive to noise). Second,
from the numerical point of view, the chosen box where the fields are computed
begins to be too small to have a distance, object-bounding box, larger than λ/2 for
such large wavelengths. Thus, we cannot suppose that on the bounding of the box
there is a far-field.

Additionally, the gray line (in Figure 2.9) represents the comparison between an
exact Mie calculus for a solid sphere with a refractive index of 1.7+ i 0.03 (same that
of the aggregates) and the simulation of the same sphere with FEM. Thus, taking
Mie computations as reference, the obtained criterion values give a good idea of the
minimal values that may be obtained with such FEM computations.

In general, the forward-scattering peak of the phase function is a proper character-
istic of the overall dimension of the aggregate and demonstrates how constructive
interference dominates compared to other bumps [as it was shown in 88]. These
bumps represents the distribution of matter or structural information within aggre-
gates. This is the case if bumps are still present after averaging enough the orientation
of the aggregate [88]. This can be easily seen if the aggregate has a fractal dimension
closer to 3, a sphere, for which its distribution of matter is symmetric and so the bumps
will be well-defined, representing constructive interference at the same scattering
angles. An example of this is shown in Figure 2.8.a, for Ag_DLA_Df2.8_N74, which has
almost the same fractal dimension as a sphere.
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(a) Ag_DLA_Df2.8_N74 (b) Ag_DLA_Df2.5_N74

(c) Ag_DLA_Df2.0_N74_1 (d) Ag_DLA_Df1.7_N74

(e) Ag_DLA_Df1.5_N74

Figure 2.8: Phase function of aggregates with different fractal dimensions, mea-
surements (solid lines) and numerical simulations (dashed lines), from
Xmon = 0.17 to Xmon = 1.04.
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Figure 2.9: Normalized root mean square deviations on the log of the phase function
plotted for all the measured aggregates, taking their FEM numerical sim-
ulation as reference. The gray line is a comparison of the Mie simulation
versus FEM numerical simulation with a sphere of 32.5mm in diameter.

The phase function of Ag_DLA_Df2.8_N74 has defined peaks and valleys at high
Xmon for the forward-scattering peak and bumps. At Xmon = 1.04, Xmon = 0.86 and
Xmon = 0.69, the monomer size is about the same size as the wavelength and the
aggregate size parameter is about five to four times the wavelength. Hence, the whole
aggregate size is close to λ and so the behavior is that of Mie scattering. On the
contrary, size parameters from Xmon = 0.17 to Xmon = 0.52 have only the forward-
scattering peak, corresponding to Xag g = 0.97 to Xag g = 2.92, respectively. As the size
of the whole aggregate has decreased compared to the wavelength, the scattering
becomes almost isotropic, thereby there is only the forward-scattering peak for the
phase function.

It is important to notice that as all our aggregates have the same refractive index for a
given monomer size parameter, changes in the phase function are entirely attributable
to changes in the structure of the whole aggregate. For this reason, when Xmon << 1
(Rayleigh regime), e.g. Xmon = 0.17 (see Figure 2.10), all our aggregates are small
compared to the wavelength and thus their phase function, curve shape, is similar.
They all have the forward scattering peak, presenting differences in their width. On
the contrary, at Xmon = 1.04, as the fractal dimension increases toward 2.8 the bumps
are well-defined and slowly disappear as the fractal dimensions decreases to 1.5.
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(a) Phase function at Xmon = 0.17 (b) Phase function at Xmon = 1.04

Figure 2.10: FEM numerical simulations of normalized phase function of aggregates
with different fractal dimensions at Xmon = 0.17 and Xmon = 1.04. The
gray line is the Mie simulation for a sphere with the same radius as that of
a monomer.

Another analysis that can be done is comparing the phase function of aggregates
having the same fractal dimension. Figure 2.11 presents the phase function of an-
other two aggregates of D f = 2 which were generated using the same software and
parameters (N = 74, K0 = 1.593, ai nt = a1.1) but as the software creates random po-
sitions of each monomer, each type of aggregate is completely unique. Comparing
aggregates having the same fractal dimension, it is shown that even if all three aggre-
gates (Ag_DLA_Df2.0_N74_1, Ag_DLA_Df2.0_N74_2 and Ag_DLA_Df2.0_N74_3) were
generated with different monomer configurations, phase function curves at the same
Xmon present similar forward-scattering peaks and same levels. The aggregate that
has a little difference in terms of the width of the phase function forward-scattering
peak is Ag_DLA_Df2.0_N74_1 compared to the other two aggregates. In brief, these
three aggregates present similar scattering properties as can be seen in Figure 2.12 for
superposed phase functions.
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(a) Ag_DLA_Df2.0_N74_2 (b) Ag_DLA_Df2.0_N74_3

Figure 2.11: Phase function of aggregates having the same fractal dimension D f = 2.0,
measurements (solid lines) and numerical simulations (dashed lines),
from Xmon = 0.17 to Xmon = 1.04.

Figure 2.12: Measurements (solid lines) and numerical simulations (dashed lines) of
the scattering phase function of three aggregates having the same fractal
dimension D f = 2, at different Xmon .

Based on the phase function, an important element that can be calculated is the
half-width at half-maximum (HWHM). Table 2.3 shows the evolution of HWHM of
the phase function of all aggregates at different Xmon . From Xmon = 0.35 to 1.04, at
each size parameter, there is a decrease of the width from the biggest to the smallest
fractal dimension which was the expected behavior because the forward-scattering
peak width is inversely proportional to the size of the object [79]. Thus, as the object
becomes smaller or at least its bounding sphere (from fluffy aggregates to compact
aggregates) becomes smaller, the forward-scattering peak becomes wider.

At Xmon = 0.17, width values for all aggregates are around an average of 55,5° for
measurements and 57,5° for simulations, which is mainly due to the size of wave-
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lengths compared to all the sizes of aggregates (small aggregates compared to the
wavelength, Rayleigh behavior).

Xmon / Ag_DLA Df2.8_N74 Df2.5_N74 Df2.0_N74_1 Df1.7_N74 Df1.5_N74
0.17 56 (54) 52 (56) 54 (58) 60 (58) 50 (54)
0.35 78 (80) 78 (80) 56 (56) 40 (42) 48 (46)
0.52 64 (62) 60 (58) 48 (46) 32 (32) 38 (36)
0.69 50 (46) 46 (46) 46 (44) 28 (26) 32 (32)
0.86 42 (40) 36 (36) 36 (34) 32 (32) 26 (30)
1.04 32 (32) 30 (30) 30 (28) 26 (26) 22 (28)

Xmon / Ag_DLA Df2.0_N74_1 Df2.0_N74_2 Df2.0_N74_3
0.17 54 (58) 64 (62) 54 (60)
0.35 56 (56) 58 (58) 56 (60)
0.52 48 (46) 40 (42) 42 (42)
0.69 46 (44) 34 (34) 36 (34)
0.86 36 (34) 28 (26) 30 (28)
1.04 30 (28) 24 (18) 26 (22)

Table 2.3: HWHM of phase function in degrees at different Xmon for different fractal
dimensions. Measured values (numerical values).

Figure 2.13: Example of measured (solid lines) and numerical (dashed lines) HWHM
of the phase function of Ag_DLA_Df2.5_N74.

Another analysis that can be done based on Table 2.3 is to study for each aggregate
how the width decreases at different Xmon , from 0.35 to 1.04. For example, Ag_DLA_-
Df2.8_N74 has a measured HWHM from 78° (numerical 80°) to 32° (numerical 32°).
All aggregates present this decrease because as wavelength get smaller, the size of the
object compared to the wavelength is bigger, and so the forward-scattering peak will
be narrowed. This effect is illustrated in Figure 2.13 for aggregate Ag_DLA_Df2.5_N74
comparing the numerical simulation and measurements and in Figure 2.14 comparing
all aggregates HWHM in terms of the inverse of aggregates size parameter, showing
the linearity of this behavior.
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Figure 2.14: Numerical HWHM of the phase function for all aggregates with their
corresponding inverse Xag g , from λ= 50 to 16.7 mm.

2.4.2.2 Degree of linear polarization

The degree of linear polarization (named in [117] as DOP, named herein DLP to be
more precise) of aggregates with average orientation of different D f are presented in
Figure 2.15 at different wavelengths or Xmon . Numerical simulations and measure-
ments of DLP are quantitatively compared with our comparison criterion. Similar
to the phase function, the RMSD IQR was calculated for the DLP as shown in Figure
2.16. In general, the levels of RMSD IQR for DLP are larger for all aggregates than for
the phase function. This is due to the sensitivity of DLP as it is the division of two
Mueller matrix elements. Additionally, Ag_DLA_Df2.8_N74 has more discrepancies
than other aggregates, arriving to levels of 0.5 which we think that might be caused by
its compactness. Indeed this aggregate is almost a sphere, thus it has a pseudo-sphere
behavior in which at large Xmon it produces multiple DLP oscillations contrary to
fluffier structures.

In general, all aggregates DLP in Figure 2.15 have a bell shape at Xmon = 0.17 and
Xmon = 0.35 because when Xmon << 1 (Rayleigh regime), e.g. Xmon = 0.17, our aggre-
gates are small compared to the wavelength and so the DLP has a maximum level of
1 without any depolarization as it is the case of a sphere in the Rayleigh regime. For
example, in Figure 2.15.a for Ag_DLA_Df2.8_N74 and in Figure 2.17.a for all aggregates,
the Mie simulation for a sphere with the same size as that of a monomer is presented
in gray line, showing a polarization at 1, thus no depolarization. On the contrary, as
monomer size parameter increases, different behaviors for each aggregate are shown.
For Ag_DLA_Df2.8_N74, from Xmon = 0.52 to Xmon = 1.04 there is the presence of
oscillations named as the pseudo-sphere behavior by [138]. These oscillations are also
shown for Ag_DLA_Df2.5_N74 but with lower depolarization. For D f = 2, Ag_DLA_-
Df2.0_N74_1, oscillations are enveloped by the bell-shape behavior having DLP peak
levels around 0.9 to 0.7. This phenomenon of Rayleigh-like behavior was also seen
by [136, 106, 137, 146], the main cause being the small size of constituent particles or
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monomers compared to the wavelength (subwavelength monomers). In this case all
Xmon < 1 except for 1.04 where the bell-shape is deformed. Yet, there is another phe-
nomenon that causes this Rayleigh-like behavior because all aggregates are composed
of the same monomer, thus this behavior should happen in all aggregates which is not
the case.

Indeed, as fractal dimension increases, coupling between monomers are going to
be more important and so we verified that, at D f > 2, there is coupling represented
on the phase function bumps named as multiple scattering by [157]. This effect
is also demonstrated with the DLP of Figure 2.17.b, where the polarization is not
only a contribution of the primary structure (monomer), but additionally there is
an effect of depolarization that we suggest is due to coupling between monomers.
Hence, among all aggregates, Ag_DLA_Df2.8_N74 presents the largest depolarization
and Ag_DLA_Df1.5_N74, the smallest. The Mie sphere simulation corresponding
to the monomer (gray line), does not present any depolarization. In other words,
the aggregates presenting a higher porosity (97.91% and 94.90%) will have higher
levels of DLP while the least porous ones (Ag_DLA_Df2.8_N74 and Ag_DLA_Df2.5_-
N74 with porosities of 25.88% and 54.78%, respectively) will have lower levels of DLP.
This behavior was also seen by the simulations of amorphous silicate aggregates
(refractive index of 1.689+0.0031i and 1.677+0.0044i at λ = 0.45µm and 0.65µm)
containing N = 2048 in [143], and it was related to different porosities (between 59% to
98%) using different types of aggregation, i.e. Ballistic Cluster Cluster Agglomeration
(BCCA), Ballistic Agglomeration (BA), Ballistic Agglomeration with 1 and 2 migrations
(BAM1 and BAM2).
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(a) Ag_DLA_Df2.8_N74 (b) Ag_DLA_Df2.5_N74

(c) Ag_DLA_Df2.0_N74_1 (d) Ag_DLA_Df1.7_N74

(e) Ag_DLA_Df1.5_N74

Figure 2.15: DLP of aggregates with different fractal dimensions, measurements (solid
lines) and numerical simulations (dashed lines), from Xmon = 0.17 to
Xmon = 1.04 (see the legend of Figure 2.8). Gray line in (a) is the Mie
simulation for a sphere with the same size as that of a monomer.
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Figure 2.16: Normalized root mean square deviations on the DLP plotted for all the
measured aggregates, taking their FEM numerical simulation as reference.
The gray line is a comparison of the Mie simulation versus FEM numerical
simulation with a sphere of 32.5mm in diameter.

(a) DLP at Xmon = 0.17 (b) DLP at Xmon = 1.04

Figure 2.17: FEM numerical simulations of normalized DLP of aggregates with differ-
ent fractal dimensions at Xmon = 0.17 and Xmon = 1.04. The gray line is a
Mie simulation for a sphere with the same size as that of a monomer.

The DLP was also analyzed for aggregates having the same fractal dimension, D f = 2
in Figure 2.18. Aggregates Ag_DLA_Df2.0_N74_1, Ag_DLA_Df2.0_N74_2 and Ag_DLA_-
Df2.0_N74_3 are superposed at two different Xmon in Figure 2.19. As can be seen, at
the same Xmon , all three aggregates have same levels and behaviors of DLP.
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(a) Ag_DLA_Df2.0_N74_2 (b) Ag_DLA_Df2.0_N74_3

Figure 2.18: DLP of aggregates having the same fractal dimension D f = 2.0, mea-
surements (solid lines) and numerical simulations (dashed lines), from
Xmon = 0.17 to Xmon = 1.04.

Figure 2.19: Measurements (solid lines) and numerical simulations (dashed lines) of
DLP of three aggregates having the same fractal dimension D f = 2 at
different Xmon .

Another analysis that can be made based on DLP of different aggregates is to identify
the angles where there is the maximum level of DLP at different Xmon for measure-
ments and numerical simulations (see Table 2.4). It is important to note that all values
have at least an uncertainty of 2° due to the angular sampling. The angles at maximum
DLP are proposed to be analyzed at each Xmon for the different fractal dimensions.
At Xmon = 0.17, all aggregates results for simulations and measurements have max-
imum DLP around 90°. However, at the other five size parameters, even if angles of
maximum DLP are not to far from 90°, there is a tendency: large fractal dimensions
(D f = 2.8 and 2.5) have maximum DLP located at large scattering angles while small
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fractal dimensions (D f = 1.5) have maximum DLP located at smaller scattering angles.
There is only one exception in which the maximum DLP of Ag_DLA_Df2.8_N74 has a
smaller angle at Xmon = 0.52 than Ag_DLA_Df1.5_N74. This later can be seen in Figure
2.15.a (cyan line) where this DLP curve is in a transition between Mie-like behavior
and a Rayleigh-like behavior giving this unusual scattering angle out of the expected
behavior. Based on literature, DLP is mainly affected by monomers [113, 109, 114] so
knowing that all the aggregates have the same monomer size and refractive index, the
only difference that rest between them is their monomer organization. Large fractal
dimensions (D f = 2.8 and 2.5) have monomers that are closer together while fluffy
aggregates (D f ≤ 2) have monomers that are farther from each other. The interaction
between monomers creates a coupling, as previously explained. Thus, since the only
difference between aggregates is their monomer positions we suppose that the dif-
ference of maximum levels of DLP (and corresponding scattering angle) from a big
fractal dimension compared to a small fractal dimension is due to coupling effects.
In other words, Ag_DLA_Df1.5_N74 has a DLP that is caused by monomers while
Ag_DLA_Df2.8_N74 has a DLP that is caused by monomers plus the coupling between
them, making the difference of angles between small and big fractal dimensions, and
the difference between the levels of depolarizations.

Xmon / Ag_DLA Df2.8_N74 Df2.5_N74 Df2.0_N74_1 Df1.7_N74 Df1.5_N74
0.17 92 (92) 90 (90) 88 (90) 88 (90) 86 (90)
0.35 104 (108) 96 (104) 92 (90) 88 (90) 88 (88)
0.52 62 (62) 124 (122) 92 (90) 88 (88) 88 (90)
0.69 102 (98) 90 (96) 90 (88) 90 (90) 78 (88)
0.86 124 (122) 106 (104) 100 (100) 86 (88) 90 (92)
1.04 102 (98) 90 (122) 94 (92) 92 (88) 92 (94)

Xmon / Ag_DLA Df2.0_N74_1 Df2.0_N74_2 Df2.0_N74_3
0.17 88 (90) 88 (90) 92 (90)
0.35 92 (90) 88 (90) 86 (90)
0.52 92 (90) 90 (92) 88 (90)
0.69 90 (88) 84 (84) 88 (90)
0.86 100 (100) 90 (96) 92 (98)
1.04 94 (92) 94 (92) 90 (100)

Table 2.4: Angles in degrees corresponding to the maximum DLP at different Xmon for
different fractal dimensions. Measured values (numerical values).

2.4.2.3 Conclusions

The main conclusions of our study of the phase function (Section 2.4.2.1) and the
degree of linear polarization (Section 2.4.2.2) for aggregates with average orientation
are:

1. The FEM numerical simulation and measurement results of the phase function
and DLP for all of our aggregates were consistent. Simulations and measure-
ments for both scattering parameters had similar behaviors and levels proving
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a cross-validation. Based on our comparison criterion, the phase function had
RMSD IQR ≤ 0.35 and for DLP, RMSD IQR ≤ 0.5.

2. All aggregates were generated and produced with the same refractive index,
monomer size and controlled geometry allowing to compare the phase func-
tion and DLP with constant parameters. Based on this, at Xmon = 0.17, the
phase function of all aggregates had the same shape of curve and level show-
ing a Rayleigh behavior at λ= 100 mm. This behavior was also proven by the
maximum DLP at the same wavelength presenting a value of ≈ 1 at 90° for all
aggregates.

3. The three aggregates having a D f = 2 presented a similar phase function and
DLP. Levels and curve behaviors of both parameters were very close, especially
between Ag_DLA_Df2.0_N74_2 and Ag_DLA_Df2.0_N74_3.

4. At Xmon << 1, the fractal dimension can be differentiated by the phase function
width, while at Xmon = 1 the differences of depolarization in DLP can provide a
notion of this fractal dimension.

5. HWHM of the phase function presented larger values for compact aggregates
and smaller values for fluffier aggregates, which is a normal effect based on the
diffraction theory.

6. The maximum DLP of porous aggregates has higher levels at the same wave-
length than for compact aggregates as was already shown in literature.

7. The maximum DLP presented a tendency: as the fractal dimension increased,
the value of the maximum was located at larger scattering angles, except at
Xmon = 0.52 for Ag_DLA_Df2.8_N74 and Ag_DLA_Df1.5_N74. We suggest that
this tendency is due to coupling effects between monomers since the only differ-
ence between aggregates is their monomers positions which create coupling.

It should be noted that in general, both scattering parameters, phase function
and DLP, present a lot of little oscillations due to the fact that measurements and
simulations are done for one object in multiple orientations and not with a size
distribution of particles that would minimize these oscillations. For this reason,
Section 2.4.3 is focused on the analysis of these two scattering parameters while
adding a size distribution.

2.4.2.4 Other scattering parameters

The aim of this section is to study other scattering properties based on Mueller matrix
elements < S22 >, < S44 > and < S34 > (Equation 2.3) in order to validate (or observe
other) scattering behaviors that were (or not) seen for the same aggregates with the
phase function and the DLP. These Mueller matrix elements are presented in literature
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with the normalization of the phase function giving three scattering parameters: <S22>
<S11>

related to non-sphericity [79, 158], <S44>
<S11> related to the degree of circular polarization

[79] and <S34>
<S11> related to the polarization at 45°. Note that with current observations

made with telescopes, it is possible to obtain polarimetric images of protoplanetary
disks, retrieving the phase function and the DLP of these optically thick disks [83]. Yet,
other scattering parameters are still not possible to be retrieved with observations.
Current developments to observe, for example, the degree of circular polarization are
being done at the Very Large Telescope [159]. Thus, the scattering parameters that are
presented in this section can be used for future comparisons with protoplanetary disk
observations.

As previously explained in Section 2.4, <S22>
<S11> is the only parameter for which the

inclusion of cross-polarized elements is necessary. Thus for this parameter, results
are only presented in terms of numerical simulations. Measurements with our mi-
crowave scattering experiment in CCRM can be performed to obtain the two Jones
cross-polarized elements, yet the time per measurement of aggregate would double
and there is a lower accuracy with these cross-polarized measurements. For this
reason, I chose to forget about measuring this cross-polarization and I preferred to
measure more samples. Thus <S22>

<S11> is the only parameter that is fully based on nu-

merical simulations. <S22>
<S11> is correlated with depolarization as explained in [138]. As

cross-polarization becomes more important, the phase function < S11 > increases
and < S12 > decreases, thus the ratio −<S12>

<S11> or DLP reduces. This is the case for irreg-
ular objects, contrary to a single sphere where cross-polarization does not happen.
Therefore, <S22>

<S11> gives information about the non-sphericity of an aggregate [160].

If <S22>
<S11> = 1 the object is spherical, and when <S22>

<S11> < 1 the object tends to be less
spherical.

Figure 2.20 presents <S22>
<S11> based on numerical simulations at different Xmon or

wavelengths. At Xmon = 0.17, all aggregates have <S22>
<S11> values around 1 all along

the scattering angles, which was expected because the aggregate size is very small
compared to the wavelength, so aggregates act like Rayleigh spheres. Yet, the difference
of this parameter between aggregates starts being visible at Xmon = 0.35. At Xmon =
1.04, the most compact aggregate Ag_DLA_Df2.8_N74, has the lowest <S22>

<S11> value of

0.88 while for the two least compact aggregates, D f = 1.7 and D f = 1.5, <S22>
<S11> values

are 0.73 and 0.78, respectively. Indeed, particles with smaller fractal dimensions are
less spherical while compact aggregates are more spherical having smaller levels of
cross-polarization and thus values of <S22>

<S11> closer to 1. This general behavior is seen for
all aggregates at Xmon = 0.35 (see Figure 2.21.a) where three groups can be identified:
the most fluffly aggregates with <S22>

<S11> values around 0.975, intermediate aggregates
with values around 0.990 and the most compact aggregate with values of 0.998. Yet,
for larger Xmon , this behavior fails for Ag_DLA_Df2.5_N74 for which <S22>

<S11> levels are
similar to the two most fluffy aggregates (see Figure 2.21.b). It is important to note that
this parameter was also studied for the three aggregates with same fractal dimension
D f = 2 having similar levels and behaviors at different Xmon , proving the similarity in
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(a) Ag_DLA_Df2.8_N74 (b) Ag_DLA_Df2.5_N74

(c) Ag_DLA_Df2.0_N74_1 (d) Ag_DLA_Df1.7_N74

(e) Ag_DLA_Df1.5_N74

Figure 2.20: FEM numerical simulations of < S22 > / < S11 > including co-polarized
and cross-polarized elements of the Jones matrix of aggregates with dif-
ferent fractal dimensions, from Xmon = 0.17 to Xmon = 1.04.
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(a) < S22 > / < S11 > at Xmon = 0.35 (b) < S22 > / < S11 > at Xmon = 0.52

Figure 2.21: FEM numerical simulations of < S22 > / < S11 > for aggregates with differ-
ent fractal dimensions at Xmon = 0.35 and Xmon = 0.52.

their non-sphericity. The lowest <S22>
<S11> values for the three are, at Xmon = 1.04, around

0.8 for Ag_DLA_Df2.0_N74_2 and Ag_DLA_Df2.0_N74_3 and around 0.84 for Ag_DLA_-
Df2.0_N74_1. Therefore, with our numerical simulations, we can effectively show the
sphericity of the aggregates based on <S22>

<S11> levels and behaviors.
Another Mueller matrix element is < S33 > which is equal to < S44 > (explained in

Section 2.4), and from now on we refer only to < S44 >. This element is measurable in
the anechoic chamber of CCRM because it only needs the co-polarized elements. The
ratio <S44>

<S11> is proportional to the degree of circular polarization-DCP [see Equation

14.5 in 79] and it is shown in Figure 2.22 for all aggregates. <S44>
<S11> for all aggregates

present a Rayleigh behavior at Xmon = 0.17 having values around 1 at forward scat-
tering angles up to 60° and smoothly decreasing toward −1 at backscattering angles.
Behaviors of <S44>

<S11> at larger monomer size parameters, Xmon > 0.17, depend on each

aggregate (or D f ). <S44>
<S11> of compact aggregates have important oscillations that in-

creases with Xmon . On the contrary, <S44>
<S11> of aggregates with D f ≤ 2 present almost

no oscillations and only larger differences are seen at backscattering angles.
Additionally, <S34>

<S11> shown in Figure 2.23 was measured and numerically simulated
for all aggregates. At Xmon = 0.17, there is again an evidence of the Rayleigh behavior
[85]. At this size parameter, <S34>

<S11> of all aggregates have values very close to zero all
along the scattering angles. For larger Xmon , compact aggregates, i.e., Ag_DLA_Df2.8_-
N74 and Ag_DLA_Df2.5_N74, present <S34>

<S11> with amplitudes of oscillations that are

more important at middle scattering angles. In contrast, <S34>
<S11> of fluffy aggregates

show small oscillations around ±0.2.
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2.4.2.5 Conclusions

To conclude, these three scattering parameters <S22>
<S11> , <S44>

<S11> , and <S34>
<S11> highlight some

conclusions that were already seen with the phase function and the DLP: i) numerical
simulations and measurements are consistent, ii) aggregates with D f = 2 have similar
scattering properties, iii) at Xmon = 0.17, scattering parameters of all aggregates have a
Rayleigh behavior and iv) important differences within each scattering parameter can
be seen at larger Xmon for different D f . Additionally, <S44>

<S11> and <S34>
<S11> have obvious

different behaviors at Xmon > 0.17 between compact aggregates (D f > 2) and fluffy
aggregates (D f ≤ 2). Compact aggregate curves have more oscillations while fluffy
aggregate curves follow the Rayleigh behavior. Thus, these two parameters can give
a notion if the aggregate has a fractal dimension smaller or bigger than 2. This latter
is due to the behavior of the Mie sphere that compact aggregates have on these
scattering parameters, as was already observed for DLP. Regarding <S22>

<S11> , there are
more visible differences between one dimension to another, differentiating all five
fractal dimensions in three groups at Xmon = 0.35, yet at other values of Xmon this
distinction cannot be done because <S22>

<S11> of aggregate Ag_DLA_Df2.5_N74 acts as a
fluffy aggregate.

In sum, scattering parameters <S44>
<S11> and <S34>

<S11> validate the scattering behaviors
that were already seen with the phase function and DLP for these aggregates. These
four scattering parameters are able to be obtained with the microwave scattering
experiment at the CCRM anechoic chamber . Instead, <S22>

<S11> can give extra an infor-
mation to identify between fluffy aggregates, intermediate aggregates and compact
aggregates at Xmon = 0.35, but this parameter is more difficult to be measured and
doubles the measurement time with our scattering experiment. Today telescopes
can obtain polarimetric images, where phase function and DLP can be retrieved, as
was previously mentioned. Therefore, with our measurements we can calculate the
scattering parameters that can be obtained with telescopes. Being able to retrieve
other scattering parameters, i.e <S22>

<S11> , <S44>
<S11> , and <S34>

<S11> , with our scattering experiment
or numerical simulations is an advantage and may only be used for possible future
comparisons with observations.

All these scattering parameters analyzed in Section 2.4.2 provide different or/and
complementary information about the morphology of the aggregates, yet in order to
do a complete analogy of protoplanetary dust a size distribution must be included as
it is going to be shown in the following section.
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(a) Ag_DLA_Df2.8_N74 (b) Ag_DLA_Df2.5_N74

(c) Ag_DLA_Df2.0_N74_1 (d) Ag_DLA_Df1.7_N74

(e) Ag_DLA_Df1.5_N74

Figure 2.22: < S44 > / < S11 > of aggregates with different fractal dimensions. Mea-
surements (solid lines) and numerical simulations (dashed lines), from
Xmon = 0.17 to Xmon = 1.04.
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(a) Ag_DLA_Df2.8_N74 (b) Ag_DLA_Df2.5_N74

(c) Ag_DLA_Df2.0_N74_1 (d) Ag_DLA_Df1.7_N74

(e) Ag_DLA_Df1.5_N74

Figure 2.23: < S34 > / < S11 > of aggregates with different fractal dimensions. Mea-
surements (solid lines) and numerical simulations (dashed lines), from
Xmon = 0.17 to Xmon = 1.04.

135



2 Fractal aggregates – 2.4 Scattering properties of fractal-like aggregates

2.4.3 Aggregates with average orientation and size distribution
effect

2.4.3.1 Probability distribution

Based on [52] and described in Section 1.2.3, we suppose protoplanetary dust sizes
between 0.1µm to 10µm when considering optical and NIR data. This means that
these particles cannot efficiently emit in the millimeter band. Even so, there are
images of protoplanetary disks in ALMA band 3, λ= 2.6mm to 3.6mm, (see example
of disk HL Tau observed in the ALMA Long Baseline Campaign [161]), implying the
presence of dust sizes of orders of millimeters. However, dust of millimeter sizes
are bad emitters at NIR and optical wavelengths, when considering a power law size
distribution of index −3.5 [57] which gives more weigh to small particles. Therefore,
if we are interested in NIR wavelengths, with this size distribution, the dust size we
should take into account is between 0.1µm to 10µm, corresponding to size parameters
of Xmi n = 0.25 to Xmax = 62.83 (see Table 1.2).

During my PhD, size distribution was not directly applied to the radius but to the size
parameter Xmon because we conserve the same aggregate but measured it at different
wavelengths, i.e., the size of the monomer and aggregate changes compared to the
wavelength. Thus, we have a population of 16 different monomer size parameters
thanks to 16 wavelengths that were used for scattering measurements and simulations.
With these measurements and simulations in multi-wavelengths, we can simulate
a distribution of size written as X −3.5

mon . Note that this simulation of size distribution
scales the size of the monomer and whole aggregate, letting fixed the number of
monomers and creating a population of homothetic aggregates. Thus we are applying
an artificial size distribution that is called hereafter size distribution effect.

In order to do the microwave analogy and have the same scattering behavior as
protoplanetary dust, we need to have the closest Xmi n of the protoplanetary dust
population that we suppose. This Xmi n is of 0.25. We can achieve a similar value, when
our simulations and measurements start at λ = 60 (5GHz), obtaining Xmon = 0.29.
Then the maximum protoplanetary size parameter Xmax = 62.83 cannot be achieved
by our analogs since the maximum that we have is Xmon = 1.04. Yet, with this size
distribution effect, the probability of finding Xmon = 1.04 is of 0.07 (see probability of
distribution in Equation 2.5), thus larger parameter sizes can be neglected because
they are less likely to be present.

P (X ) = X −ns
mon

X −ns+1
max −X −ns+1

mi n
−ns+1

, (2.5)

where ns is the index of the power law.
The same scattering parameters as the previous section were obtained including

this size distribution effect X −3.5
mon . Additionally, to have a complete analysis on how

the index affects these scattering parameters, two more power law distributions with
different indices were studied. Knowing that the supposed index is ns = 3.5, we
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decided to analyze the same scattering parameters at a lower and larger ns , 2 and 5
(see Figure 2.24). The reason behind this decision is that a power law of ns = 3.5 is a
supposition not a certainty, hence different authors have been studying the scattering
behavior at different indices. For example in [156], it was shown that size distribution
(1 < ns < 4) has a stronger impact on scattering behavior than the particle morphology.
Therefore, the idea of this section is to give at the end some clues on which index
and aggregate can give closer scattering behaviors directly comparable with other
scattering laboratory results, numerical results and one circumstellar disk (see Section
2.4.4).

Figure 2.24: Probability distribution on the size parameter Xmon , from 0.29 to 1.04,
with three different indices (see legend)

2.4.3.2 Phase function

After applying this size distribution effect of the three chosen indices, the scattering
parameters were obtained. The phase function of all five aggregates corresponding to
five different D f is shown in Figure 2.25. Two main behaviors of the phase function
are observed depending on the size distribution index. First, at ns = 2, the forward
scattering peak of the phase function of all aggregates presents a narrower HWHM
compared to the other two phase functions obtained at larger ns . There is a tendency
that can be seen in Table 2.5, as ns decreases from 5 to 2, the HWHM of the phase
functions of all aggregates decreases. This behavior is due to fact that power law
distributions with smaller ns , i.e. 2, give more weight to larger Xmon and thus larger
aggregate sizes. Therefore, as the size of the aggregate increases, the forward scattering
peak narrows. Furthermore, it can be seen in Table 2.5 that for all three ns , as the
fractal dimension decreases, HWHM decreases too. Again, this is due to fact that
large D f , corresponding to compact aggregates, presents a smaller bounding sphere,
compared to small D f , which enlarges the forward scattering peak. The second
observed behavior of the phase function is the enhancement of the backscattering,
which is more important with ns = 2 and ns = 3.5 and decreases for ns = 5. At all three
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indices, from D f = 2.8 to D f = 2.5, the backscattering increases, and from D f = 2.5
to D f = 1.5, backscattering decreases. Thus, the fractal dimension with the most
important enhancement is D f = 2.5.

Comparing these phase functions with phase functions of previous section (without
the size distribution effect see Figure 2.8 or see Figure 2.25.a curves named NSDE),
several differences can be noted. First, characteristic bumps of phase functions of
compact aggregates have disappeared (in Figure 2.25.a in brown line representing Ag_-
DLA_Df2.8_N74 NDSE). As can be seen, all aggregates present smooth phase function
curves when applying this size distribution effect. This latter was expected because
applying this size distribution effect is averaging different sizes of the same aggregate
thus averaging Rayleigh phase function behaviors of small Xmon with Mie behaviors
of large Xmon . Moreover, little oscillations that were observed for porous aggregates
without the size distribution (see Figure 2.25.a, gray line representing Ag_DLA_Df1.5_-
N74 NDSE) also disappear with the size distribution effect because of the average.
In brief, the size distribution effect smooths the phase functions of all aggregates.
Second, the levels of the phase function in Figure 2.25 are organized from the most
compact aggregate to the least compact. This levels are related to cross-sections thus,
when the bounding radius of the aggregate is larger, then there will be larger scattered
intensities. This behavior was also seen for aggregates without the size distribution
effect. Nonetheless, one should apply caution in the interpretation of the scattered
light from aggregates with different numbers of monomers since this changes the
bounding radius and therefore it can be possible to find larger HWHM phase functions
of compact aggregates with larger number of monomers than porous aggregates with
smaller number of monomers. Hence, the level of the forward scattering peak of the
phase function and its HWHM are not good parameters to identify from a porous
aggregate to a compact aggregate when having aggregates with different numbers of
monomers.
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(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 2.25: Phase function of aggregates with average orientation and with power law
distributions of different ns , measurements (solid lines) and numerical
simulations (dashed lines). Figure (a) also presents the phase function
of the most compact aggregate at Xmon = 1.04 (in brown) and most fluffy
aggregate at Xmon = 0.86 (in gray) with No Size Distribution Effect (NSDE).

Being able to compare scattering measurements of aggregates wavelength by wave-
length and then adding this size distribution effect is an advantage of our scattering
experiment in CCRM. For example, if the index of the power law distribution need to
be changed in the future, then data obtained with measurements and simulations do
not need to change, the only change is on the index ns to re-calculate the scattering
parameter of interest.

139



2 Fractal aggregates – 2.4 Scattering properties of fractal-like aggregates

ns / Ag_DLA Df2.8_N74 Df2.5_N74 Df2.0_N74_1 Df1.7_N74 Df1.5_N74
2 48 (46) 46 (42) 42 (36) 34 (28) 30 (30)

3.5 54 (52) 52 (48) 44 (40) 36 (30) 32 (32)
5 58 (58) 56 (54) 50 (42) 40 (32) 36 (34)

ns / Ag_DLA Df2.0_N74_1 Df2.0_N74_2 Df2.0_N74_3
2 42 (36) 36(30) 38(32)

3.5 44 (40) 40(34) 42(34)
5 50 (42) 46(40) 48(40)

Table 2.5: HWHM of phase function of aggregates with average orientation and with
power law distributions of different ns . Measured values (numerical values),
both in degrees.

2.4.3.3 Degree of linear polarization

Figure 2.26 presents the degree of linear polarization of our aggregates. As can be seen,
DLP curves present smoother behaviors compared to DLP of aggregates with only
average orientation (see Figure 2.26.a with curves named NSDE). This smoothness is
caused by the supplementary average of the size distribution effect as was also seen
for the phase function curves.

One important characteristic of DLP is its maximum DLP levels. Compact aggre-
gates, Ag_DLA_Df2.8_N74 and Ag_DLA_Df2.5_N74, present lower maximum DLP
levels for the three chosen ns . On the other hand, aggregates with D f ≤ 2 have super-
posed bell curves with similar maximum levels. This effect of D f on the maximum DLP
was also observed for DLP of aggregates with only average orientation (see Section
2.4.2.2). This latter showed that a bigger depolarization is due to coupling between
monomers which decreases the maximum DLP levels of compact aggregates.

As ns increases from 2 to 5, maximum levels of DLP increases for all aggregates
as presented in Table 2.6, which is normal due to the important weight given to
small Xmon , thus a tendency of Rayleigh behavior. Moreover, at each ns , as fractal
dimension decreases from D f = 2.8 to D f = 1.5, maximum levels increase. In general,
maximum levels of DLP correspond to scattering angles between 90° for D f ≤ 2 to 100°
for D f > 2. This movement of scattering angles, corresponding to the maximum DLP
and depending on D f , was also showed for maximum DLP of aggregates with average
orientation (see Table 2.4) but with more differences between scattering angles from
one D f to another.

Note that maximum levels of DLP and its corresponding scattering angles are re-
lated to the global structure (spherical or not spherical) of the aggregate but also to
internal coupling (between monomers of a same aggregate). Spherical aggregates or
compact aggregates depolarize less (as a sphere does) than fluffy aggregates, yet as
compact aggregates have monomers that are assembled closer together, coupling is
more important. Therefore the final depolarization increases for compact aggregates,
presenting the lowest maximum levels of DLP among all aggregates. On the contrary,
fluffy aggregates depolarize more because its level of sphericity decreases. However,
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the coupling between monomers of fluffy aggregates is smaller than for compact ag-
gregates, thus the sum of these two phenomenons (non sphericity + smaller coupling)
creates a smaller depolarization compared to compact aggregates, and therefore pre-
senting larger maximum levels. For this reason, even if the number of monomers is
different from one compact aggregate to a fluffy aggregate (example that can happen
in nature) their general structure (sphericity) and coupling might stay the same. Thus,
based on DLP, we can differentiate between compact and fluffy aggregates without
being affected by the number of monomers, contrary to the phase function. This is of
high importance at the moment of choosing one scattering parameter that is more
sensitive to distinguish between aggregates of different D f without fixed number of
monomers.

(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 2.26: DLP of aggregates with average orientation and with power law distri-
butions of different ns , measurements (solid lines) and numerical sim-
ulations (dashed lines). Figure (a) also presents DLP of the most com-
pact aggregate at Xmon = 1.04 (in brown) and most fluffy aggregate at
Xmon = 0.86 (in gray) with No Size Distribution Effect (NSDE).
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Finally, another observed characteristic of DLP is the negative polarization branch
in the backscattering. This branch seen in Figure 2.26 is more prominent for Ag_DLA_-
Df2.8_N74 compared to other aggregates, arriving to levels of −0.3 with ns = 2 to levels
of −0.05 with ns = 5. Levels of negative polarization branches for other aggregates are
always at similar values between 0 to −0.1.

ns / Ag_DLA Df2.8_N74 Df2.5_N74 Df2.0_N74_1 Df1.7_N74 Df1.5_N74
2 0.21 (0.15) 0.67 (0.65) 0.80 (0.80) 0.81 (0.82) 0.86 (0.84)

3.5 0.38 (0.29) 0.73 (0.71) 0.85 (0.85) 0.84 (0.86) 0.87 (0.88)
5 0.59 (0.51) 0.83 (0.81) 0.90 (0.91) 0.88 (0.90) 0.90 (0.92)

ns / Ag_DLA Df2.0_N74_1 Df2.0_N74_2 Df2.0_N74_3
2 0.80 (0.80) 0.80 (0.80) 0.84 (0.86)

3.5 0.85 (0.85) 0.85 (0.88) 0.87 (0.89)
5 0.90 (0.91) 0.89 (0.91) 0.91 (0.92)

Table 2.6: Levels of maximum DLP of aggregates with average orientation and with
power law distributions of different ns . Measured values (numerical values).

2.4.3.4 Other scattering parameters

Parameter <S22>
<S11> is presented in Figure 2.27. As can be seen, levels of <S22>

<S11> are larger
with ns = 2 for all aggregates compared to ns = 3.5 and ns = 5. This latter is expected
due to the weight given to small size aggregates at ns = 5, thus aggregates are smaller
compared to the wavelength and so they act as Rayleigh spheres. Remember that
when <S22>

<S11> is closer to 1, it means the scattered object is more spherical. For ns = 2
and ns = 3.5, two groups of aggregates can be differentiated, one group being the most
compact aggregate Ag_DLA_Df2.8_N74 with values of <S22>

<S11> closer to 1 and the other
group being the rest of the aggregates, thus less spherical. For ns = 5, three groups can
be differentiated: the first group with the most compact aggregate Ag_DLA_Df2.8_N74
with <S22>

<S11> levels of approximately 1, the second group with aggregates of D f = 2.5
and 2.0 and levels around 0.95, and the last group with aggregates of D f = 1.7 and 1.5
and levels around 0.93. In short, with an index of 5 it is easier to identify aggregates
of different fractal dimensions, yet the other two indices differentiate from the most
compact D f = 2.8 to the rest of fractal dimensions. This scattering parameter, that
is related to sphericity, can be helpful at the moment of identifying aggregates of
different D f together with DLP. Finally, when comparing curves of this parameter with

ot without the size distribution effect, curves of <S22>
<S11> with the size distribution are

smoother. This effect is also seen for the following two scattering parameters <S44>
<S11>

and <S34>
<S11> .
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(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 2.27: < S22 > / < S11 > of aggregates with average orientation and with power
law distributions of different ns based on numerical simulations (dashed
lines).

Parameter <S44>
<S11> is presented in Figure 2.28. For all three indices, aggregates with

D f ≤ 2 have the same Rayleigh behavior superposing all three curves. In the case
of the two most compact aggregates, Ag_DLA_Df2.8_N74 and Ag_DLA_Df2.5_N74,
differences of the curve shape between them and between the rest of aggregates are
visible for all three ns , specially at ns = 2 where a characteristic bump for Ag_DLA_-
Df2.8_N74 is present at 134°. This bump is also shown for other two ns at the same
scattering angle but with lower levels. Thus, this scattering parameter allows to make a
difference between fluffy (Rayleigh behavior) and compact (Mie behavior) aggregates
but also within compact aggregates like it was the case for DLP. Thus this parameter
only validates the same scattering information already seen with DLP.
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(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 2.28: < S44 > / < S11 > of aggregates with average orientation and with power
law distributions of different ns , measurements (solid lines) and numeri-
cal simulations (dashed lines).

Parameter <S34>
<S11> shown in Figure 2.29, presents two main behaviors for aggregates

with all three indices. The first behavior is related with compact aggregates where a
positive and negative oscillation of ±0.2 is shown, being positive for scattering angles
up to 120° and negative for backscattering angles. The second behavior is related to
aggregates with D f ≤ 2, where <S34>

<S11> values are around zero at all scattering angles.
Even if these two behaviors are seen for all three indices, in general, oscillations are
smoother and have smaller amplitudes when increasing index from ns = 2 to ns = 5
because weight is given to small aggregates thus Mie oscillations decrease. Using this
scattering parameter allows us to differentiate between compact aggregates and fluffy
aggregates, thus it does not add any extra information about the scattering behaviors
compared to previous parameters.
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(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 2.29: < S34 > / < S11 > of aggregates with average orientation and with power
law distributions of different ns , measurements (solid lines) and numeri-
cal simulations (dashed lines).

2.4.3.5 Conclusions

In conclusion, we were able to compare scattering parameters of aggregates with
and without the inclusion of the size distribution effect. Actually, since we have the
individual measurements, analog by analog, and at different wavelengths, this gives
us the possibility of constructing any distribution we want, which is an advantage of
our scattering measurements and numerical simulations.

When comparing these scattering parameters without a size distribution effect and
with the size distribution effect at ns = 3.5 (used for protoplanetary dust), we observed
that the smoothness of curves increases for all scattering parameters when applying
the size distribution. This was expected since the size distribution is averaging even
more the scattering parameters. Having these parameters without size distribution
effect allowed us to understand which were the phenomena behind to obtain the
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final scattering parameters including the effect of distribution. Note that this cannot
be done when measuring a population of aggregates in a jet stream with light scat-
tering technique because as a population, particles have already a determined size
distribution and they do not have access to the individual measurements aggregate by
aggregate.

Furthermore, all these scattering parameters can give complementary or validate
information about the morphology of the aggregate, differentiating compact from
fluffy aggregates. For example DLP showed how fluffy aggregates (D f ≤ 2) tend to have
more a Rayleigh-like behavior while compact aggregates (D f > 2) present a Mie-like
behavior (residual oscillations of Mie after applying the size distribution). This was
validated by <S44>

<S11> and <S34>
<S11> .

Moreover, the difference between fractal dimensions of fixed number of monomers
can be identified with: i) the HWHM and backscattering enhancement of the phase
function, ii) maximum level of DLP and negative polarization branch, iii) the levels of
<S22>
<S11> , iv) the smoothness of curve <S44>

<S11> , and v) the oscillation or flatness around zero

of curve <S34>
<S11> . However, if the number of monomers is not fixed, which is the case in

nature, i.e., with protoplanetary dust, from all these scattering parameters, DLP, levels
of maximum DLP and its corresponding scattering angle can differentiate from porous
aggregates to compact aggregates even if the number of monomers changes because
the effect of depolarization is completely related to the morphology (sphericity) and
coupling. DLP can be analyzed together with <S22>

<S11> that is a scattering parameter
directly related to sphericity.

To conclude which of the three indices of the power law size distribution is more
adequate, a direct comparison with other laboratory scattering measurements of
aggregates, numerical simulations of protoplanetary disks and observations of one
circumstellar disk are proposed in the following section.

2.4.4 Direct comparison of scattering parameters found in the
literature

After obtaining different scattering parameters which showed an excellent agreement
between measurements and numerical simulations, direct comparisons with scatter-
ing parameters of aggregates with similar conditions found in different papers are
made. Three types of comparisons are presented: with laboratory measurements, with
numerical simulations and with observations of one circumstellar disk. Remember
that in this PhD study we cannot make direct comparisons with protoplanetary disk
images because, to create the synthetic images based on our Mueller matrix elements,
a radiative transfer code needs to be used which is out of the limits of this study. This
will be for future works.

146



2 Fractal aggregates – 2.4 Scattering properties of fractal-like aggregates

2.4.4.1 Laboratory measurements

In [106] phase functions for cosmic dust analog aggregates (Xag g ≈ 5) are retrieved and
measured with light scattering technique. Samples 3 and 4 made of magnesiosilica
have similar refractive index and size parameter to our aggregates (see Figure 2.30).
These two samples have similar phase function shapes to Ag_DLA_Df1.7_N74 and
Ag_DLA_Df1.5_N74 with size distribution effect of ns = 2. Yet, there is a difference at
small scattering angles around 5°.

Moreover, DLP shown in [106] presents maximum DLP levels of 0.8 for both samples
which is also the case for aggregates Ag_DLA_Df1.7_N74 and Ag_DLA_Df1.5_N74 with
ns = 2 (see Figure 2.31), yet negative polarization branch values are larger for our
aggregates (between −0.07 to −0.08 while in [106] values are around −0.02).

Additionally, general behavior and values of parameter <S22>
<S11> are also consistent

with our results for the same two aggregates at ns = 2, having values around 0.85 and
0.9 as shown herein (see Figure 2.32).

(a) Phase functions taken from [106] (b) Our phase functions

Figure 2.30: Laboratory scattering measurements comparison of the phase function.
(a) Phase function of samples 3 and 4 [see Figure 7 in 106], (b) phase
function of our aggregates Ag_DLA_Df1.7_N74 and Ag_DLA_Df1.5_N74
with power law distribution effect of ns = 2 for measurements (solid lines)
and numerical simulations (dashed lines).
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(a) DLP taken from [106] (b) Our DLP

Figure 2.31: Laboratory scattering measurements comparison of the DLP. (a) DLP of
samples 3 and 4 [see Figure 7 in 106], (b) DLP of our aggregates Ag_DLA_-
Df1.7_N74 and Ag_DLA_Df1.5_N74 with power law distribution effect of
ns = 2 for measurements (solid lines) and numerical simulations (dashed
lines).

(a) < S22 > / < S11 > taken from [106] (b) Our < S22 > / < S11 >

Figure 2.32: Laboratory scattering measurements comparison of < S22 > / < S11 >. (a)
< S22 > / < S11 > of samples 3 and 4 [see Figure 7 in 106], (b) < S22 > / <
S11 > of our aggregates Ag_DLA_Df1.7_N74 and Ag_DLA_Df1.5_N74 with
power law distribution effect of ns = 2 for measurements (solid lines) and
numerical simulations (dashed lines).

2.4.4.2 Numerical simulations

In [137] DDA simulations are performed for compact dust aggregates of protoplanetary
disks where phase functions of aggregates with Xag g ≈ 2.28 (calculated with rv =
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0.2µm in [137] which is the radius of a sphere with the same material volume) have
similarities with phase function of Ag_DLA_Df2.8_N74 with a size distribution effect
of ns = 2 (see Figure 2.33). These similarities are the shape and the levels of the phase
function. The main cause for the existence of these similarities is the size parameter,
indeed, in [137] Xag g ≈ 2.28 and for our aggregate Xag g = 1.62 (which is the Xag g with
the highest weight of the distribution), both presenting values that are close.

On the contrary, DLP in [137] for rv = 0.2µm is not similar to our aggregate DLP. DLP
in [137] has a higher maximum level of 0.55 compared to DLP of Ag_DLA_Df2.8_N74
which has a level of 0.21 for our measurements and 0.15 for our numerical simulations
(see Figure 2.34). Additionally, DLP for aggregate Ag_DLA_Df2.8_N74 presents a
prominent negative polarization branch which is not the case in [137], thus there is
no resemblance in terms of DLP. The explanation behind this DLP difference is their
shapes: our aggregate is more spherical, thus average Mie oscillations that produce a
smaller DLP maximum and larger negative polarization branch.

(a) Phase functions taken from [137] (b) Our phase function

Figure 2.33: Numerical scattering comparison of the phase function. (a) Phase func-
tion of samples rv = 0.2 [see Figure 4 in 137], (b) phase function of our
aggregate Ag_DLA_Df2.8_N74 with power law distribution effect of ns = 2
for measurements (solid lines) and numerical simulations (dashed lines).
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(a) DLP taken from [137] (b) Our DLP

Figure 2.34: Numerical scattering comparison of the DLP. (a) DLP of sample rv = 0.2
[see Figure 7 in 137], (b) DLP of our aggregate Ag_DLA_Df2.8_N74 with
power law distribution effect of ns = 2 for measurements (solid lines) and
numerical simulations (dashed lines).

Additionally, in [146] simulations of aggregates with T-matrix method presented
similar phase function shapes for 3 aggregate models (model 1, 2 and 3) with similar
refractive index to our aggregates. Phase function shapes resemble our aggregates
phase functions of Ag_DLA_Df2.8_N74, Ag_DLA_Df2.5_N74 and Ag_DLA_Df2.0_N74_-
1 (mostly Ag_DLA_Df2.0_N74_1 to model 1) with a size distribution effect of ns = 5.
Yet, phase function levels are larger for our aggregates compared to [146] because of
the difference in size parameter (see Figure 2.35). In our case at ns = 5, the weight of
the size distribution is more important for small particles, which means, aggregates
measured/simulated at large wavelengths. The largest wavelength for our distribution
is λ= 60mm, thus our aggregates have size parameters between Xag g = 1.62 to 2.75
while in [146] the size parameter is Xag g = 1.18 and 1.7. This difference leads to an
order of difference between our phase function levels and the ones presented in [146].

In the case of DLP in [146], maximum levels are around 1. This is not the case for
any of our aggregates with all three indices. Additionally, no negative polarization
branch was indicated in [146] which is also not the case for all our aggregates with
all three indices (as can be seen for example for ns = 3.5 in Figure 2.36). The reason
behind this DLP difference is that in [146] monomer radius ranges, in their power-
law distribution, from 0.01 to 0.031, leading to Xmon = 0.1−0.35, while in our case,
monomer size parameter is Xmon = 0.3−1.04. Therefore, in our case as monomers
are bigger compared to the wavelength then coupling is more important, producing
larger depolarizations and thus smaller levels of DLP. Hence, the similarities of phase
function shapes (previous paragraph) and differences of maximum DLP levels are
consistent with their similarities and differences of Xag g and Xmon .
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(a) Phase functions taken from [146] (b) Our phase function

Figure 2.35: Numerical scattering comparison of the phase function. (a) Phase func-
tion of models 1, 2 and 3 [see Figure 8 in 146], (b) phase functions of our
aggregates with power law distribution effect of ns = 5 for measurements
(solid lines) and numerical simulations (dashed lines).

(a) Phase functions taken from [146] (b) Our phase function

Figure 2.36: Numerical scattering comparison of DLP. (a) DLP of models 1, 2 and 3 [see
Figure 8 in 146], (b) DLP of our aggregates with power law distribution ef-
fect of ns = 3.5 for measurements (solid lines) and numerical simulations
(dashed lines).

2.4.4.3 Observations

Finally, observations of circumstellar disk HR4796A in [78], present a phase function
with a very prominent forward scattering peak for scattering angles below 30° and
then the phase function slowly increases from 40° to 166.6°, presenting an important
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backscattering (see Figure 2.37). When comparing the phase function of our aggre-
gates with the phase function of disk HR4796A, neither the forward peak nor the levels
of the backscattering enhancement match, even when comparing with the narrowest
aggregates phase functions obtained at ns = 2. To obtain these two behaviors with our
measurements, first, the size parameter of the aggregates need to be in the geomet-
rical scattering so then the forward peak would be narrowed, as shown in [107] and
compared with the debris disk Fomalhaut. And second, inclusions of materials with
higher refractive index as hematite m = 3+0.01i could also increase the backscattering
enhancement shown in [98]. However, open questions are raised, as for example, is
hematite sufficiently abundant in circumstellar disks to be considered? One approach,
that can be made based on the abundances that are known today for protoplanetary
dust, is to consider silicates with inclusions of amorphous carbon which is the second
most abundant dust species after silicates. I suggest to explore these two possibilities,
X and refractive index, for future fabrications of dust analogs.

(a) Phase function taken from [78] (b) Our phase function

Figure 2.37: Observational scattering comparison of phase function normalized at
90°. (a) Phase function of disk HR4796A [see Figure 17 in 78], (b) phase
function of our aggregates with power law distribution effect of ns = 2 for
measurements (solid lines) and numerical simulations (dashed lines).

2.4.4.4 Conclusions

In summary, based on the presented comparisons with laboratory scattering mea-
surements and numerical scattering simulations, similarities and differences found
for the different scattering parameters are consistent with the refractive index and
size parameter of our aggregates and the ones found in literature. Furthermore, the
indices of the size distribution effect that better work are ns = 2 and ns = 5. However,
none of the three indices match when doing the comparison with our phase functions
and the one of circumstellar disk HR4796A. To be able to conclude if the index that is
being supposed for dust in debris disk is correct, first the size parameter of aggregates
needs to increase at orders of Xag g = 100 [107] to be in the geometrical scattering
which can be achieved with our microwave scattering experiment in CCRM (see Table
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1.3). Second, the refractive index should increase at orders of m = 3+0.01i [98] which
is a value coherent with the bibliographical material study (see Section 1.7.2) and
possible to be 3D printed using additive manufacturing processes. This will produce
phase functions that resemble to the phase functions of circumstellar disks (in this
case debris disks), leading to possible conclusions on the power-law index that is used
for dust.

2.5 Estimation of fractal dimension
Models of grain growth in protoplanetary disk have considered compact particles for
simplicity but this produces growth barriers, i.e., shattering of dust or moving all dust
to the star (explained in Section 1.2.3.2). In terms of scattering, this is as considering
that these dusts are Mie spheres which is the classic approach. Nonetheless due to the
different growth barriers, some authors proposed to use the Distribution of Hollow
Spheres [6]. This latter gave better results than Mie spheres, yet it was still an approxi-
mation and scattering observations of disks suggested the presence of aggregates [78],
leading to calculations of optical properties of aggregates in protoplanetary disks [137].
Based on this, the understanding of scattering properties of analogs of protoplanetary
aggregates is of utmost importance. One important characteristic of fractal aggregates
is the fractal dimension (D f ) defined in Section 2.2 and related to the morphology of
the aggregate, i.e., its compactness or porosity. This characteristic can be estimated
based on the scattered intensity (phase function) of aggregates. Hence, the purpose of
this section is to determine the fractal dimension of our aggregates with their scattered
intensities obtained with our microwave laboratory experiment and numerical simu-
lations. The obtention of D f with our scattered intensities will provide information
to the IPAG group, that is in charge of observations of edge-on protoplanetary disks
(disks that are oriented offering a vertical structure, for an example see Figure 1.6),
to relate their scattering observations with our analog scattering measurements and
thus relate them with the fractal dimension. Therefore this will help to understand
how aggregates with different D f are vertically settled in protoplanetary disks.

2.5.1 D f estimation methods
Our aggregates were generated with a theoretical D f , and we want to know if we can
obtain their morphological characteristic D f just with the scattering information. D f

can be estimated based on the scattered intensity averaged over all orientations of
the aggregate (for our measurements in terms of the Mueller matrix is S11 or phase
function). In [162], it is shown that the normalized scattered intensity represented in
terms of q (called q-space) is equal to the structure factor S(q) and this structure factor
(see Equation 2.6 that is equal to the normalized phase function) carries information
on the structure of the aggregate,
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S(q) = N−2S11(q) = S11(q)

S11(q = 0)
, (2.6)

where q = 2k sin(θ/2) for an elastic scattering, k is the wave number and N is the
number of monomers.

2.5.1.1 Fractal zone definition

When S(q) is plotted, three different zones can be identified based on its asymptotic
behavior (see Figure 2.38):

Figure 2.38: Structure factor in terms of q with its three corresponding zones.

1. Guinier zone: when q < 1/Rg , Rg being the radius of gyration. This zone depends
on the overall size of the aggregate.

2. Fractal zone (or power-law): when 1/Rg < q < 1/a, a being the radius of the
monomer. This zone depends on the aggregate morphology and the slope is
defined as −(2Dm −Ds), where Dm is the mass dimension and D f is the surface
dimension. For an aggregate D f = Dm = Ds , thus the slope estimates the fractal
dimension.

3. Porod zone: when q > 1/a. This zone depends on the monomer size.

We focused on the fractal zone in order to obtain D f based on the phase functions
of our aggregates. However, this asymptotic behavior and analysis are based on
scattering approximations. The structure factor of aggregates is calculated assuming
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a Rayleigh-Gans-Debye scattering (RGD) which is an approximation of the Rayleigh
theory that assumes [79]:

|m −1| << 1,

2Xmon |m −1| << 1,
(2.7)

where m = n + i k is the complex refractive index of the monomer.
This RGD theory applied to fractal aggregates is known as RGDFA and is based on

two approximations [145]:

1. The monomer radius of the aggregate is much smaller than the incident wave-
length, a <<λ.

2. Interactions between monomers are neglected which consist in neglecting inter-
nal coupling.

With our aggregates the ratio a/λ is between 0.03 to 0.16, thus they act as Rayleigh
scatterers fulfilling the first approximation. Yet, the second approximation is not
fulfilled because the internal coupling between monomers is visibly important, spe-
cially for compact aggregates as shown in the previous sections. Additionally, internal
coupling increases with the refractive index (see Section 4.3 in [145] where the in-
ternal coupling parameter is affected by the refractive index) and ours are not close
to 1. However, Sorensen et al. demonstrated in [145, 163] that even if this second
approximation is not fulfilled, RGDFA theory is still applicable.

Thus, knowing that RGDFA is still applicable in our case, we can proceed to find
the Fractal zone that was proposed by this approximation with our scattering phase
functions to obtain D f . Notice that our aggregates have a small number of monomers
(74) and the level of fractality and self-similarity increases when N → ∞, thus in
this section I will study if these methods are still applicable in our case. Note that
aggregation in nature, herein in protoplanetary disks, starts with small number of
monomers, thus there is an interest to know if we can determine D f for this real case.

2.5.1.2 D f estimation from the fractal zone

This Fractal zone has been the subject of much discussion. Several authors have pro-
posed different boundaries to delimit this zone depending on the type of aggregation
or even the fractal dimension. The authors and their proposed zones to find the slope,
−D f , are:

1. Farias et al. [164] expressed that for randomly oriented fractal-like aggregates
(for cluster-cluster type of aggregation) the Guinier zone and the Fractal zone
are divided at q = √

1.5D f . This boundary was initially proposed by Dobbins
and Megaridis in [165]. Note that an apriori knowledge of D f is needed.
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2. Oh et al. [166] proposed two Fractal zones depending on the type of aggregation:
i) for monomer-cluster aggregation (DLA) the slope is found at 1/10a < q < 1/a,
and ii) for cluster-cluster aggregation (DLCA) the slope is found at 1/Rg < q <
1/a.

3. Mroczka et al. [167] proposed two zones for aggregates with monomer-cluster
aggregation: i) the first zone named First Slope Estimation (FSE) is suitable for
all fractal dimensions, q < 5/Rg and ii) the second zone based on [162] named
Second Slope Estimation (SSE) is strictly for fractal dimensions between 1.6 to
2.0, q > 5/Rg .

Based on the previous list, there are 5 zones giving 5 methods, to determine the
fractal dimension which are going to be used for the study of the phase function of our
aggregates. Even if the type of aggregation that we used to generate our aggregates was
monomer-cluster aggregation, we tested also the zones proposed for cluster-cluster
aggregation in order to see if they were applicable for our case.

For Farias et al. and Oh et al. methods, the calculation of the slope was made
inside the proposed boundaries by using a polynomial fitting of degree 1 (based on a
least-square method).

For Mroczka et al. methods, the algorithm proposed in [167] was used. The main
steps of this algorithm are: i) interpolation of the phase function curve to have 1000
points; ii) iteration step where a linear least square fitting is calculated between a
portion of the phase function (windowed data) and polynomial of degree 1. The
iteration stops when the norm of residuals (criteria curve) finds a local minimum
in the criteria curve where the minimum must be two times smaller than the first
local maximum; iii) if the local minimum satisfies the criteria, then it will be the
central q position for the polynomial and therefore the slope; iv) if the criteria is not
satisfied then the data that are inside the window need to be smaller and start over the
calculation.

2.5.1.3 D f estimation by Butterworth filter

It is important to note that our phase function curves in q-space present oscillations
in the proposed Fractal zones, making difficult the determination of the slope. For this
reason, we proposed a simple function, the Butterworth filter [168], that has the same
asymptotic behavior as the structure factor in the Guinier and Fractal zone shown in
Figure 2.38. This filter is expressed and named as BF in the following equation:

BF (q ; a, q0,n) = 1

1+a2
(

q
q0

)n , (2.8)

where a is the monomer radius, q0 is the value of q at BF = 0 and n is the order
of the filter which will be related to D f . This filter is fitted with respect to a, q0, n
with the phase function curves and the best fit proposes an exponent n related to
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D f (see an example in Figure 2.39 of an oscillated curve where the filter was fitted).
The relation between n and D f needs first a learning stage in which each n is plotted
in terms of the theoretical D f to find the polynomial function that relates them.
Therefore, two polynomial functions were found in this study: g (n) for phase functions
of aggregates with average orientation and G(n) for phase functions of aggregates
with average orientation and with size distribution effect (shown in Equation 2.12 and
2.9), both based on simulated data. For these two functions, the n obtained for five
aggregates of five different D f (Ag_DLA_Df2.8_N74, Ag_DLA_Df2.5_N74, Ag_DLA_-
Df2.0_N74_1, Ag_DLA_Df1.7_N74 and Ag_DLA_Df1.5_N74) were used and plotted
with the theoretical D f , finding the polynomial functions (see Figure 2.40). Then,
these functions were applied to these five aggregates simulations and measurements,
here measurements being test cases. Moreover, these functions were applied to four
more test cases (that were not used in the construction of the polynomials Ag_DLA_-
Df2.0_N74_2 and Ag_DLA_Df2.0_N74_3, measurements and simulations). Note that
this is a first learning stage. In fact, more phase functions of other aggregates need to
be tested in order to validate g (n) and G(n). Once this validation is done, we will not
need to know the theoretical D f a priori. The advantage of this filter is that there is
no need to know Rg or a because both are provided by the fitting of the Butterworth
function with the whole phase function curve, while for the other methods, there is a
necessity to know one or both values or even an a priori knowledge of D f (once the
relations are validated), as for example with Farias et al. method.

(a) Measurement (b) Simulation

Figure 2.39: Example of fitting between normalized phase function in q-space and
Butterworth filter of Ag_DLA_Df1.7_N74 with average orientation at λ=
30mm, corresponding to Xmon = 0.58.
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Figure 2.40: Polynomial function g(n) relating n found with Butterworth filter and
theoretical D f . Data points are based on simulated phase functions of
aggregates with average orientation. The same procedure was made to
find the relations for simulated phase functions of aggregates with average
orientation including a size distribution effect (G(n)).

2.5.2 Estimated fractal dimension with our aggregates phase
functions

The phase functions, based on measurements and simulations of all our aggregates,
are normalized and studied in the q-space. In this study, 6 methods are applied to the
phase function curves of our aggregates. These methods are named, from now on,
with the last name of the first author of the paper where the zones were mentioned,
followed by an abbreviation if there is more than one zone: Farias (corresponding to
number 1 in list 2.5.1.2), Oh_DLA (corresponding to number 2 in list 2.5.1.2), Oh_-
DLCA (also corresponding to number 2 in list 2.5.1.2), Mroczka_FSE (corresponding to
number 3 in list 2.5.1.2), Mroczka_SSE (also corresponding to number 3 in list 2.5.1.2).
In the case of the proposed filter function, it is named Butterworth.

The following two sections study D f , first, with phase functions of aggregates with
average orientation, and second, with phase functions of aggregates with average
orientation including a size distribution effect.

2.5.2.1 Phase functions of aggregates with average orientation and with
different D f

The estimation of D f was first performed for phase functions of five aggregates (5 dif-
ferent fractal dimensions: Ag_DLA_Df2.8_N74, Ag_DLA_Df2.5_N74, Ag_DLA_Df2.0_-
N74_1, Ag_DLA_Df1.7_N74 and Ag_DLA_Df1.5_N74) with average orientation, for
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monomer size parameters between Xmon = 0.29 to 1.04 (based on Xmi n and Xmax of
protoplanetary dust sizes explained in Section 2.4.3). Figure 2.41 presents an example
of phase function in q-space of aggregate Ag_DLA_Df2.0_N74_1 where methods are
applied showing the estimated D f found at Xmon = 0.58. As can be seen for Farias,
Oh_DLA and Oh_DLCA results, the fitting of polynomial with phase function curves
is not well done because it takes into account the last portion of the curve which
contains an oscillation, thus an incorrect estimation of D f .

On the contrary, Mroczka_FSE method presents a slope exactly in the linear zone.
However this method needs two inputs, the window size where data is analyzed and
the step of this window to move all around the linear zone. This latter is an inconve-
nience because both inputs need to be carefully chosen to then obtain the zone where
the criteria is satisfied (explained in the previous section). Moreover, the Mroczka_-
SSE method, which also has the same problems as Mroczka_FSE method, presents
other difficulties. Phase function curves need to have values after the boundary 5/Rg

because below this limit a fractal zone with a power law regime is not clearly observed
[162]. This is the case for only certain aggregates at certain Xmon and for these ones
the phase function curve in q-space is not linear, thus it is impossible to estimate D f .
For these reasons, both Mroczka methods are not used from now on.

Compared to previous methods, Butterworth method is more suitable for our phase
functions, finding a Butterworth curve that synthetically damps the oscillations and
gives an asymptotic behavior where the exponent n can be found (see Equation 2.8).
After finding n at each Xmon , a relation between n and D f theor eti cal was calculated
(learning stage previously explained). The relation is a linear polynomial function
(g (n)) where the obtained n is evaluated and the function gives the D f , as follows:

g (n) = 1.219n −1.436, (2.9)

where g (n) is based on n found from simulations. For example, if n = 2.96, as shown
in Figure 2.41, then D f = g (n) = 1.219(2.96)−1.436 which gives D f = 2.17.

Note that after this learning stage where g (n) is tested on measurements and also
aggregates presented in Section 2.5.2.2, this relation needs to be applied to more test
cases to verify if this relation actually gives the correct D f without a priori knowledge
of D f .
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(a) Farias method (b) Oh_DLA method

(c) Oh_DLCA method (d) Mroczka_FSE method

(e) Butterworth method

Figure 2.41: Estimated D f from measurements of normalized phase functions in q-
space of Ag_DLA_Df2.0_N74_1 with different methods at Xmon = 0.58.
Mrockza_SSE method does not give values because as can be seen in
Figure (d) after 5/Rg there is not a linear zone to estimate D f . Note that
the theoretical D f is included in the name of Ag_DLA_Df2.0_N74_1, thus
D f theor et i cal = 2.0.
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Figure 2.42 shows the estimated D f for Ag_DLA_Df2.0_N74_1 at different Xmon .
Butterworth results have the lowest deviation from theoretical D f . Futhermore, D f

obtained with measurements and simulations for this method are similar between
each other. On the contrary, D f obtained for other methods are not as stable as the
Butterworth method. Estimations of D f were also obtained for other aggregates. Table
2.7 summarizes these results presenting the mean fractal dimension < D f > (mean
obtained from Xmon = 0.29 to Xmon = 1.04), the bias (see Equation 2.10), and the
consistency (see Equation 2.11)

Bi as = ∣∣< D f >−D f theor eti cal

∣∣ , (2.10)

Consi stenc y =
√
〈(D f −D f theor eti cal )2〉

D f theor eti cal

×100%. (2.11)

Figure 2.42: Estimated D f from measurements (solid lines) and simulations (dashed
lines) of phase functions in q-space of Ag_DLA_Df2.0_N74_1 with differ-
ent methods, from Xmon = 0.29 to Xmon = 1.04.

For each aggregate in Table 2.7, the results that present the smallest bias are the
obtained with the Butterworth method. Moreover, consistency of simulations and
measurements have the smallest percentages compared to the consistency of other
methods, proving the reliability and stability of this method (this can be also seen
in Figure 2.42 green line). Conversely, Farias, Oh_DLA and Oh_DLCA results have
more fluctuations (consistency percentages are larger) and between simulations and
measurements, there is an important difference for Farias results (this will be discussed
in the following section, see Figure 2.43.a.). Furthermore, results with these three
methods have larger bias due to their boundaries that consider not only the linear
zone of our phase functions but also oscillations. Thus, these three methods are not
adapted to estimate D f of our aggregates.
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Simulation Measurement
Ag_DLA Method < D f > Bias Consistency % < D f > Bias Consistency %

Df2.8_N74

Farias 2.50 0.30 48.79 3.85 1.05 94.81
Oh_DLA 2.35 0.45 21.26 2.32 0.48 21.18

Oh_DLCA 3.27 0.47 31.38 3.46 0.66 33.84
Butterworth 2.52 0.28 12.94 2.58 0.22 11.40

Df2.5_N74

Farias 2.69 0.19 49.81 3.99 1.49 95.12
Oh_DLA 2.68 0.18 17.33 2.72 0.22 19.50

Oh_DLCA 3.51 1.01 47.03 3.74 1.24 56.91
Butterworth 2.58 0.08 6.86 2.59 0.09 8.95

Df2.0_N74_1

Farias 2.20 0.20 18.73 2.95 0.95 49.22
Oh_DLA 2.28 0.28 16.01 2.40 0.40 21.08

Oh_DLCA 2.51 0.51 27.62 2.73 0.73 36.91
Butterworth 2.11 0.11 6.20 2.32 0.32 17.82

Df1.7_N74

Farias 1.78 0.08 10.69 2.21 0.51 30.15
Oh_DLA 1.91 0.21 13.31 2.10 0.40 24.69

Oh_DLCA 1.92 0.22 14.12 2.13 0.43 26.54
Butterworth 1.83 0.13 9.29 1.91 0.21 15.81

Df1.5_N74

Farias 1.96 0.46 30.83 2.30 0.80 53.97
Oh_DLA 2.01 0.51 34.96 2.24 0.74 49.62

Oh_DLCA 1.98 0.48 32.60 2.19 0.69 46.25
Butterworth 1.47 0.03 5.45 1.47 0.03 8.19

Table 2.7: Estimation of < D f > with its corresponding bias and consistency based
on phase functions in q-space of aggregates with average orientation, from
Xmon = 0.29 to Xmon = 1.04. For bias see Equation 2.10 and for consistency
see Equation 2.11. The name of each aggregate contains D f theor eti cal .
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Two main problems are identified: first, the fractal zones of these methods were
defined based on approximate numerical methods that calculated the scattered in-
tensity without taking into account coupling between monomers, having asymptotic
behaviors. This is not the case for our aggregates, in nature these interactions are
present, and our measurements and simulations consider this coupling. Second,
even by measuring only the linear zone of these phase functions, estimated D f did
not correspond to D f theor et i cal . We suppose that phase functions in q-space of our
aggregates are not enough averaged to estimate D f because of the presence of oscil-
lations (first hypothesis). Indeed, we think that we need more phase functions per
aggregate/fractal dimension in order to increase the average. This may eliminate
oscillations and therefore be able to estimate the slope. For this reason, a second
study is made with three aggregates of D f = 2.0 to average even more at a same fractal
dimension (see Section 2.5.2.2) and then see if this first hypothesis is true. Additionally,
an average of the phase functions obtained for each aggregate at different Xmon is
made by applying the size distribution effect (see Section 2.5.2.3). The second hy-
pothesis is that our aggregates are not enough large to be considered as fractals and
thus estimate D f . In order to increase the fractality, the number of monomers should
increase. We will explore the first hypothesis in the following sections to understand
if there is a problem of the average of the phase function that can be solved with
multiple aggregates of the same fractal dimension.

2.5.2.2 Phase functions of aggregates with average orientation and with
same D f

A second study was made with three aggregates of same fractal dimension D f = 2
(Ag_DLA_Df2.0_N74_1, Ag_DLA_Df2.0_N74_2 and Ag_DLA_Df2.0_N74_3). The phase
functions of these aggregates were averaged and then D f was estimated. This latter
with the objective to verify if oscillations were produced by poor averaging of the phase
function and thus the difficulty to estimate D f . Figure 2.43 shows the estimation of
D f of average phase functions at Xmon = 0.58. Oscillations of phase function did not
disappear after averaging phase functions of different aggregates with same fractal
characteristics as we supposed. This caused an overestimation of D f with Farias,
Oh_DLA and Oh_DLCA methods. For Butterworth filter, the same g (n) function
was evaluated for n to calculate D f (see Equation 2.9). Remember that g (n) was
built based on n obtained for simulated data of aggregates Ag_DLA_Df2.8_N74, Ag_-
DLA_Df2.5_N74, Ag_DLA_Df2.0_N74_1, Ag_DLA_Df1.7_N74 and Ag_DLA_Df1.5_N74,
thus the average phase function of Ag_DLA_Df2.0_N74_1, Ag_DLA_Df2.0_N74_2 and
Ag_DLA_Df2.0_N74_3 at 14 different wavelengths or Xmon are test cases of g (n) to
estimate D f .

Figure 2.44 shows the estimated D f from mean phase functions of three aggregates
obtained between Xmon = 0.29 to Xmon = 1.04. Butterworth and Oh_DLA results have
similar values for measurements and simulations. The mean fractal dimension, bias
and consistency for these methods are presented in Table 2.8. Farias results have the
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lowest consistency for simulations, yet due to oscillations of phase function that did
not disappear after averaging, Farias, as well as, Oh_DLA and Oh_DLCA are not reliable
methods. Actually, after averaging, the number of oscillations increases (comparing
Figure 2.43 to Figure 2.41 an extra oscillation at q =−0.8 was added). This proves that
averaging three aggregates is not enough to have a statistical average. The average
should be done in the future with more than three aggregates phase functions with
the same D f . Another option is to increase the number of orientations per aggregate,
this might also smooth phase functions curves of aggregates in q-space.

(a) Farias method (b) Oh_DLA method

(c) Oh_DLCA method (d) Butterworth method

Figure 2.43: Estimation of D f from measurements of normalized mean phase func-
tions in q-space of three aggregates with D f theor eti cal = 2 with different
methods at Xmon = 0.58. Figure (a) presents also the simulation of the
normalized mean phase function and estimated D f in dot lines.

Results obtained with Butterwoth method have larger bias and consistency com-
pared to those in Table 2.7 (Ag_DLA_Df2.0_N74_1). This is because g (n) equation was
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built based on n obtained for other aggregates. Therefore, this bias and consistency
are actually showing the reliability of g (n) on these test cases. Herein, estimated D f

with simulations is closer to theoretical D f than with measurements, presenting a
consistency of 14.39% and 28.37%, respectively. Note that measurements are test
cases, thus larger percentages are normal compared to simulations. It is important
to mention that Butterworth method is still the most promising method of all four
methods to estimate D f , because it does not take into account oscillations, neither
the enhancement that is presented in simulated phase functions at large q , see Figure
2.43.a. In fact, as can be see in this figure, phase functions are simulated for scatter-
ing angles from 0° to 180°, contrary to measurements that are up to 130°, thus more
data points are presented for simulations where the enhancement appears. There-
fore, Farias and Oh_DLCA method are not reliable methods, even when Farias results
present smaller bias and consistency than the Butterworth method, because these
two methods take into account the last enhancement of the phase function with their
proposed boundaries contrary to Butterworth method that only fits the whole phase
function curve without boundaries. Moreover, Oh_DLA method takes into account the
oscillations and part of the Guinier Zone as can be seen in Figure 2.43.b. Thus there is
an underestimation of D f which makes this method unreliable. In summary, with our
oscillating phase functions, the most reliable method is the Butterworth method.

Figure 2.44: Estimated D f at different Xmon from measurements (solid lines) and
simulations (dashed lines) of normalized mean phase functions in q-
space of aggregates with D f theor eti cal = 2.

In conclusion, averaging three aggregates of same fractal dimension did not smooth
phase function curves in q-space as we initially suppose. Thus from all four methods
the most promising for our oscillating phase functions is the Butterworth method as
for the previous section. Future works need more test cases to validate g (n) function
and to verify that the Butterworth method is the best adapted method. Additionally,
averaging phase functions of more than 3 aggregates of same D f is necessary to see if
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oscillations disappear.

Simulation Measurement
Ag_DLA Method < D f > Bias Consistency % < D f > Bias Consistency %

Df2.0_N74_1
Df2.0_N74_2
Df2.0_N74_3

Farias 2.03 0.03 6.59 2.78 0.78 42.90
Oh_DLA 2.32 0.32 16.64 2.43 0.43 22.14

Oh_DLCA 2.52 0.52 26.77 2.72 0.72 37.15
Butterworth 2.28 0.28 14.39 2.52 0.52 28.37

Table 2.8: Estimation of < D f > with its corresponding bias and consistency based on
mean phase functions in q-space of aggregates with D f theor eti cal = 2.

2.5.2.3 Phase functions of aggregates with average orientation including a
size distribution effect

After averaging aggregate phase functions at different orientations and Xmon , a power
law distribution effect X −3.5

mon was applied, similar to Section 2.4.3. Farias, Oh_DLA and
Oh_DLCA methods were applied in the same proposed boundaries. For Butterworth
method, another relation between n and D f theor eti cal was found (G(n)) because
relations shown in Equation 2.8 were not adapted due to the size distribution effect.
This means relations g (n) are only applicable for aggregates with average orientation,
while G(n) relations are for aggregates with average orientations including this specific
size distribution effect.

G(n) = 1.8634n −2.6754. (2.12)

Figure 2.45 presents an example of phase functions in q-space of aggregate Ag_DLA_-
Df2.0_N74_1, applying the size distribution effect. As size distribution in this study is
applied for differentλ and thus Xmon , abscissa in Figure 2.45 is represented for Xmon =
0.29 which has the largest weight of the distribution. Including size distribution slightly
smoothed phase functions of all aggregates. However, the last oscillations at large
q did not disappear for measured phase functions, and in the case of simulations,
there is still an enhancement as can be seen in Figure 2.45.a (dotted line). This latter
produced an incorrect estimation of D f for Farias, Oh_DLA and Oh_DLCA methods
as for previous sections.
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(a) Farias method (b) Oh_DLA method

(c) Oh_DLCA method (d) Butterworth method

Figure 2.45: Estimated D f from measurements of normalized phase function of Ag_-
DLA_Df2.0_N74_1 with average orientation and size distribution effect.
Figure (a) presents also the simulation of the normalized phase function
and estimated D f in dotted lines.

Table 2.9 contains the mean fractal dimensions, bias and consistency of all five
aggregates with different D f including the size distribution effect. For several aggre-
gates, Butterworth results had the lowest bias compared to other methods, specially
for measurements. In some cases, this bias was lower for the other methods, yet
estimations of D f with Farias, Oh_DLA and Oh_DLCA of simulated phase functions
were affected by the enhancement of the curve at large q , as mentioned in previous
sections (and presented in all aggregates as shown in Figure 2.45.a dotted line). For
measurements, these three estimations method were affected by the last oscillation.
Butterworth results had consistencies no larger than 24.73%, proving again the stabil-
ity of the method for all aggregates. Figure 2.46 shows estimated D f versus theoretical
D f for all methods. As can be seen estimated D f with Butterworth method is the

167



2 Fractal aggregates – 2.5 Estimation of fractal dimension

only one that has similar behaviors and levels between simulations (dashed lines) and
measurements (solid lines). Note that phase function measurements are test cases
and even by being test cases, D f estimations are consistent with simulations.

Simulation Measurement
Ag_DLA Method < D f > Bias Consistency % < D f > Bias Consistency %

Df2.8_N74

Farias 0.72 2.08 74.28 3.16 0.36 12.94
Oh_DLA 2.63 0.17 6.19 2.87 0.07 2.66

Oh_DLCA 2.54 0.26 9.29 3.59 0.79 28.07
Butterworth 2.49 0.31 11.20 2.64 0.16 5.78

Df2.5_N74

Farias 2.47 0.03 1.35 3.95 1.45 58.11
Oh_DLA 2.74 0.24 9.77 3.21 0.71 28.24

Oh_DLCA 2.35 0.15 5.95 3.57 1.07 42.62
Butterworth 2.66 0.16 6.25 2.75 0.25 9.90

Df2.0_N74_1

Farias 1.12 0.88 44.18 2.61 0.61 30.41
Oh_DLA 2.24 0.24 11.79 2.78 0.78 38.94

Oh_DLCA 2.06 0.06 2.90 2.89 0.89 44.37
Butterworth 2.16 0.16 8.19 2.49 0.49 24.73

Df1.7_N74

Farias 1.66 0.04 2.46 2.43 0.73 43.05
Oh_DLA 1.83 0.13 7.55 2.26 0.56 33.11

Oh_DLCA 1.81 0.11 6.50 2.32 0.62 36.21
Butterworth 1.76 0.06 3.55 1.96 0.26 15.21

Df1.5_N74

Farias 1.85 0.35 23.65 2.26 0.76 50.85
Oh_DLA 1.93 0.43 28.52 2.28 0.78 52.25

Oh_DLCA 1.95 0.45 29.69 2.28 0.78 52.29
Butterworth 1.43 0.07 4.44 1.50 0.00 0.11

Table 2.9: Estimation of < D f > with its corresponding bias and consistency based on
phase functions in q-space of aggregates with average orientation and size
distribution effect of X −3.5

mon .

Figure 2.46: Estimated D f compared to theoretical D f with different methods. Mea-
surements (solid lines with circles) and simulations (dashed lines).
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2.5.2.4 Conclusions

In conclusion, from all three studies (Sections 2.5.2.1 2.5.2.2 and 2.5.2.3) Farias, Oh_-
DLA and Oh_DLCA methods presented boundaries that are not adapted to the phase
functions of our aggregates because all of them considered the last oscillations for
measurements and enhancement for simulations, thus an incorrect estimation of D f .
These oscillations were thought to be caused by a poor averaging, yet the second and
third study proved that even by averaging more, these oscillations did not disappear. As
mentioned before, these boundaries were based on approximate numerical methods
of scattered intensities where coupling between monomers were neglected. Thus,
having perfect asymptotic behaviors of scattered intensities is an approximation and
this is not our case.

Additionally, Mroczka_FSE method could measure exactly the linear zone. Yet, input
parameters for the algorithm, i.e., size of the window and step (to move the window),
were a problem because in many cases, the criteria was not satisfied. Yet, in the
cases where the criteria was satisfied the slope of the linear zone was overestimated
compared to D f theor et i cal . This latter led to the supposition that our aggregates
are not enough fractals to estimate D f . In fact, a real fractal object has an infinite
extension. In [169], it is mentioned that to determine a slope equal to D f , Rg /a must
be larger than 100 (which is the case for aggregates with small monomer radius and
large number of monomers). In our case, this ratio was never 100 but between 3.6
(for the most compact aggregate) to 11.7 (for the most fluffy aggregate). Moreover, in
[165] it is said that the number of monomers needs to be of the order of 103 to have
self-similar aggregates. These two papers indicated that in order to determine D f ,
fractality needs to increase by increasing the number of monomers. Our fractal-like
aggregates have 74 monomers, and based on previous papers, it is not enough to have
a good estimation of D f . Future works should increase the number of monomers in
order to see if the slope corresponds to D f .

Even if our aggregates do not have enough monomers, using the Butterworth
method proved that it is possible to estimate D f based on phase functions of ag-
gregates with 74 monomers. This method synthetically damps oscillations providing
a linear zone. This zone has an associated n (exponent of Butterworth equation)
and thanks to g (n) and G(n) functions, it is possible to estimate D f . In order to val-
idate this promising method, future works should test these two relations on other
aggregates phase functions.

Finally, we showed that each fractal dimension has a different phase function be-
havior, thus a unique scattering signature. Future works should recombine phase
functions of different fractal dimensions in order to create populations of aggregates of
different D f and see if the signature is still unique for the different created populations.
This opens the possibility to search for signs of fractal particles in phase functions
measured in disks and potentially estimate the D f .
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2.6 Conclusions
In this chapter, scattering measurements and simulations of analog aggregates of
dust in protoplanetary disks were presented. The control of geometry, refractive
index and orientation of these aggregates provided unique scattering measurements
thanks to our microwave scattering experiment in CCRM giving clues to interpret their
morphology based on five scattering parameters: phase function, DLP, sphericity or
<S22>
<S11> , <S34>

<S11> and <S44>
<S11> .

All five scattering parameters gave complementary (or validated) information of
the compactness or porosity of aggregates. A first study of scattering parameters of
aggregates with average orientation was made at different wavelengths or monomer
size parameters. The change of Xmon demonstrated that the scattering parameters
of fluffy aggregates (D f ≤ 2) presented Rayleigh-like behaviors while compact aggre-

gates had pseudo-sphere behaviors. Scattering parameters <S34>
<S11> and <S44>

<S11> validated
the scattering behaviors that were already seen with the phase function and DLP,
while <S22>

<S11> gave extra information identifying between fluffy aggregates, intermediate
aggregates and compact aggregates based on their levels.

Then, a second study of scattering parameters of aggregates with average orientation
and size distribution effect was presented. Different indices of power law distributions
were tested in order to see how scattering parameters were affected. Knowing that for
protoplanetary dust the index is supposed to be ns = 3.5, two other indices around
this value were chosen ns = 2 and ns = 5. From all five scattering parameters, DLP and
<S22>
<S11> are the two most promising scattering parameters to study in protoplanetary
scattered observations because they are not affected by the number of monomers
that aggregates can contain. Instead, they are completely related to sphericity and
coupling, thus to morphology.

Differences between one index to another were shown, specially for phase function
and DLP. Phase functions with ns = 2 had narrower forward scattering peaks and
important backscattering enhancements while DLP with ns = 5 presented maximum
levels around 0.5 and 0.9 with negative polarization branches between 0 to −0.1.
These characteristics of the phase function with ns = 2 and the DLP with ns = 5 are the
closest compared to the the ones observed with laboratory scattering measurements
and numerical scattering simulations of analog aggregates of protoplanetary disks.
It is suggested for future works, to fabricate aggregates in the geometrical scattering
range Xag g = 100 to narrow even more the forward scattering peak and produce a
greater backscattering of the phase function, as well as to increase the real part of the
refractive index around m = 3+0.01i in order to obtain phase functions closer to the
phase function observed for the debris disk HR4796A.

Finally, the estimation of the fractal dimension based on phase functions repre-
sented in q-space was done for our seven aggregates. Different methods that were
already presented in other works were applied in order to determine the slope and
thus D f . Moreover, a novel method, based on the Butterworth filter function, was pro-
posed. The most promising method to estimate D f on our aggregates phase functions
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was the one proposed in this thesis, the Butterworth method. Yet, more test cases
are necessary to validate functions g (n) and G(n). Additionally, it is recommended
to fabricate aggregates in the future with greater number of monomers to increase
fractality and verify if the slope of the phase function in q-space smooths and thus find
D f . A final prospect is to recombine phase functions of different fractal dimensions
and verify if with the scattering signature (phase function) is still possible to estimate
an average D f . This opens the possibility to search for signs of fractal particles with
phase functions measured from disks.

171



3 Irregular compact grains

Sommaire
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
3.2 Analogs of grains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

3.2.1 Virtual generation . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
3.2.2 3D printing by stereolithography . . . . . . . . . . . . . . . . . . . 178
3.2.3 Grain size analogy . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

3.3 Scattering properties of grains . . . . . . . . . . . . . . . . . . . . . . . . 179
3.3.1 Setup parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

3.3.1.1 Number of necessary measurements . . . . . . . . . . . 180
3.3.1.2 Co and cross terms . . . . . . . . . . . . . . . . . . . . . . 181
3.3.1.3 Forward and backward measurements . . . . . . . . . . 183

3.3.2 Grains with average orientation . . . . . . . . . . . . . . . . . . . 183
3.3.2.1 Phase function . . . . . . . . . . . . . . . . . . . . . . . . 183
3.3.2.2 Degree of linear polarization . . . . . . . . . . . . . . . . 186
3.3.2.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 189
3.3.2.4 Other scattering parameters . . . . . . . . . . . . . . . . 189
3.3.2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 195
3.3.2.6 Comparison of scattering parameters of grains and ag-

gregates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
3.3.3 Grains with average orientation and size distribution effect . . . 201

3.3.3.1 Probability distribution . . . . . . . . . . . . . . . . . . . 201
3.3.3.2 Phase function . . . . . . . . . . . . . . . . . . . . . . . . 202
3.3.3.3 Degree of linear polarization . . . . . . . . . . . . . . . . 204
3.3.3.4 Other scattering parameters . . . . . . . . . . . . . . . . 206
3.3.3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 210
3.3.3.6 Comparison of scattering parameters of grains and ag-

gregates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
3.3.4 Direct comparison of scattering parameters found in literature . 214

3.3.4.1 Laboratory measurements . . . . . . . . . . . . . . . . . 215
3.3.4.2 Numerical simulations . . . . . . . . . . . . . . . . . . . 216
3.3.4.3 Observations . . . . . . . . . . . . . . . . . . . . . . . . . 218
3.3.4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 219

3.4 Analogs of chondrules and CAI . . . . . . . . . . . . . . . . . . . . . . . . 219
3.4.1 Virtual generation . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

172



3 Irregular compact grains – 3.1 Introduction

3.4.2 3D printing by fused filament fabrication . . . . . . . . . . . . . . 220
3.4.3 Chondrules and CAI size analogy . . . . . . . . . . . . . . . . . . 222

3.5 Scattering properties of chondrules and CAI . . . . . . . . . . . . . . . . 223
3.5.1 Setup parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

3.5.1.1 Number of necessary measurements . . . . . . . . . . . 224
3.5.1.2 Forward and backward measurements . . . . . . . . . . 224

3.5.2 Chondrules and CAI with average orientation . . . . . . . . . . . 224
3.5.2.1 Phase function . . . . . . . . . . . . . . . . . . . . . . . . 224
3.5.2.2 Degree of linear polarization . . . . . . . . . . . . . . . . 227
3.5.2.3 Other scattering parameters . . . . . . . . . . . . . . . . 229
3.5.2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 233
3.5.2.5 Comparison of scattering parameters of chondrules, CAI,

grains and aggregates . . . . . . . . . . . . . . . . . . . . 233
3.5.3 Chondrules and CAI with average orientation and size distribu-

tion effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
3.5.3.1 Probability distribution . . . . . . . . . . . . . . . . . . . 243
3.5.3.2 Phase function . . . . . . . . . . . . . . . . . . . . . . . . 244
3.5.3.3 Degree of linear polarization . . . . . . . . . . . . . . . . 246
3.5.3.4 Other scattering parameters . . . . . . . . . . . . . . . . 248
3.5.3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 250
3.5.3.6 Comparison of scattering parameters of chondrules, CAI,

grains and aggregates . . . . . . . . . . . . . . . . . . . . 251
3.5.4 Direct comparison of scattering parameters found in literature . 261

3.5.4.1 Laboratory measurements . . . . . . . . . . . . . . . . . 261
3.5.4.2 Observations . . . . . . . . . . . . . . . . . . . . . . . . . 263
3.5.4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 264

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 264

3.1 Introduction
Evidence that dust particles are not perfect spheres in the interstellar medium, comets,
asteroids [170], and scattering simulations of perfect spheres that do not fit with obser-
vations of scattered light coming from protoplanetary dust [7], have been increasing
in the last years. In order to have a better understanding of the scattering behavior of
these irregular dust particles, studies have been done through observations, numerical
models and laboratory measurements. Numerical and experimental methods were
developed because the Lorentz-Mie solution of spheres was not appropriate to solve
the scattering of irregular particles. Hence, a series of experiments and calculus were
adapted to study the scattering of such non-spherical structures [16] with: microwave
scattering technique, numerical simulations and light scattering technique.

The understanding of the scattering properties of these irregular particles or non-
spherical particles has been carried out since the eighties with the model and mi-
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crowave scattering measurements of Mukai [171]. This microwave scattering tech-
nique uses the microwave analogy which is based on the scale invariance rule (SIR).
This rule states that analog particles can have the same scattering properties as the
real particles if the analog electromagnetic system has geometrical dimensions that
are scaled in proportion to the incident wavelength, while keeping the same refractive
index [12]. To respect this proportion, the use of the size parameter (X ) needs to be
addressed, defined as the ratio between the particle size (R radius of the smallest
sphere enclosing the particle) to the incident wavelength (λ), X = 2πR/λ. Based on
this technique, in [13] the phase function and degree of linear polarization (DLP)
of several non-spherical particles were calculated based on microwave scattering
measurements and compared to the phase function and DLP of Mie spheres. Unfortu-
nately, the comparison of these two scattering parameters did not exactly match with
the scattering of Mie spheres. For this reason is of outmost importance to perform
microwave scattering measurements on non-spherical objects. Furthermore, in [13]
was highlighted the advantages of using this technique: control of orientation, size,
shape, structure and refractive index of measured analogs.

In [16], are summarized the main scattering behaviors of non-spherical particles
that have been seen in literature in terms of the Mueller matrix elements. The main
conclusion is that the circular backscattering depolarization, that is related to the
element S44 of the Mueller matrix, is the most reliable indicator of non-sphericity.
However, depending on size parameter and refractive index of these particles, scat-
tering parameters and thus properties prominently change (see Table 3.1 for more
details on the size parameter and refractive index of some scattering studies of rough
particles). Several studies have been focused on simulated scattering behaviors of
virtual irregular particles created in different ways. For example, in [172, 173], studies
in geometric optics range of irregular ice particles were performed with two types of
simulations, improved geometric-optics method (IGOM) and pseudo-spectral time
domain method (PSTD). These virtual ice particles were generated by taking a regular
solid hexagon and then altering its faces.

Furthermore, in [174, 175] the creation of Gaussian random particles was done
based on the covariance function. The scattering of these particles was numerically
studied with Discrete Dipole Approximation method (DDA). Moreover, in [156] other
type of virtual irregular particles was proposed, in which DDA simulations were again
used to study the scattering behavior of rough particles. These previous studies
presented scattering simulations based on discretized irregular particles, affecting the
size of their meshes, constraining their morphologies and therefore their scattering
properties. Additionally, when using only numerical simulations, open questions are
raised, as for example, how fine the meshing of these irregular particles should be
when details of their roughness are becoming very fine? For this reason, numerical
simulations need to work together with laboratory scattering measurements. For
example, in [176], scattering simulations with T-matrix method using Chebyshev
particles (based on Chebyshev polynomials) were performed and compared with
measurements. However, these comparisons were not made with the same shape of
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the Chebyshev virtual particles but with hematite aerosol samples.
Another way of obtaining scattering properties of irregular particles is with light

scattering measurements. For example, in [98], scattering properties of irregular cos-
mic dust analogs were studied with laboratory measurements and ray-optics model
simulations. Yet, size parameters of particles were in the geometrical scattering regime
(or geometric optics) which is not the regime in which we are interest on for studying
protoplanetary dust. However, behaviors of the phase function and DLP are similar
to what has been observed in Debris disks. First, forward-scattering peaks of phase
function become narrower while increasing X but also while increasing inclusions
of highly absorbing materials in weakly absorbing hosts. This augmentation of the
refractive index with hematite inclusions also produced an enhancement in backscat-
tering of the phase function. Second, augmentation of maximum DLP levels which is
due to the increase of inclusions and X . On the other hand, adding surface roughness
narrows the forward-scattering peak but flattens backscattering of the phase function
and decreases the DLP. In [9], measurements of phase function and DLP of cosmic
dust analog in the geometric optics range were performed and compared to the ob-
served scattering parameters of Comet 67P/Churyumov Gerasimenko. The scattering
parameters of this comet matched with a porous irregular dust analog (cotton ball).

Reference Refractive index (m = n ± i k) Size parameter (X = 2πR/λ)

Escobar cerezo et al. [98]
m = 3+0.01i inside a weakly

absorbing host m = 1.5+10−5i
X = 100

Kahnert et al. [176] m = 3.0+0.1i X = 0.2 to 14
Liu et al. [172] m = 1.31 X = 100 and X = 1000

Mishchenko et al. [16] - -

Muinonen et al. [174]
m = 1.313

m = 1.6+0.0005i
X = 1 to 7

Nousiainen & Muinonen [175]
m = 1.2+0.0i
m = 1.4+0.2i

X = 1,2,3 and 9

Zerull [13]

m = 1.57−0.006i
m = 1.5−0.005i

m = 1.54
m = 1.45−0.05i
m = 1.55−0.01i

X = 5.3 to 14
X = 1.9 to 17.8

X = 150
X = 27

X = 190
Zhang et al. [173] m = 1.31 X = 20 to 50

Zubko et al. [156]

m = 1.313+0i
m = 1.5+0.1i

m = 1.6+0.0005i
m = 1.855+0.45i

X = 1 to 50
X = 1 to 32
X = 1 to 26
X = 1 to 32

Table 3.1: Refractive index and size parameter in some previous scattering studies of
rough particles.

Even if these previous studies present the scattering behaviors in which we are
interested in, the size parameter is not in the size range of our interest. In order to
be in the Mie scattering regime, microwave scattering measurements are an option,
providing the wanted regime thanks to its used wavelengths and size of analog that
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can be measured. The present chapter studies the scattering properties of irregular
solid particles, named hereafter grains, intended to be analogs of protoplanetary dust,
using the microwave analogy and controlling the shape (roughness) and refractive
index with additive manufacturing processes, which is innovative and complementary
compared to previous works. The advantage of using the microwave analogy and
the additive manufacturing is to measure the scattering parameters of such grains
in controlled conditions. As shown before, previous works have studied scattering
properties of irregular particles for multiple applications with analogs of: cometary
dust, atmospheric particles, interplanetary dust and cosmic dust, but to our knowledge
there are no studies using the microwave analogy of irregular particles being analogs
of protoplanetary dust.

Herein, I first present six grains with size parameters between X = 1.07 to X =
7.73 and refractive index of m = 1.7+ 0.003i , which were measured in CCRM and
numerically simulated with Finite Element Method (FEM), at wavelengths ranging
from λ = 16.7 mm to λ = 100 mm. Their virtual generation is described as well as
their fabrication which was made by a collaboration with CTTM. Different scattering
parameters are studied: the phase function, DLP, and other elements of the Mueller
matrix (S22, S34 and S44), in order to understand how the roughness affects these
scattering parameters and thus the scattering properties of these grains.

Then, scattering measurements of natural rough objects are performed with four
analogs of chondrules and of one Calcium-Aluminum-rich Inclusion (CAI), which
are elements of rocky meteorites/chondrites that participate in the planetary forma-
tion, having size parameters between X = 1.08 to X = 18.67 and similar refractive
indices. I described their virtual generation and fabrication which was made with the
collaboration of Lab-STICC laboratory and Laboratoire IUSTI. The idea of this second
group of particles is to see if similar particles, as the ones that participate in the Solar
System formation, are also present in protoplanetary disks. I also study the scattering
parameters of these particles. This time the scattering parameters are only based on
scattering measurements due to the remaining uncertainty on how to discretize them
to be able to simulate them. Finally, I present the conclusions and prospects for future
works.

3.2 Analogs of grains
Dust particles in protoplanetary disks undergo different growth processes, producing
different outcomes, e.g., sticking, bouncing, fragmentation, abrasion, erosion, crater-
ing and mass transfer (see Section 1.2.3.2). These outcomes affect the morphology
of dust, producing irregular grains. To go further in the understanding of this dust
evolution, indirect information on their structure can be obtained with scattered light
observations of protoplanetary disks. However, scattering behaviors of these irregular
particles must be first understood. Herein, scattering parameters of six different grains,
varying their roughness, are retrieved to understand their scattering properties. In
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order to produce these analogs, two steps are necessary: their virtual generation and
their 3D printing, described in the following sections.

3.2.1 Virtual generation
A first family of grains was generated following several steps. First, the surface of a
sphere of initial radius r = 16.25mm, was meshed with similar triangles. For all grains
the number of triangles was 320, except for the last object (named Gr_n2_r13.2) which
was 80 as a first attempt to have a closer geometry to an astronomical pebble (see
following section, Figure 3.2.f). Then, the distance from the center of the sphere to the
vertex of each triangle was perturbed with a random perturbation rr and (between +ls

and −ls), creating a rough radius rr oug h (see Figure 3.1 where Rmax is the final radius
of the bounding sphere of each grain after perturbations):

rr oug h = r + rr and (±ls), (3.1)

ls =λ/n being the fraction of λ at λ= 30mm, where the denominator n takes values
between 2 to 10. For the two roughest grains n = 2, then this value increases with steps
of 2, from n = 4 to n = 10 (this last value corresponds to the smoothest grain, close to
a perfect sphere).

Figure 3.1: Example of a grain virtual generation, where r is the initial radius of the
sphere to mesh, rr oug h are the perturbed distances from the center of the
sphere r to each triangle vertex and Rmax is the radius of the bounding
sphere named maximum radius.

To calculate the roughness and sphericity of our grains based on their meshed files,
we chose a software named SHAPE [177] that characterizes the grain morphology. The
roughness is defined as:

Roug hness = Rstd ,nor m = Rstd

Rmean
, (3.2)
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where Rstd is the standard deviation from the centroid of the grain to each vertex and
Rmean is the mean of all vertex radius.

The sphericity is defined as [177, 178]:

Spher i ci t y = 6V(6V
π

)1/3
S

, (3.3)

where V is the volume of the grain and S is the surface area.

3.2.2 3D printing by stereolithography
The grains were 3D printed with stereolithography (SLA), using acrylic resin of a
refractive index of 1.7+0.03i , which is close to the refractive index of the astronomical
silicate [14]. This same printing method and material were described and used in the
previous chapter for the aggregates.

Table 3.2 presents the properties of each grain, starting with their technical name
that is a string composed of: Gr being the abbreviation of grain, then n being the
denominator of ls (see Equation 3.1) followed by its value, and then the letter r (rough-
ness) followed by the percentage of roughness of the grain. Other columns in this
table are the maximal radius, percentage of roughness and percentage of sphericity.
Then the size parameter, X = 2πRmax /λ, is presented at the minimum and maximum
wavelengths (λ) and finally, the material packing density (which is the ratio of the
grain volume to the total volume of the bounding sphere). Among these presented
grains, three of them were already presented in another collaborative study [126] but
with different names: GravelLike corresponding to Gr_n2_r13.2, Rough sphere 223 to
Gr_n2_r13.3 and Rough sphere 228 to Gr_n10_r2.6. Figure 3.2 shows the pictures of
the printed grains with their corresponding technical name.

Grain
technical name

Radius of the bounding
sphere (mm)-Rmax

Roughness % Sphericity %

Gr_n10_r2.6 17.00 2.6 98.2
Gr_n8_r3.4 17.20 3.4 97.0
Gr_n6_r4.7 17.60 4.7 95.1
Gr_n4_r6.7 18.40 6.7 90.7
Gr_n2_r13.3 20.00 13.3 75.6
Gr_n2_r13.2 20.50 13.2 89.9

Grain
technical name

Size parameter of the grain
λ= 16.7 mm to λ= 100 mm

Material packing
density-ρ

Gr_n10_r2.6 6.41 to 1.07 0.85
Gr_n8_r3.4 6.48 to 1.08 0.82
Gr_n6_r4.7 6.66 to 1.11 0.76
Gr_n4_r6.7 6.94 to 1.16 0.67
Gr_n2_r13.3 7.55 to 1.26 0.51
Gr_n2_r13.2 7.73 to 1.29 0.42

Table 3.2: Analog grain properties.
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(a) Gr_n10_r2.6 (b) Gr_n8_r3.4 (c) Gr_n6_r4.7

(d) Gr_n4_r6.7 (e) Gr_n2_r13.3 (f) Gr_n2_r13.2

Figure 3.2: 3D printed grains with their corresponding technical name.

3.2.3 Grain size analogy
The mean radius of the bounding spheres of our six grains is 18.45mm with mean size
parameter ranging from Xmean = 1.16 to Xmean = 6.94 (calculated based on Table 3.2).
Supposing these same size parameters, the corresponding mean radius of protoplane-
tary dust would have different values depending on the wavelength range, as shown
in Table 3.3.

Range name Wavelength Radius of protoplanetary grain
Optical (nm) 400 to 700 74 to 773
NIR(µm) 1.00 to 2.50 0.185 to 2.76
Millimeter(mm) 0.30 to 2.60 0.055 to 2.87

Table 3.3: Grain radius corresponding to different wavelength ranges (units are noted
in the first column).

3.3 Scattering properties of grains
Scattering measurements of the six grains were performed in our anechoic cham-
ber (explained in Section 1.5.2) with wavelengths ranging from 100mm to 16.7mm
(corresponding to frequencies of 3GHz to 18GHz), using the forward experimental
setup, thus scattering angles from −130° to 130° (see Section 1.5.2). Numerical sim-
ulations were performed with FEM (see Section 1.6), using the same geometric files
of the 3D grains as the ones used for 3D printing. Both procedures, measurements
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and numerical simulations were similarly performed to our aggregates presented in
Section 2.4. This means performing scattering measurements and numerical simu-
lations of random orientation of non-interacting grains, which is represented by the
Mueller matrix in Equation 1.35. Note that differences between these Mueller matrix
elements including or not the cross-polarized elements are negligible (as shown in
Figure 3.4 and explained in Section 3.3.1.2). There is just one exception for S22 where
the inclusion of the cross-polarized elements is essential to then be able to normalize
by S11. If this inclusion is not made, then S22 = S11. Thus, based on our measurements,
the Mueller matrix elements that could be obtained are S11, S12, S44 and S34. Notice
that in terms of numerical simulations, all these elements were obtained, as well as
S22 (see Equation 2.3).

Based on these five Mueller matrix elements, five scattering parameters were calcu-
lated based on measurements and numerical simulations, i.e., phase function (S11),
degree of linear polarization (DLP, −S12/S11), normalized S34 and S44, and only for
numerical simulations for normalized S22.

3.3.1 Setup parameters
In this section I describe: i) the number of necessary measurements and simula-
tions for each grain, ii) the effect of including or not the cross-polarized elements on
the different scattering parameters and iv) the zone where measurements could be
performed.

3.3.1.1 Number of necessary measurements

A calculus of the number of necessary orientations per grain to retrieve mean phase
functions and DLP to converge, at a given percentage of error, was performed based
on [126] (see an example in Figure 3.3 for the calculus of the phase function, named
brightness, and DLP, named polarization, of grain Gr_n2_r13.3 at λ= 25mm). This
same analysis was made for each grain at different wavelengths and percentage of
errors, and then the maximum number of measurements at all wavelengths was
taken at a given percentage of error. We needed between 20±10 orientations for the
least rough grain (Gr_n10_r2.6) to 70±10 orientations for Gr_n2_r13.2, obtaining an
accuracy of 1% for the measured phase function. And for DLP, we needed between
13±10 to 44±10 orientations with an accuracy of 1%. Thus, for these two scattering
parameters, 72 orientations were necessary for Gr_n2_r13.3, Gr_n2_r13.2 and Gr_n4_-
r6.7 and 36 orientations for the rest of the grains. In terms of simulation, the number
of necessary orientations to obtain the same accuracy decreased, 36 orientations were
needed to obtain an accuracy of 1% for the phase function and DLP, for all grains. The
same number of orientations, obtained for measurements and numerical simulations
of phase function and DLP, were used to retrieve the other scattering parameters.
Note that the exact position of the grain is not precisely known in the experiments,
producing slight differences between measured and simulated scattering parameters.
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Figure 3.3: Example of necessary number of measurements for grain Gr_n2_r13.3 at
λ= 25mm, X = 5.03 [taken from 126].

Note that we average the phase functions of the same grain with the necessary num-
ber of orientations, obtaining < S11 >, and for the other scattering parameters that are
represented with the normalization of < S11 >, the average was made before the nor-
malization, obtaining: DLP = <S12>

<S11> , <S22>
<S11> , <S34>

<S11> and <S44>
<S11> . This average was decided

to be calculated in this way because protoplanetary dust is supposed to be randomly
oriented when doing the observations of the different Mueller matrix elements, thus,
Mueller matrix elements that are already averaged in terms of orientation.

3.3.1.2 Co and cross terms

FEM numerical simulations were used to verify the effect of cross-polarization on the
scattering parameters of interest. Figure 3.4 presents these scattering parameters with
(dashed-dotted lines) and without (dashed lines) cross-polarization for grain Gr_n2_-
r13.3. The differences between including and not the cross-polarization, increases as
the size of the scatterer increases (X ). Nevertheless, these differences are negligible for
all grains, thus our scattering parameters will be only defined in terms of co-polarized
elements except for <S22>

<S11> . This last parameter needs to be defined including the
cross-polarization because when only co-polarized elements are included < S22 >=<
S11 > and by normalizing with < S11 >, < S22 > becomes 1. Therefore, all scattering
parameters will be represented with only co-polarized elements, except for <S22>

<S11> ,
where cross-polarization needs to be included (this is possible only with simulations).
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(a) Phase function (b) DLP

(c) Normalized S22 (d) Normalized S34

(e) Normalized S33 (f) Normalized S44

Figure 3.4: FEM numerical simulations of Gr_n2_r13.3, considering co-polarized Jones
matrix elements (dashed lines) and co-polarized plus cross-polarized ele-
ments (dashed-dotted lines), from X = 1.26 to X = 7.55.
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Additionally, in Figure 3.4, <S33>
<S11> and <S44>

<S11> illustrate almost identical scattering
behaviors, proving once again that cross-polarized elements are negligible. As previ-
ously explained cross-polarization is not included for our grains scattering parameters
(except for <S22>

<S11> ). Thus, <S33>
<S11> = <S44>

<S11> (based on Equation 2.3), which is named from

hereon only by <S44>
<S11> .

3.3.1.3 Forward and backward measurements

After knowing the effect of including or not the cross-polarized Jones matrix elements
to calculate the scattering parameters of grains, and knowing that measurements
were only performed with both antennas in the two same linear states of polarization
(co-polarized elements), then based on measurements, four parameters are obtained:
the phase function, DLP, <S44>

<S11> and <S34>
<S11> . Furthermore, measurements can be per-

formed in the forward zone and backward zone. Yet, as previously explained with
aggregates, we decided to perform these measurements only in the forward zone
because the backward zone presents a lower accuracy and the time per measured
grain is multiplied by 2, thus we decided to measure more analogs in only the forward
zone. Hence, scattering parameters are represented until scattering angles of 130°.

After verifying and deciding all the setup parameters, the Mueller matrix elements
of our grains were studied and compared between each other. Two types of scattering
results are presented in the following sections: first, scattering parameters of grains
with average orientation (Section 3.3.2) and second scattering parameters of grains
with average orientation applying a size distribution effect (Section 3.3.3).

3.3.2 Grains with average orientation
3.3.2.1 Phase function

The average phase functions of all six grains are illustrated in Figure 3.5 at six different
wavelengths 100mm, 50mm, 33mm, 25mm, 20mm, and 16.7mm (out of a total of
sixteen wavelengths), expressed in terms of the corresponding size parameter that is
between X = 1.07 to X = 7.73. Phase function measurements and numerical simula-
tions are very similar with little discrepancies that can be seen at larger X . In order to
quantify these differences, we used the same comparison criterion as for aggregates
(see Equation 2.4). The RMSD IQR is presented in Figure 3.6 for the phase function
of all grains in different colors and in gray for the comparison between an exact Mie
calculus of a solid sphere with a radius of 16.25mm (initial radius of the sphere that
was used to generate all grains) and a refractive index of 1.7+i 0.03, and the simulation
of the same sphere with FEM. This gray line gives a reference of the minimal values
that may be obtained with such FEM computations. Thus, when RMSD IQR values
of the phase function of grains are around this gray line, there is a good agreement
between measurements and simulations. For the phase function, the deviation is
smaller than the gray line reference, up to Xmean = 4.25, showing a good agreement.
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(a) Gr_n10_r2.6 (b) Gr_n8_r3.4

(c) Gr_n6_r4.7 (d) Gr_n4_r6.7

(e) Gr_n2_r13.3 (f) Gr_n2_r13.2

Figure 3.5: Phase function of grains, measurements (solid lines) and numerical simu-
lations (dashed lines).
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Then, deviations increase for all grains, up to RMSD IQR = 0.2. We think this is due to
the increment of grain sizes, thus roughness compared to the wavelength, requiring a
finer mesh size for smaller wavelengths for the simulations and creating these little
deviations with measurements. Future simulations with finer mesh are needed to
verify this. In general, simulations and measurements of the phase function have
similar behaviors.

Figure 3.6: Normalized root mean square deviations on the log of the phase function
plotted for all grains, taking their FEM numerical simulation as reference.
The gray line is a comparison of the Mie simulation versus FEM numerical
simulation with a sphere of radius 16.25mm.

Phase functions of all grains have similar curve shapes and levels, as can be seen
in Figure 3.5. The differences between phase functions of the grains are visible at
large X . This latter is due to the fact that at large X , grains and their roughness are
larger compared to the wavelength, meaning that the wave has a larger distance to
cover inside the grain, thus more time to change its nature and shape. This is also
shown in Figure 3.7 at λ= 16.7mm, where the simulated phase functions of all grains
are superposed. At this wavelength, there are the biggest differences between the
phase function of all grains, and yet, they have almost the same behavior in terms of
levels and shapes. Levels of the phase function at each wavelength are very similar
because sizes between grains do not change much (see radius of the bounding sphere
in Table 3.2 for each grain). Indeed, grains were generated with the same initial sphere.
Furthermore, shapes of phase function curves resemble, proving that the type of
roughness that we used does not affect this scattering parameter.
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Figure 3.7: FEM numerical simulations of phase function of grains atλ= 16.7mm with
a size parameter of Xmean = 6.94.

Another characteristic that can be analyzed based on the phase function (Figure 3.5)
is the Half Width at Half Maximum (HWHM) of the forward scattering peak shown in
Table 3.4. Values of the width obtained with measured and simulated phase functions,
for each grain, have differences no larger than 6°, proving again the resemblance
between measurements and simulations. As can be seen at each Xmean , the values
of HWHM of grains are almost identical between each other, except at Xmean = 6.94
(λ= 16.7mm) as was already shown and explained with Figure 3.7. In summary, the
phase functions of grains with average orientation do not provide much information
of their roughness differences. The levels, HWHM and curve shapes of the phase
functions of the different grains resemble when comparing them at each wavelength
or Xmean .

Xmean / Gr n10_r2.6 n8_r3.4 n6_r4.7 n4_r6.7 n2_r13.3 n2_r13.2
1.16 60 (60) 62 (60) 60 (60) 62 (60) 62 (60) 60 (58)
2.32 66 (68) 66 (68) 66 (68) 66 (68) 70 (70) 76 (74)
3.48 46 (44) 46 (44) 46 (44) 46 (44) 46 (44) 48 (48)
4.64 36 (34) 34 (34) 36 (34) 34 (34) 34 (34) 36 (36)
5.80 22 (24) 22 (24) 24 (24) 22 (24) 24 (24) 24 (22)
6.94 36 (30) 30 (30) 32 (30) 30 (30) 24 (26) 28 (24)

Table 3.4: HWHM of phase function in degrees at different Xmean of grains. Measured
values (numerical values).

3.3.2.2 Degree of linear polarization

In the case of DLP presented in Figure 3.8 for all grains, differences between measure-
ments and simulations are visually more important compared to the phase function.
This could be due to their representation, one is logarithmic and the other linear,
however this difference was verified with the criterion tool (which is latter explained
and showed in Figure 3.10).
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(a) Gr_n10_r2.6 (b) Gr_n8_r3.4

(c) Gr_n6_r4.7 (d) Gr_n4_r6.7

(e) Gr_n2_r13.3 (f) Gr_n2_r13.2

Figure 3.8: DLP of grains, measurements (solid lines) and numerical simulations
(dashed lines), see legends of Figure 3.5
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Note that the DLP of all grains have the same Rayleigh behavior for the smallest
X (brown lines), and that differences between grains DLP are visible at the three
largest X , showed with the oscillation amplitude (see Figure 3.9 for an example of this
behavior). These amplitudes are smaller for the roughest grains and as roughness
decreases (becoming almost spherical grains), the oscillation amplitude becomes
larger, showing a pseudo-sphere behavior. This scattering parameter, DLP, has more
differences between grains than the phase function between grains. Thus DLP is a
more adequate parameter if we want to identify scattering differences for the type of
roughness, or sphericity, that our grains have. Indeed, there is a correlation between
the grains roughness and sphericity, in the grains that we considered. The roughest
grains are the least spherical while the smoothest grains are the most spherical (see
Table 3.2).

The scattering angles corresponding to maximum levels of DLP at different X were
not analyzed for the grains as was the case for aggregates (shown in Table 2.4) because
there are many oscillations presenting maximum levels all allong the scattering angles
(as shown in Figure 3.9). Thus this characteristic is not interesting to be analyzed
because there is not a distinguishable order of maximum DLP levels or corresponding
scattering angles depending on the roughness of grains.

Figure 3.9: FEM numerical simulations of DLP of grains at λ = 20mm with a size
parameter of Xmean = 5.80.

Differences between measurements and FEM simulations of DLP were quantified
with our comparison criterion tool, RMSD IQR . The results of this comparison can
be found in Figure 3.10. Deviations are larger for smaller wavelengths (λ = 20 to
16.7mm) and larger wavelengths (around λ= 60mm), compared to the phase func-
tion RMSD IQR , arriving to values around RMSD IQR = 0.6. Indeed, DLP is more
sensitive than the phase function as it is a division between two average Mueller ma-
trix elements. Thus this larger sensitivity could has caused larger deviations that may
be caused by: first, the number of meshes for FEM simulations could be insufficient
for DLP, and second, the grain size was too large compared to the wavelength so the

188



3 Irregular compact grains – 3.3 Scattering properties of grains

hypothesis of having a incident plane wave with simulations was not 100% valid for
DLP.

Figure 3.10: Normalized root mean square deviations on the log of the DLP plotted
for all grains, taking their FEM numerical simulation as reference. The
gray line is a comparison of the Mie simulation versus FEM numerical
simulation with a sphere of radius 16.25mm.

3.3.2.3 Conclusions

Measurements and simulations of the phase function and DLP are consistent, pre-
senting lower RMSD IQR in the case of phase functions. Moreover, phase functions of
grains have very similar curve shapes and levels between each other, proving that this
scattering parameter is not affected by the type of roughness that our grains present.
In the case of grains DLP, their differences are seen with the amplitude of oscillations,
indeed rough grains have small amplitudes of oscillations and as roughness decreases
(or sphericity increases), amplitudes increase. Therefore, this characteristic of our
grains DLP can be used for identifying which of our grains is rougher than the other.

3.3.2.4 Other scattering parameters

Polarimetric images of protoplanetary disks contain information of the phase function
and degree of linear polarization of dust. These two scattering parameters are the
only parameters that can be observed with telescopes. Yet, as previously explained
in Section 2.4.2.4, there will be developments in the telescope instruments to obtain
other scattering parameters. Therefore, the aim of this section is to study other
three scattering parameters: <S22>

<S11> , <S44>
<S11> and <S34>

<S11> , to validate or understand other
scattering behaviors already seen or not seen with the phase function and DLP of
grains. In this way, the different analysis presented hereon will help to understand
and interpret observations of future scattered light images of protoplanetary disks.
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Parameter <S22>
<S11> is presented in Figure 3.11 for all grains. Notice that this parameter

is represented only with numerical simulations, as previously explained in Section
3.3.1.2. Remember that this parameter is sensitive to asphericity (or non-sphericity)
as was noted for our aggregates and mentioned in [179] for studies of rough spheres
in which <S22>

<S11> curves are farther from 1 when asphericity is bigger. It can be seen in

Figure 3.11 that as the size parameter increases for <S22>
<S11> , this effect is more visible

because the grain size is larger compared to the wavelength, as well as its roughness.
Thus, the two largest asphericities obtained are for grain Gr_n2_r13.3 at X = 7.54
for a scattering angle of θ = 142° with a minimum value of 0.72, and for grain Gr_-
n2_r13.2 at X = 7.73 at the same scattering angle with a minimum value of 0.7. For
other grains, as roughness decreases and sphericity increases, the amplitudes of
<S22>
<S11> curves decrease and converge toward 1. Thus, the minimum value for the

smoothest grain, Gr_n10_r2.6, is around 0.97. See Figure 3.12 where <S22>
<S11> of all

grains is presented at λ= 16.7mm (Xmean = 6.94), showing the smallest values <S22>
<S11> .

This figure presents <S22>
<S11> curves that are organized from the two most spherical

grains, Gr_n10_r2.6 (sphericity of 98.2%) and Gr_n8_r3.4 (sphericity of 97.0%), to
the two least spherical grains, Gr_n2_r13.3 (sphericity of 75.6%) and Gr_n2_r13.2
(sphericity of 89.9%). Therefore the curves organization are in accordance with the
calculated percentage of sphericity presented in Table 3.2. On the contrary, when
λ= 100mm (Xmean = 1.16), grains become Rayleigh scatterers and <S22>

<S11> tends to 1.
In summary, when Xmean > 1.16 this scattering parameter is able to show that its
levels are correlated with the sphericity of our grains, presenting <S22>

<S11> curves that are
organized from the smoothest (close to 1) to the roughest grain (smaller than 1).
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(a) Gr_n10_r2.6 (b) Gr_n8_r3.4

(c) Gr_n6_r4.7 (d) Gr_n4_r6.7

(e) Gr_n2_r13.3 (f) Gr_n2_r13.2

Figure 3.11: FEM numerical simulations of < S22 > / < S11 > including co and cross-
polarized Jones matrix elements of grains.
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(a) Xmean = 6.94 (b) Xmean = 1.16

Figure 3.12: FEM numerical simulations of < S22 > / < S11 > of grains at λ= 16.7mm
with a size parameter of Xmean = 6.94 and λ= 100mm with a size param-
eter of Xmean = 1.16.

Another parameter is <S44>
<S11> which is equal to <S33>

<S11> , as shown in Figure 3.4, with and
without cross-polarization. This equality highlights one of the Mie identities, S33 = S44,
which is not only the case for spheres but also for rough spheres as written in [179], and
radially homogeneous and in-homogeneous spheres as noted in [180]. Our grains have
also this Mueller matrix identity. Figure 3.13 presents <S44>

<S11> (which is proportional
to the degree of circular depolarization [79]) of all grains, where measurements and
simulations have similar behaviors. At the smallest X (brown lines), <S44>

<S11> curves have
soft falls which is characteristic of Rayleigh scatterers, but for larger size parameters
the falls are composed of oscillations (Mie-like behaviors). This general behavior of
soft falls for small X and oscillating falls for larger X is presented for all grains and was
already seen with DLP, thus <S44>

<S11> validates this scattering information.

Parameter <S34>
<S11> is shown in Figure 3.14 for all grains. At the smallest X , <S34>

<S11> is
almost constant, having values around zero all along the scattering angles for all
grains (Rayleigh behavior). For larger X , oscillations appear, reaching up to ±0.7
for the roughest grain, Gr_n2_r13.3. For other grains, the amplitude increases as
roughness decreases (Mie-like behavior) or sphericity increases, reaching amplitudes
of ±1 for Gr_n10_r2.6. These two behaviors were already seen with DLP, hence this
parameter does not add any extra scattering information on our grains.

192



3 Irregular compact grains – 3.3 Scattering properties of grains

(a) Gr_n10_r2.6 (b) Gr_n8_r3.4

(c) Gr_n6_r4.7 (d) Gr_n4_r6.7

(e) Gr_n2_r13.3 (f) Gr_n2_r13.2

Figure 3.13: < S44 > / < S11 > of grains, measurements (solid lines) and numerical
simulations (dashed lines).
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(a) Gr_n10_r2.6 (b) Gr_n8_r3.4

(c) Gr_n6_r4.7 (d) Gr_n4_r6.7

(e) Gr_n2_r13.3 (f) Gr_n2_r13.2

Figure 3.14: < S34 > / < S11 > of grains, measurements (solid lines) and numerical
simulations (dashed lines). See legends of Figure 3.13.
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3.3.2.5 Conclusions

In conclusion, measurements and numerical simulations of all these three scattering
parameters are consistent between them. Furthermore, <S22>

<S11> is the only one that
add an extra scattering information on our grains compared to the phase function
and DLP. With this parameter, we are able to identify which grain is more spherical
than the others with levels of <S22>

<S11> and presenting curves of grains organized from
the most spherical grain (around 1) to the least spherical grain (around 0.7). Moreover,
scattering parameters, <S44>

<S11> and <S34>
<S11> , validate the same behaviors already seen

with the phase function and DLP: at the smallest X of each grain (Xmean = 1.16), all
these four scattering parameters have Rayleigh-like behaviors, and for larger X , these
parameters have Mie-like behaviors.

3.3.2.6 Comparison of scattering parameters of grains and aggregates

In this section, I will compare the scattering properties of grains and aggregates based
on their scattering parameters, in order to see if there are differences or similarities
between these two morphologies. This will give some clues to analyze the scattering
observations of protoplanetary disks and ideas about which morphology could be
present in those disks. Note that our analogs are measured at the same wavelengths,
but as their sizes (or bounding spheres) are different, their size parameters (X ) have
not the same values at the same wavelengths. Thus, I tried to find the closest X
between aggregates and grains to be able to compare their scattering parameters,
eliminating the variation of X and therefore possible effects that this change could
cause on their scattering parameters.

When comparing the phase functions of our grains and aggregates at similar size
parameters (see Figure 3.15), three main differences are noticed: i) the number of
phase function bumps of grains are greater at the two largest X , ii) the forward scatter-
ing peaks of grains decrease faster arriving to minimum values for smaller scattering
angles and iii) backscattering levels of the grains phase functions have higher levels at
the largest X . If the comparison is made with a fluffier aggregate, Ag_DLA_Df2.0_N74_-
1, these three differences are even more visible. Figure 3.15.d shows that the phase
function of grain Gr_n2_r13.3 resembles more to the phase function of aggregate Ag_-
DLA_Df2.8_N74 than aggregate Ag_DLA_Df2.0_N74_1, which was expected because
these two first morphologies have the similarity of being more compact, yet they still
can be identified with their phase functions. This proves that phase functions of grains
and aggregates have different behaviors, thus even if aggregates can be considered as
rough particles, their porosities affect this scattering parameter.
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(a) Gr_n2_r13.3 (b) Ag_DLA_Df2.8_N74

(c) Ag_DLA_Df2.0_N74_1 (d) Aggregates and grain

Figure 3.15: Phase function of grains and aggregates, measurements (solid lines) and
numerical simulations (dashed lines). Note that colors are given at six
wavelengths but depending on the size of the object this creates different
size parameters, see Figure (d) to have comparable size parameters.

By comparing the DLP (see Figure 3.16) at similar size parameters, both DLP have a
Rayleigh behavior at the largest wavelength (brown lines). When increasing X , DLP
of grains have a similar behavior as DLP of the most compact aggregate, Ag_DLA_-
Df2.8_N74. There is just a slight difference between grains and compact aggregates:
i) DLP curves of the grain have more oscillations than DLP curves of the aggregate,
and ii) DLP minimum values are closer to −1. Thus, this can be a characteristic
when comparing DLP of compact grains and compact aggregates. On the other hand,
when the comparison is between DLP of grains with DLP of a fluffier aggregate, Ag_-
DLA_Df2.0_N74_1, even when increasing X , DLP of fluffy aggregates has a Rayleigh
behavior, thus the difference between fluffy aggregates and grains is more visible.
This can be seen in Figure 3.16.d that superposes DLP curves of one grain and two
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aggregates with different fractal dimensions at their closest X .

(a) Gr_n2_r13.3 (b) Ag_DLA_Df2.8_N74

(c) Ag_DLA_Df2.0_N74_1 (d) Aggregates and grain

Figure 3.16: DLP of grains and aggregates, measurements (solid lines) and numerical
simulations (dashed lines).

In the case of parameter <S22>
<S11> , it is only possible to differentiate three groups

shown in Figure 2.21 (the most fluffy aggregates, intermediate aggregates and the
most compact aggregate which means more spherical), while <S22>

<S11> of all grains are
organized with a clear separation from the roughest to the smoothest grain which
means more spherical (see Figure 3.12). Therefore, this parameter is even more
sensitive to differentiate between our grains than our aggregates. Moreover, when
comparing <S22>

<S11> of grain Gr_n2_r13.3 to aggregates Ag_DLA_Df2.8_N74 and Ag_-

DLA_Df2.0_N74_1 (Figure 3.17), two behaviors are observed: i) <S22>
<S11> levels of grain

are smaller compared to <S22>
<S11> levels of both aggregates, proving a more important

depolarization and therefore a larger asphericity for the grain, and ii) <S22>
<S11> curves of
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this grain have more oscillations than for both aggregates. Figure 3.17.d shows <S22>
<S11>

of the grain with these two aggregates at a similar size parameter, where there is a
clear evidence that the grain along with its roughness depolarizes more than both
aggregates. Thus, the roughness of our grains affects more this parameter than the
morphology of aggregates, showing a larger visible difference between grains and
aggregates than previous comparisons with phase functions and DLP.

(a) Gr_n2_r13.3 (b) Ag_DLA_Df2.8_N74

(c) Ag_DLA_Df2.0_N74_1 (d) Aggregates and grain

Figure 3.17: < S22 > / < S11 > of grains and aggregates including co and cross-
polarized Jones Matrix elements.

When comparing <S44>
<S11> of aggregates with that of grains, there are several differences

(see Figure 3.18): i) aggregates presented much less oscillating curves with smaller
amplitudes of oscillations than grains (the most compact aggregate being the one
with the highest number of oscillations while other aggregates present smooth curves
similar to Rayleigh scatterers). ii) <S44>

<S11> of all grains oscillates from 20° to 180°, while for

aggregates it starts at 60°. Therefore, these differences in <S44>
<S11> behaviors demonstrates
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that there are scattering differences between the morphologies of aggregates and
compact grains. These differences were already seen with phase functions, DLP and
<S22>
<S11> of both morphologies.

(a) Gr_n2_r13.3 (b) Ag_DLA_Df2.8_N74

(c) Ag_DLA_Df2.0_N74_1 (d) Aggregates and grain

Figure 3.18: < S44 > / < S11 > of grains and aggregates, measurements (solid lines) and
numerical simulations (dashed lines).

Finally, <S34>
<S11> of grains are compared with that of our aggregates (see Figure 3.19).

In general <S34>
<S11> curves of our aggregates do not oscillate especially when D f ≤ 2. On

the other hand, the most compact aggregate (Ag_DLA_Df2.8_N74) is the one that
presents the highest number of oscillations from all aggregates, and still it has less
oscillations than grains. Thus, when comparing <S34>

<S11> of this aggregate with that of
our grains, differences can be seen in the number of oscillations per wavelength and
the amplitude of oscillations, both characteristics being larger for grains than for
aggregates (similar to the oscillating behaviors already observed when comparing all
other scattering parameters of grains and aggregates). Thus, this parameter verifies
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the behaviors that were already highlighted with other scattering parameters.

(a) Gr_n2_r13.3 (b) Ag_DLA_Df2.8_N74

(c) Ag_DLA_Df2.0_N74_1 (d) Aggregates and grain

Figure 3.19: < S34 > / < S11 > of grains and aggregates, measurements (solid lines) and
numerical simulations (dashed lines).

In conclusion, comparisons of all five scattering parameters between grains and ag-
gregates showed two main differences: first, the number of oscillations per wavelength
is greater for grain scattering parameters and second, the amplitude of oscillations
are larger for grain scattering parameters. Between grains and fluffy aggregates with
D f ≤ 2, aggregates present visible differences because in the case of grains, they
behave like Mie scatterers, while aggregates (with D f ≤ 2), like Rayleigh scatterers
(shown for all five scattering parameters). However, when comparing grains with the
most compact aggregate (Ag_DLA_Df2.8_N74), their phase function and DLP resem-
ble more than when comparing with fluffy aggregates, and only greater differences
can be observed with <S22>

<S11> (minimum levels) and <S44>
<S11> (number of oscillations and

scattering angles corresponding to these oscillations).
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Notice that in order to have a complete analysis of the scattering behaviors of grains
and to differentiate them from aggregates, the phase function or DLP can be used to
differentiate between grains and fluffy aggregates, while <S22>

<S11> or <S44>
<S11> can be used to

differentiate between grains and compact aggregates. Therefore, there is a necessity
to continue the instrumental developments of telescopes to measure more than the
phase function and DLP.

All these five scattering parameters are studied in the following section, including a
size distribution effect to have more realistic scattering behaviors. Indeed, protoplan-
etary disks have populations of dust of different sizes, all being observed at the same
time, thus the necessity to apply a size distribution to our scattering parameters.

3.3.3 Grains with average orientation and size distribution
effect

3.3.3.1 Probability distribution

As mentioned in Section 1.2.3, protoplanetary dust sizes of our interest are between
0.1µm to 10µm considering NIR and optical data and following a power law distri-
bution of index −3.5. Remember that millimeter sized dust can be present in proto-
planetary disks but they are bad emitters at these range wavelengths, as previously
indicated in Section 2.4.3.1.

Thus, if we consider dust with these micrometer sizes and we choose optical
wavelengths, based on Table 1.2, size parameters would be from Xmi n = 0.90 to
Xmax = 157.08. As can be seen, Xmi n is very close to our grains minimal size pa-
rameter of Xmean = 1.16 (calculated with the mean radius of the bounding sphere of
all grains of 18.45mm). On the contrary, the maximal size parameter of our grains is
Xmean = 6.94, thus not even in the orders of the maximum protoplanetary dust size
parameter. Even so, the probability of finding our grain maximum size parameter is of
0.0021. This latter means that larger size parameters can be neglected because they are
less likely to be present. In this way, the size distribution that follows protoplanetary
dust can be artificially applied to our grains by using a size distribution X −ns , where
ns = 3.5, from Xmean = 1.16 to Xmean = 6.94. This size distribution on X is named
in this thesis as a size distribution effect with index ns (explained in Section 2.4.3,
expressed in Equation 2.5) and it is shown in Figure 3.20 for our grains. Notice that two
more indices were added in this study, ns = 2 and ns = 5, in order to analyze the effect
of ns on the scattering parameters, as it was also made for the scattering parameters
of aggregates.
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Figure 3.20: Probability distribution with three different indices (see legend) in terms
of Xmean , from 1.16 to 6.94.

3.3.3.2 Phase function

The size distribution effect was applied to the different scattering parameters of our
grains at the three chosen ns . The phase functions of all six grains are shown in Figure
3.21 with similar measurements and simulations. Phase function curves of different
grains are alike at the forward scattering angles, having smooth curves and similar
width values (HWHM) at each ns , as shown in Table 3.5. Their similarities of HWHM
values for each ns is due to the fact that the radius of the bounding spheres of all grains
is very close, thus the size of their scattering spots are almost the same. Differences
between their phase functions are visible at backscattering angles, where levels at 180°
of normalized phase functions are larger for the smoothest grains and decrease as
roughness of grains increases (or sphericity decreases), shown at all three ns (note
that this normalization is made at 0° as shown in Figure 3.22). Hence, Gr_n10_r2.6
which is the smoothest grain, has the largest phase function levels at backscattering
angles for all ns (see Table 3.6).

At ns = 3.5, the HWHM of the forward scattering peaks are around 52° for measure-
ment and 50° for simulations. The HWHM is narrower for a size distribution of ns = 2
and wider for ns = 5. This effect was expected since power law distributions with
larger coefficients give more weight to small X , thus smaller grains. Moreover, phase
function enhancements at backscattering angles have the largest levels at ns = 2. This
is caused by the fact that larger X have more weight in this distribution (shown for
each grain at different X in Figure 3.5) and as X increases backscattering enhancement
increases too.

In summary, at the same ns , grains with different roughness can be differentiated
with their backscattering levels. Comparisons between phase functions of different ns

can be differentiated with their HWHM and their backscattering levels.
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(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 3.21: Phase function of grains with average orientation and with power law
distributions of different ns , measurements (solid lines) and numerical
simulations (dashed lines). Figure (a) also presents the phase function of
the roughest grain at X = 1.26 (in brown) and at X = 7.54 (in orange) with
No Size Distribution Effect (NSDE).

ns / Gr n10_r2.6 n8_r3.4 n6_r4.7 n4_r6.7 n2_r13.3 n2_r13.2
2 44 (42) 44 (42) 44 (42) 42 (42) 44 (42) 46 (42)

3.5 52 (50) 52 (50) 52 (50) 50 (50) 52 (50) 52 (50)
5 58 (58) 58 (58) 58 (58) 58 (58) 58 (56) 58 (58)

Table 3.5: HWHM of phase function of grains with average orientation and with power
law distributions of different ns . Measured values (numerical values), both
in degrees.

Another analysis that can be made is comparing the phase functions with a size
distribution effect, with the phase functions without this effect (presented in subsec-
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tion 3.3.2.1). This comparison is possible thanks to the control of orientation and
multiple wavelengths with our scattering experiment in CCRM. Figure 3.21.a presents
the phase function of the roughest grain at X = 7.54 (λ = 16.7mm) and at X = 1.26
(λ= 100mm) named Gr_n2_r13.3 NSDE. Note that the phase functions of other grains
with NSDE at the same wavelengths have a very similar curve shape, thus these NSDE
curves (shown in Figure 3.21.a) are in representation of other grains. When comparing
phase functions with size distribution effect and without it, the bumps of the phase
functions (brown lines) have completely disappeared. This latter is due to the average
made for each grain at different X (or wavelengths).

Figure 3.22: Normalized phase function of grains with average orientation and with
power law distributions of ns = 3.5, measurements (solid lines) and nu-
merical simulations (dashed lines).

ns / Gr n10_r2.6 n8_r3.4 n6_r4.7 n4_r6.7 n2_r13.3 n2_r13.2
2 0.051 0.049 0.045 0.036 0.011 0.019

3.5 0.031 0.030 0.026 0.021 0.005 0.011
5 0.017 0.016 0.014 0.011 0.004 0.007

Table 3.6: Backscattering levels of phase functions of grains with average orientation
and with power law distributions of different ns . Calculated with the differ-
ence of the maximum numerical value at 180° and the minimum numerical
value of the phase function curve.

3.3.3.3 Degree of linear polarization

The degree of linear polarization including the size distribution effect of our grains is
shown in Figure 3.23. Two phenomena are identified at the three power law indices.
First, maximum levels of DLP drastically change depending on ns . At ns = 3.5 maxi-
mum values of DLP are around orders of 0.10 with scattering angles of 85°, while at
ns = 2 maximum values decrease with scattering angles of 20°, and at ns = 5 maximum
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values are the largest of all three ns with scattering angles of 98° (see Table 3.7 for
maximum DLP values for each grain). This behavior seen at ns = 5 is caused by the
contribution of DLP levels of small grains due to distribution, having Rayleigh-like
behaviors and therefore presenting maximum values. On the contrary, at ns = 2, the
largest contribution comes from Mie-like behaviors, where the average of oscillating
DLP curves produce maximum values around 0° with an important negative polariza-
tion branch. The second observed phenomenon is the negative polarization branch
between scattering angles of 150° and 160°. This branch has the largest negative values
at ns = 2, and when increasing ns negative branch values tend to 0.

(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 3.23: DLP of grains with average orientation and with power law distributions
of different ns , measurements (solid lines) and numerical simulations
(dashed lines). Figure (a) also presents DLP of the roughest grain at
X = 1.26 (in brown) and at X = 7.54 (in orange) with No Size Distribution
Effect (NSDE).

At all three ns , two groups of grains can be differentiated. On one hand, the group
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of the roughest grains or the least spherical (Gr_n2_r13.3 and Gr_n2_r13.2) that have
the smallest negative polarization branches and the largest maximum DLP levels. On
the other hand, the group of the smoothest grains or the most spherical (Gr_n10_r2.6,
Gr_n8_r3.4, Gr_n6_r4.7 and Gr_n4_r6.7) that have the largest negative polarization
branches and smallest maximum DLP levels. Hence, based on this scattering pa-
rameter, roughness of grains (or sphericity) is revealed with two elements: levels of
maximum DLP and negative polarization branch. Additionally, the effect of changing
ns also affects these two elements.

ns / Gr n10_r2.6 n8_r3.4 n6_r4.7 n4_r6.7 n2_r13.3 n2_r13.2
2 -0.03 (0.01) -0.03 (0.01) -0.02 (0.01) -0.02 (0.02) -0.01 (0.03) 0.03 (0.01)

3.5 0.03 (0.06) 0.03 (0.07) 0.05 (0.07) 0.05 (0.09) 0.13 (0.18) 0.12 (0.14)
5 0.33 (0.36) 0.31 (0.37) 0.35 (0.37) 0.35 (0.40) 0.42 (0.48) 0.44 (0.45)

Table 3.7: Levels of maximum DLP of grains with average orientation and with power
law distributions of different ns . Measured values (numerical values).

DLP with size distribution effect and without this effect are represented and com-
pared in Figure 3.23.a. Curves with no size distribution effect (NSDE) represent DLP of
grain Gr_n2_r13.3 at the smallest and largest wavelength, leading to X = 7.54 (orange
line) and X = 1.26 (brown line). The behaviors of these two curves are representative
of the other grains DLP with NSDE. As can be seen, oscillations of Gr_n2_r13.3 NSDE
at X = 7.54 have disappeared by applying the size distribution effect because the
weight is given mostly to small particles (Gr_n2_r13.3 NSDE at X = 1.26). Hence, DLP
with ns = 2 have closer values to Gr_n2_r13.3 NSDE at X = 7.54, while DLP with ns = 5
have similar behaviors to Gr_n2_r13.3 NSDE at X = 1.26. These behaviors are caused
by the type of weight given at each ns . For example, in the case of ns = 2, the weight
is given to larger grains compared to ns = 5. The same effect was seen for the phase
functions with the three different power law indices.

3.3.3.4 Other scattering parameters

Parameter <S22>
<S11> is presented in Figure 3.24 based on numerical simulations, for all

three ns . As mentioned by [179] and shown in Section 3.3.2.4, this parameter is related
to the sphericity of grains (see the percentage of sphericity in Table 3.2). This is the
case for all three size distribution indices and all grains except for Gr_n2_r13.2, which
has the smallest <S22>

<S11> value contrary to its calculated sphericity that does not have
the smallest percentage of all grains. This might be caused by its morphology that is
different from the rest of the grains because it was meshed with 80 triangles instead of
320, producing a different shape, more elongated one, and depolarizing more than
the other grains. Actually, if a grain is more elongated this should affect its percentage
of sphericity. However, the way we calculated sphericity does not take into account
changes in terms of elongation, thus Gr_n2_r13.2 presents a larger percentage of
sphericity contrary to what <S22>

<S11> illustrates. For this reason, we propose to analyze
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<S22>
<S11> with another characteristic that is the grain material packing density (shown in
Table 3.2). Indeed, if a grain is more elongated (which affects its sphericity), its packing
density is smaller. As can be seen, for the three ns , grains with the largest material
packing density ρ, present the maximum <S22>

<S11> values around 1, and as ρ decreases,
<S22>
<S11> values decrease too. Thus, Gr _n10_r2.6 with ρ = 0.85 has <S22>

<S11> values around

1, while Gr_n2_r13.2 with ρ = 0.42 has the smallest <S22>
<S11> values. In other words,

this scattering parameter shows a consistent organization of its curves related to the
calculated material packing density for all our grains and sphericity for most of our
grains, which is a complementary information on the grain morphologies compared
to the phase function and DLP.

(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 3.24: < S22 > / < S11 > of grains with average orientation and with power law
distributions of different ns based on numerical simulations (dashed
lines).

Notice that when comparing this parameter with and without size distribution
effect, oscillations and levels of <S22>

<S11> have decreased due to the average produced by
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the size distribution, as was also noticed for the phase function and DLP.
Parameter <S44>

<S11> for grains is presented in Figure 3.25. With ns = 5, smooth curves
of different grains are almost superposed, presenting a Rayleigh behavior (expected
because more weight is given to small grains, Xmean = 1.16). With ns = 3.5, curves have
very similar behaviors between them but this time presenting a characteristic bump at
148° and slight enhancements at 180° for the two roughest grains. This bump comes
from the Mie oscillations at different λ that were averaged with the size distribution
effect. Finally, with ns = 2, <S44>

<S11> curves present the most important differences
between grains, observed with the bump at 148° and backscattering enhancements,
and yet there are not enough differences to identify between one grain to another.
Therefore, this scattering parameter is not sensitive to the level of roughness that our
grains have.

(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 3.25: < S44 > / < S11 > of grains with average orientation and with power law
distributions of different ns , measurements (solid lines) and numerical
simulations (dashed lines).

208



3 Irregular compact grains – 3.3 Scattering properties of grains

<S34>
<S11> shown in Figure 3.26, presents two behaviors for our grains at all three ns : first,

a positive large oscillation at forward scattering angles around <S34>
<S11> values of 0.15,

and second, a peak at 160° with different levels depending on ns . The first behavior
is the effect of averaging different oscillations and creating an envelope. The second
behavior is caused by a characteristic peak that was presented at small wavelengths
or large size parameters for all our grains (see Figure 3.14 at the three largest X ) and
when applying the size distribution effect, it is not eliminated. We suggest that this
characteristic peak is a resonance for our grains with large size parameter, thus it is
amplified mostly for ns = 2. Apart from this resonance that can be a characteristic
that differentiate grains, this scattering parameter does not add another significant
scattering information compared to the phase function, DLP and <S22>

<S11> .

(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 3.26: < S34 > / < S11 > of grains with average orientation and with power law
distributions of different ns , measurements (solid lines) and numerical
simulations (dashed lines).

209



3 Irregular compact grains – 3.3 Scattering properties of grains

3.3.3.5 Conclusions

In conclusion, from these three scattering parameters <S22>
<S11> , <S44>

<S11> and <S34>
<S11> , levels of

<S22>
<S11> are related to the material packing density (that gives notions on how elongated
are our grains) of all our grains and to our calculated sphericity for most of our grains.
This is a specific information that cannot be obtained with other scattering parameters.
<S22>
<S11> together with the phase function (backscattering levels) and DLP (levels of
maximum DLP and negative polarization branch) can give complementary scattering
information and differentiate grains of different roughness at a same ns . Finally,
thanks to our multiple wavelength measurements and numerical simulations, we were
able to compare between scattering parameters including or not a size distribution
effect. This allowed us to identify when a characteristic of a scattering parameter was
caused by the morphology or by the change of index in the size distribution, which is
a particular advantage of our scattering experiment in CCRM.

3.3.3.6 Comparison of scattering parameters of grains and aggregates

The scattering parameters with size distribution effect of grains were compared with
the ones of aggregates at ns = 3.5 (power law index used for protoplanetary dust).
Hence, the aim of this section is to see if these two morphologies present different
scattering properties that can be identified with their scattering parameters. In this
way, this analysis will help to give some clues to analyze the scattering observations
of protoplanetary disks and thus have some ideas on which morphology could be
present in those disks.

When comparing the phase function of our aggregates and our grains, in both
cases phase functions are smooth curves. Furthermore, the HWHM values depend
on the radius of their bounding sphere. Thus, if an aggregate and a grain have the
same radius they present similar HWHM values (see for example HWHM values of
Ag_Df_2.5_N74 and Gr_n4_r6.7 at each ns). Hence this characteristic cannot be a
parameter to differentiate these two morphologies. On the contrary, enhancements of
the backscattering are more important for grains than aggregates, as shown in Figure
3.27 for numerical simulations. For ns = 3.5, backscattering enhancements start at
160° for grains and at 120° for aggregates. Moreover, aggregates phase functions have
larger variation of amplitudes (from 100 to 10−2.5) than grains phase functions (from
100 to 10−1.8), which can be seen with measurements and numerical simulations.
Thus, the backscattering enhancements and the variation of amplitude of the phase
function can be used as parameters to differentiate these two morphologies.
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(a) Grains (b) Aggregates

Figure 3.27: Normalized phase function of grains and aggregates with average orienta-
tion and with power law distributions of ns = 3.5, measurements (solid
lines) and numerical simulations (dashed lines).

Comparisons between DLP of grains and aggregates are shown in Figure 3.28. Grains
DLP curves have evidently smaller maximum levels (from 0 to 0.2) at smaller scattering
angles (around 80° to 90°), while aggregates DLP curves present larger maximum levels
(from 0.3 to 0.9) at larger scattering angles (around 90° to 100°). Indeed, as previously
mentioned for aggregates, maximum levels of DLP and consequently depolarization,
are affected by the morphology of the whole object and coupling between monomers.
Therefore, in the case of grains, the depolarization is caused by their whole compact
structure (roughness, sphericity and packing density) while for aggregates, as they
are porous structures composed of multiple monomers, depolarization is affected by
their porosity and coupling of monomers. These two characteristics affect less the
depolarization than having completely compact structures. Thus, levels of maximum
DLP and their corresponding scattering angles can be a way to differentiate these two
morphologies. Furthermore, negative polarization branches of both morphologies
are different. Grains DLP curves have a larger negative branch (with values of −0.3 at
150° for the four smoothest grains and −0.2 at 154° for the two roughest grains) than
that of aggregates (with values of orders of −0.01 at 178° for all aggregates except for
Ag_DLA_Df2.8_N74 of −0.2 at 154°). In sum, DLP curves show how morphology affects
this scattering parameter demonstrated with levels of maximum DLP and negative
backscattering branch. The differentiation between grains and aggregates was also
possible with their phase functions. Thus, in the future either the phase function or
the DLP can be helpful for this purpose.
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(a) Grains (b) Aggregates

Figure 3.28: DLP of grains and aggregates with average orientation and with power
law distributions of ns = 3.5, measurements (solid lines) and numerical
simulations (dashed lines).

When comparing <S22>
<S11> of grains with that of aggregates (see Figure 3.29), this scat-

tering parameter is more sensitive to grains than aggregates. Indeed, grains present
an organization level of <S22>

<S11> from the two smoothest grains (or the most spherical
with values around 1) to the two roughest grains (or the least spherical). This latter
was not the case for aggregates where only two groups can be differentiated: the most
compact aggregate and the rest of aggregates with <S22>

<S11> superposed curves. Notice

that the most compact aggregate (Ag_Df2.8_N74) has similar <S22>
<S11> levels to that of

grains, which means that for future observations differentiating grains from aggregates
with D f > 2.5 will be difficult because they both have the same behavior. In brief, this
scattering parameter shows an organization of levels related to the sphericity of grains,
which is a complementary information compared to previous scattering parameters.
<S22>
<S11> together with the backscattering enhancements of the phase function and levels
of the maximum DLP and negative branch, will help to differentiate between grains
and aggregates.
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(a) Grains (b) Aggregates

Figure 3.29: < S22 > / < S11 > of grains and aggregates with average orientation and
with power law distributions of ns = 3.5, measurements (solid lines) and
numerical simulations (dashed lines).

<S44>
<S11> of aggregates presents more differences between them than between that of

grains (see Figure 3.30). This scattering parameter is more sensitive to the porosity
of our aggregates, presenting different curves, than for our grains where all curves
are superimposed. Notice that all grain curves resemble to the curve of the most
compact aggregate, Ag_DLA_Df2.8_N74. Therefore, this parameter is not adapted to
differentiate between grains and compact aggregates with D f > 2.5, suggesting that
future observations might not be able.

(a) Grains (b) Aggregates

Figure 3.30: < S44 > / < S11 > of grains and aggregates with average orientation and
with power law distributions of ns = 3.5, measurements (solid lines) and
numerical simulations (dashed lines).
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Finally, <S34>
<S11> of grains and aggregates is shown in Figure 3.31 and compared. Com-

pact aggregates and all grains present a large oscillation at forward scattering angles
around <S34>

<S11> values of 0.15 to 0.20. Then, there is a clear difference between these
two groups: all grains present a characteristic positive peak at 160°, named before as
a resonance, while compact grains have negative oscillations. Moreover, when com-
paring <S34>

<S11> of fluffy aggregates with grains, <S34>
<S11> of aggregates have values around 0

all along the scattering angles. Therefore the main difference between <S34>
<S11> of grains

and aggregates is the resonance that is present for all grains in backward scattering
angles and absent for all aggregates.

(a) Grains (b) Aggregates

Figure 3.31: < S34 > / < S11 > of grains and aggregates with average orientation and
with power law distributions of ns = 3.5, measurements (solid lines) and
numerical simulations (dashed lines).

In conclusion, <S34>
<S11> presented a resonant peak at 160° for all grains which is a prop-

erty that aggregates did not present. Therefore, this characteristic together with the
variations of amplitude of the phase function, levels of backscattering enhancements
of the phase function, levels of maximum DLP, levels of negative polarization branch
and levels of depolarization of <S22>

<S11> (related to the sphericity and packing density),
are all together important characteristics that give information about the morphology,
making possible the distinction between aggregates and grains.

3.3.4 Direct comparison of scattering parameters found in
literature

After obtaining the scattering parameters of our grains and applying a size distribution
effect at different indices, these parameters were compared with the same scattering
parameters of other grains found in literature. These comparisons were made as
a first step to validate our parameters with that of other laboratory measurements,
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numerical simulations and optically thin circumstellar disks. Moreover, the idea of
comparing is to see which scattering parameter and index have the closest behaviors
to the ones presented in other works with similar morphologies. Note that a direct
comparison with scattering parameters of protoplanetary disks (optically thick) is not
possible because we need to produce the scattered image of the synthetic disk based
on the Mueller matrix elements (using a radiative transfer code) and then compare
this synthetic image with the observed scattered images of protoplanetary disks. This
latter aspect is not within the objectives of this PhD study but for future works.

3.3.4.1 Laboratory measurements

In [107] phase functions of three dust grains made of enstatite (m = 1.58+0.00002i
and X = 3.8×104), quartz (m = 1.54+0i and X = 4.6×104) and volcanic material from
Mount Etna (m = 1.59+0.01i and X = 4.1×104) were measured with light scattering
technique and compared to the observed phase function of the Fomalhaut disk from
30° to 170° (Debris disk with the same size distribution as protoplanetary disks, ns =
3.5), presenting similar behaviors between each other. These phase functions are
compared with the ones obtained for our grains (as shown in Figure 3.32, with ns = 3.5)
in order to see if our grain phase functions reproduce the same behaviors as the phase
function of the disk Fomalhaut. As seen in this figure, the behavior of the phase
functions of our grains is very different compared to the ones presented in [107]. Our
phase functions decrease from 30° to 120°, then flat behaviors are present up to 160°
and finally an enhancement in backscattering angles. On the contrary, the phase
functions in [107] have a continuous increase from 30° to 170°. The main cause for
this great difference is the size parameter that is 104 orders of difference being in
the geometrical scattering range, while our grains are in the Mie scattering range.
Note that the refractive indices of this paper [107] are similar to the astronomical
silicate 1.67+ 0.03i at their used wavelength 527nm, thus close to our grains that
are analog of astronomical silicates. Therefore, the only difference is the range of
the size parameter, producing different behaviors on the compared phase functions.
The same comparison was made with the phase functions of our grains obtained at
ns = 2 and ns = 5, but in neither case our phase functions were similar to the ones
presented in [107] because of the great difference of the size parameter. Therefore, if
the Fomalhaut disk phase function want to be reproduced in a future with our analogs,
size parameters of our grains need to increase.
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(a) Phase functions taken from [107] (b) Our phase function

Figure 3.32: Laboratory scattering measurements comparison of the phase function
normalized at 30° (vertical black line). (a) Phase function of three grains
(Quartz, enstatite and Etna) and Fomalhaut disk (in legend as Kalas et
al. 2005) [see Figure 7 in 107], (b) phase functions of our grains with
power law distribution effect of ns = 3.5 for measurements (solid lines)
and numerical simulations (dashed lines).

3.3.4.2 Numerical simulations

In [156] DDA simulations were studied for irregularly shaped particles at different
refractive indices, the one of our interest being m = 1.6+0.0005i (close to astronomical
silicate) with a size parameter of X = 1−26. In this study, particles have a power-law
size distribution with indices of 1.5, 2.5 and 3.5. The phase function and DLP of
these irregularly shaped particles are compared to the ones that we observed with
our grains at the same power-law index of ns = 3.5. The phase function comparison
is presented in Figure 3.33, where the particle with the highest material packing
density in [156] ρ = 0.336 is compared to our grain Gr_n2_r13.3, that has the closest
packing density of all our grains, ρ = 0.51. Behaviors of these two phase functions
are not identical because there are differences in ρ, which means a difference in their
bounding spheres. This leads to differences in levels and widths of the phase functions
at forward scattering angles. On the contrary, for side and backscattering angles,
behaviors and levels are similar for these two phase functions.

DLP comparison is presented in Figure 3.34. DLP maximum levels are different:
our grain presents levels around 20% while the one in [156] have a maximum of 30%.
This difference is normal because global structures of both particles are different (not
having the same roughness and sphericity), thus maximum levels are affected by this
global structure. Furthermore, in [156] negative polarization branches are not smaller
than −0.1, which is not the case for our grains. I think that our negative polarization
branch values are due to the sphericity of our grains having Mie-like behaviors, which,
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with the average of size distribution, produces this important negative branch. This is
not the case in [156] where particles are much less spherical.

(a) Phase functions taken from [156] (b) Our phase function

Figure 3.33: Numerical scattering comparison of the phase function normalized at
180°. (a) Phase function of grain with ρ = 0.336 [see Figure 5 in 156], (b)
phase functions of our grain with power law distribution effect of ns = 3.5
for numerical simulations (dashed line).

(a) DLP taken from [156] (b) Our DLP

Figure 3.34: Numerical scattering comparison of DLP. (a) DLP of grain with ρ = 0.336
[see Figure 5 in 156], (b) DLP of our grain with power law distribution
effect of ns = 3.5 for measurements (solid line) and numerical simulations
(dashed line).

Furthermore, in [156], two smaller ns were used, 2.5 and 1.5. Even if they are not
exactly the same indices as I used in the study of our grains, it can be seen in [156] that
the maximum DLP levels decrease as ns decreases, while the negative polarization
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branches increase. Additionally, visual changes in the width of the forward scattering
peak of the phase function decrease as ns decreases. I also observed these same
behaviors with our grains DLP and phase functions. Thus, there is an important
influence when changing the index of the size distribution on these two scattering
parameters as shown with our grains and as can be seen in figures presented in [156].
In brief, morphologies of our grains and the ones presented in [156] are not identical
but similar scattering behaviors were observed and when they were not similar, the
reasons behind it were discussed. Hence, this comparison helps as a validation of
our grain scattering parameters with scattering parameters of other rough structures
studied in literature.

3.3.4.3 Observations

Observations of disk HR4796A in [78] present the phase function of the scattered light
from dust. This phase function has a very prominent forward scattering peak and
an increase of the phase function from 40° up to backscattering angles. Compared
to the phase functions of our grains, none of them present the behavior of this disk
as was also seen for our aggregates phase functions in Section 2.4.4.3. Figure 3.35
presents a comparison between the phase function observed for the disk and the
phase function of our grains at ns = 2 because this corresponds to the case where
the phase functions of our grains have the narrowest forward scattering peaks and
the most important backscattering enhancements. Even when comparing with the
narrowest phase functions, the behaviors between phase functions of our grains do
not approach the one of the disk. As previously mentioned for aggregates and also
with the comparison of the Fomalhaut disk in Section 3.3.4.1, size parameters of our
future analogs must be in the geometrical scattering range and the refractive index
should increase, in order to have these phase function behaviors of these debris disks.

(a) Phase function taken from [78] (b) Our phase function

Figure 3.35: Observational scattering comparison of phase function normalized at
90°. (a) Phase function of disk HR4796A [see Figure 17 in 78], (b) phase
function of our grains with power law distribution effect of ns = 2 for
measurements (solid lines) and numerical simulations (dashed lines).
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3.3.4.4 Conclusions

In conclusion, based on previous comparisons, the behaviors of phase functions and
DLP obtained for our grains are consistent with the size parameter and refractive
index that were used to fabricate them. The behaviors observed when changing ns of
the phase function and DLP were also consistent as was shown in [156]. Therefore, we
validate these two scattering parameters with literature. However, one concern is how
to obtain the phase function of observed circumstellar disks (in this case we compare
with debris disk). Based on this concern, I suggest to increment the size parameter
of future analogs and explore other refractive indices like for example inclusions of
amorphous carbon, which is an abundant species that can be found in these disks
(see its refractive index in the bibliographical study in Section 1.7.2).

3.4 Analogs of chondrules and CAI
All previous sections presented in this Chapter 3 were focused on the study of scat-
tering parameters of grains with synthetic roughness (first family of grains). Now let
us study the second family of grains which consists of grains with natural roughness,
scanned from a meteorite.

Chondrites are rocky meteorites that were formed during the formation of the Solar
System and that could possibly contain pristine information on its origin. They are
composed of: chondrules (igneous rocks that were formed at high temperatures,
mostly made of olivine and pyroxene), refractory inclusions (Calcium-Aluminium rich
Inclusions-CAI or Amoeboid Olivine Aggregates-AOA), Metallic Fe-Ni grains and a
matrix (mixture of silicates, oxides, metallic Fe-Ni, sulfides and organic material). The
study of chondrites and its elements can provide information on the grain growth
in circumstellar disks, accretion process and planetary material [181]. Therefore,
understanding its scattering properties can give us access to this information. In
this way, the objective of this section is to take these pristine elements, specifically,
chondrules and CAI, that participated in the Solar System formation and study their
scattering properties based on their scattering parameters. The morphology of the
chondrules and CAI, were obtained with a X-ray computed tomography of a meteorite,
then scaled and finally 3D printed. This second family of grains is the closest approach
to a real natural morphology ever studied during this PhD. To our knowledge, this is
the first time that 3D printed analogs of chondrules and CAI are studied using the
microwave scattering technique.

3.4.1 Virtual generation
The morphology of chondrules and CAI were obtained using a X-ray computed to-
mography (XCT) on one chondrite with the collaboration of Yves Marrocchi from Le
Centre de Recherches Pétrographiques et Géochimiques. XCT is a noninvasive and
nondestructive technique that provides information about the internal structure of
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a chondrite in a full 3D data set. Each image, taken with the XCT and reconstructed
with the radon transform, is named slice. Each slice contains pixels with different
gray levels related to the density of the material. Thus, the darkest pixels are the
materials with the lowest densities and the brightest ones are the materials with the
highest densities. Based on these levels, the different components of a chondrite are
identified, in our case of interest chondrules and CAI. After obtaining different slices,
the voxels are built (pixels in 3D) and painted with this gray level information. Then,
by interpolation, the chondrules and CAI are modeled in a 3D volume. Finally, to
separate the elements of interest, e.g. chondrules and CAI, from its environment, a
Blob3D software is used [182] (see Figure 3.36 where the chondrite is in gray levels
and the elements of interest in color). This way, 3D files of the three chondrules and
CAI were obtained.

Figure 3.36: X-ray computed tomography of chondrules and CAI inside its chondrite.

3.4.2 3D printing by fused filament fabrication
To print chondrules and CAI, another additive manufacturing technique compared
to aggregates and grains (SLA) was used, the Fused Filament Fabrication (FFF). The
fabrication of this objects was made with the collaboration of the Lab-STICC labo-
ratory (Azar Maalouf) and Laboratoire IUSTI (Jean-Marie Felio). The FFF printer of
Lab-STICC has a resolution of 0.8mm by layer and maximum dimensions that can
be printed are 600mm x 325mm x 500mm. The FFF printer of Laboratoire IUSTI has
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a better resolution, ranging from 0.006mm to 0.275mm, and maximum printable di-
mensions are smaller 260mm x 200mm x 300mm. In both cases, compared with SLA
(used for aggregates and grain), larger objects can be printed but with lower resolution.
The main advantage of this technique is the variety of thermoplastics that can be
printed, therefore a larger range of refractive indices (permittivities).

The principle of FFF is to heat a thermoplastic wire inside an extrusion nozzle, then
deposit layer by layer (with movements in 2D that are controlled by the computer) the
molten material onto a substrate being solidified just after the extrusion and welded
to the previous layer. Thus, each layer is filled with a continuous molten filament and
then the nozzle is moved vertically to deposit another layer. At the end, the deposition
of several layers produces a 3D object [183].

Our chondrules and CAI were printed using the 3D files from XCT. Note that the
real sizes of the chondrules and CAI are of the orders of millimeters but in order
to do the analogy and have coherent size parameters with our wavelengths, these
objects were scaled up. Three types of materials were used to print them: acrylonitrile
butadiene styrene (ABS), orange polylactide (PLA), gray polylactide (PLA) and preperm
acrylonitrile butadiene styrene (ABS450), having refractive indices of m = 1.58+0.01i ,
m = 1.66+0.01i , m = 1.55+0.01i and m = 2.11+0.004i , respectively. PLA and ABS
have very close refractive indices to that of Draine and Lee astronomical silicate
from λ= 0.2 to 3 µm [14], representing silica-rich chondrules (Type I). In the case of
ABS450, its refractive index is higher than that of the astronomical silicate, thus it can
be considered as a FeO-rich silicate chondrule (Type 2) [184]. It is important to note
that all the particles were 3D printed with plain material, except for the CAI analog
where the shell was printed and then the interior was filled with sand (refractive index
around m = 1.7 with a negligible imaginary part). This type of fabrication is another
technique that we wanted to explore to produce analogs with more filling material
possibilities than just the materials that can be 3D printed. Notice that in this study,
our CAI has the refractive index of silica, however this is a first approach to understand
its morphology. Actually, CAIs have smaller/larger refractive indices. In fact, they are
composed of calcium aluminum oxide minerals as grossite (with a real refractive index
of n = 1.63), hibonite (n = 1.8) and corundum (n = 1.76) [185, 186]. Therefore, it is
suggested to use closer refractive indices for future CAI analogs.

Table 3.8 presents the properties of each analog starting with their technical name
that is a string composed of the type of chondrite constituent: C (Chondrule) or CAI
(Calcium-Aluminum Inclusion), then if the analog is a chondrule they are enumerated
from 0 to 2 (representing three different morphologies of chondrules), followed by
the print material, the color of the printed material and the letter r (for roughness)
followed by its percentage. Other columns contain: the maximal radius of the sphere
in which the analog can be contained known as the radius of the bounding sphere,
the roughness (see Equation 3.2), the sphericity (see Equation 3.3), the size parameter
at the smallest and the largest wavelengths and finally, the material packing density.
Figure 3.37 shows the pictures of the printed particles with their corresponding techni-
cal name. Note that C0_ABS450_white_r5.04 and C0_PLA_orange_r5.04 are the same
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chondrule but with different sizes and materials.

Chondrules and CAI
technical name

Radius of the bounding
sphere (mm)-Rmax

Roughness % Sphericity %

C0_ABS450_white_r5.04 16.39 5.04 88.83
C0_PLA_orange_r5.04 18.42 5.04 88.83
C1_PLA_gray_r12.34 24.36 12.34 83.20
C2_PLA_gray_r13.26 22.00 13.26 82.25
CAI_ABS_blue_r24.05 57.09 24.05 66.11

Chondrules and CAI
technical name

Size parameter
λ= 16.7 mm to λ= 100 mm

Material packing
density-ρ

C0_ABS450_white_r5.04 6.18 to 1.03 0.99
C0_PLA_orange_r5.04 6.95 to 1.16 0.99
C1_PLA_gray_r12.34 9.19 to 1.53 0.34
C2_PLA_gray_r13.26 8.30 to 1.38 0.37
CAI_ABS_blue_r24.05 21.53 to 3.59 0.19

Table 3.8: Analog chondrule and CAI properties.

(a) C0_ABS450_white_r5.04 (b) C0_PLA_orange_r5.04 (c) C1_PLA_gray_r12.34

(d) C2_PLA_gray_r13.26 (e) CAI_ABS_blue_r24.05

Figure 3.37: 3D printed chondrules and CAI with their corresponding technical name.

3.4.3 Chondrules and CAI size analogy
The mean radius of the bounding sphere of all four chondrules is 20.29mm with
mean size parameter ranging from Xmean = 1.28 to Xmean = 7.65 (calculated based on
Table 3.8). Additionally, for the CAI, the radius of the bounding sphere is 57.09mm
leading to X = 3.59 to X = 21.53. Thus, supposing these same size parameters, the
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corresponding radius of protoplanetary dust would have different values depending
on the wavelength range, as shown in Table 3.9.

Range name Wavelength
Radius of

chondrules
Radius of

CAI
Optical (nm) 400 to 700 81 to 850 228 to 2393
NIR (µm) 1.00 to 2.50 0.20 to 3.04 0.57 to 8.55
Millimeter(mm) 0.30 to 2.60 0.06 to 3.16 0.17 to 8.89

Table 3.9: Chondrule and CAI radius corresponding to different wavelength ranges
(units are noted in the first column).

3.5 Scattering properties of chondrules and CAI
Scattering properties of our four chondrules and one CAI were studied based on scat-
tering measurements performed at the anechoic chamber at the same 16 wavelengths
as those of aggregates and grains, from 100mm to 16.7mm. This time, FEM numerical
simulations were not made because these analogs present a natural roughness for
which a suitable meshing would lead to an enormous number of cells that we can
not smooth without any impact on their scattering parameters. Thus, open questions
are raised, as for example, how small the size of the FEM mesh need to be without
having any impact on their scattering parameters? Hence, this meshing limitation in
the numerical simulations shows the importance of using our measurements on these
natural rough particles. Notice that our measurements were already cross-validated
with FEM simulations for aggregates and grains. In this way, this section only presents
the scattering measurements of chondrules and CAI, showing a first step for future
experimental works to overcome the limits of numerical simulations due to roughness
(fine mesh problems) or very large objects (computational memory limits).

Remember that measurements, during my PhD, were made with two states of po-
larization for the antennas, both vertically polarized and both horizontally polarized.
Thus, four Mueller matrix elements were retrieved, S11, S12, S34 and S44 (see Equation
2.3). Based on these Mueller matrix elements four scattering parameters of chon-
drules and CAI were studied: the phase function (< S11 >), the DLP (−<S12>

<S11> ) and the

normalized elements <S34>
<S11> and <S44>

<S11> .

3.5.1 Setup parameters
In this section I verify and decide i) the number of necessary measurements and ii)
the zone where measurements could be performed.
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3.5.1.1 Number of necessary measurements

The number of necessary measurements and orientations to retrieve mean scattering
parameters, phase functions and DLP of our chondrules and CAI, was based on
[126]. To have a phase function accuracy of 1%, 35±10 measurements were needed
for C0_ABS450_white_r5.04 and C0_PLA_orange_r5.04, 70± 10 measurements for
C1_PLA_gray_r12.34 and 100±10 measurements for C2_PLA_gray_r13.26 and CAI_-
ABS_blue_r24.05. To have a DLP accuracy of 1%, 32±10 measurements were needed
for C0_ABS450_white_r5.04 and C0_PLA_orange_r5.04, 50± 10 measurements for
C1_PLA_gray_r12.34 and C2_PLA_gray_r13.26, and 60±10 measurements for CAI_-
ABS_blue_r24.05. Knowing that the support where the analog is placed was rotated
to give 36 orientations (see Section 2.4.1.1 for more details), and that we chose the
highest number of necessary measurements between these two scattering parameters
(phase function and DLP), thus we performed 36 orientations for C0_ABS450_white_-
r5.04 and C0_PLA_orange_r5.04, 72 orientations for C1_PLA_gray_r12.34 and 108
orientations for C2_PLA_gray_r13.26 and CAI_ABS_blue_r24.05. The same number of
measurements was used to calculate the other scattering parameters, <S34>

<S11> and <S44>
<S11> .

3.5.1.2 Forward and backward measurements

Measurements can be performed in the forward and backward zones. Yet, as for
aggregates and grains, we decided to only measure in the forward zone (from 0° to
130°). Actually, in the backward zone, the experiments are not as precise as in the
forward zone and it would have largely increased the time of measurements per
analog.

After verification and definition of the setup parameters, the scattering parameters
of chondrules and CAI were analyzed in two different ways: first, the scattering param-
eters with average orientation (Section 3.5.2) and second, the scattering parameters
with average orientation including a size distribution effect (Section 3.5.3).

3.5.2 Chondrules and CAI with average orientation
3.5.2.1 Phase function

The average phase functions of our chondrules and CAI are presented in Figure 3.38,
at the same six wavelengths that we chose to represent the scattering parameters
of our aggregates and grains in previous sections (100mm, 50mm, 33mm, 25mm,
20mm and 16.7mm corresponding to different size parameters). Levels of these phase
functions are different because size parameters between these chondrules and CAI
are not the same, as well as their refractive indices. Indeed, these two elements affect
the scattering cross sections and therefore the levels of the intensity of the scattered
light. For example, if we compare C1_PLA_gray_r12.34 and C2_PLA_gray_r13.26, that
have the same refractive index but not the same size parameter, the levels of the phase
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(a) C0_ABS450_white_r5.04 (b) C0_PLA_orange_r5.04

(c) C1_PLA_gray_r12.34 (d) C2_PLA_gray_r13.26

(e) CAI_ABS_blue_r24.05

Figure 3.38: Phase function of chondrules and CAI, measurements (solid lines) with
their corresponding size parameter.
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function are higher for C1_PLA_gray_r12.34 because it has larger X . If the comparison
is made between C1_PLA_gray_r12.34 and C0_PLA_orange_r5.04, the real part of
the refractive index is higher for C0_PLA_orange_r5.04 and thus its phase function
levels increase. The particle with the highest phase function levels and the narrowest
forward scattering peak is CAI_ABS_blue_r24.05. These two characteristics of the
CAI are caused by its large size parameters, compared to chondrules. The width of
these forward scattering peaks can be seen in Table 3.10 with values of HWHM for all
particles. In this table, HWHM values are similar for chondrules compared to HWHM
values of CAI, which was expected due to the large difference of the bounding spheres
between chondrules and CAI.

Chondrules
Xmean

CAI
X

C0_ABS450_
white_r5.04

C0_PLA_
orange_r5.04

C1_PLA_
gray_r12.34

C2_PLA_
gray_r13.26

CAI_ABS_
blue_r24.05

1.28 3.59 60 64 62 62 72
2.55 7.18 50 54 64 72 44
3.83 10.77 32 44 44 48 24
5.10 14.36 36 30 32 38 18
6.38 17.94 32 20 24 26 16
7.65 21.53 22 28 24 20 16

Table 3.10: HWHM of phase function in degrees at different Xmean of chondrules and
X of CAI.

Another characteristic that can be observed is the presence of secondary lobes
at small wavelengths, called bumps, for the two most spherical chondrules, C0_-
ABS450_white_r5.04 and C0_PLA_orange_r5.04. As already explained and shown, for
the phase functions of grains and compact aggregates, these bumps are characteristic
of spherical particles and they decrease when sphericity decreases and roughness
increases, as can be seen for example for C0_PLA_orange_r5.04, C2_PLA_gray_r13.26
and CAI_ABS_blue_r24.05. Figure 3.39 presents a comparison of the normalized phase
functions between all chondrules and CAI at the smallest wavelength (16.7mm), thus
the highest size parameter, where this behavior of bumps is showed.

In summary, levels of phase function and HWHM are related to size parameters and
refractive indices of chondrules and CAI. In terms of their morphology, the difference
can be observed with their bumps. Indeed, chondrules tends to be more spherical
(see sphericity in Table 3.8 around orders of 85%) thus more bumps, while CAI is
less spherical (around 66%) which means less bumps. Therefore, based on the phase
function bumps, we can obtain some insights about their sphericity.
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Figure 3.39: Normalized phase functions of chondrules and CAI at λ= 16.7mm, corre-
sponding to Xmean = 7.65 for chondrules and X = 21.54 for CAI.

3.5.2.2 Degree of linear polarization

The degree of linear polarization of all four chondrules and CAI were calculated
and shown in Figure 3.40 at the same six chosen wavelengths. At the smallest size
parameter of all chondrules (Xmean = 1.28), DLP presents Rayleigh behaviors with
maximum values around 1. For the CAI, the DLP curve is also a bell but with a smaller
maximum value of 0.29. This is because of its large size parameters and its particular
structure, depolarizing more than chondrules. The maximum levels of DLP at larger
X were not analyzed because DLP for all particles have very oscillating behaviors, all
along the scattering angles (Mie-like behaviors) similar to DLP of grains, so there is no
sense in analyzing the maximum DLP and relate it with their roughness.

Notice that the amplitude of DLP curves decreases as the size parameter and rough-
ness of chondrules and CAI increase, thus levels of local maximum DLP of CAI are the
smallest, having values around 0. Note that this DLP behavior of the CAI has never
been seen for the different morphologies that have been studied herein (aggregates
and the first family of grains). Figure 3.41 presents DLP of chondrules and CAI at
the largest X . As already seen for DLP of grains, amplitudes of DLP oscillations are
more important for the smoothest particles (C0_ABS450_white_r5.04 and C0_PLA_-
orange_r5.04) than DLP amplitudes for the roughest particle (CAI_ABS_blue_r24.05).
Indeed, rougher particles are less spherical, depolarizing more. In summary, DLP
amplitudes can gives us some signs of chondrules and CAI roughness, differentiating
them. Note that as for the first family of grains, as roughness increases, sphericity
decreases. Indeed, these two characteristics are related as shown in Table 3.8. Thus,
these DLP amplitudes can be analyzed either by the particles roughness or sphericity.
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(a) C0_ABS450_white_r5.04 (b) C0_PLA_orange_r5.04

(c) C1_PLA_gray_r12.34 (d) C2_PLA_gray_r13.26

(e) CAI_ABS_blue_r24.05

Figure 3.40: DLP of chondrules and CAI, measurements (solid lines) with their corre-
sponding size parameter.
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Figure 3.41: DLP of chondrules and CAI at λ = 16.7mm, corresponding to Xmean =
7.65 for chondrules and X = 21.53 for CAI.

3.5.2.3 Other scattering parameters

This section presents the analysis of two other scattering parameters, <S44>
<S11> and <S34>

<S11> ,
in order to see if complementary information, compared to the phase function and
the DLP, can be obtained. Remember that these two scattering parameters cannot yet
be retrieved with nowadays telescopes but there is an interest in understanding them
for future applications.

Parameter <S44>
<S11> is shown in Figure 3.42, for chondrules and CAI. At the smallest X

(brown lines), chondrules present smooth <S44>
<S11> curves, typical of Rayleigh behaviors.

Furthermore, when X increases, <S44>
<S11> of chondrules oscillates from 20° to 130°. For

CAI, <S44>
<S11> curves do not act as Rayleigh curves neither as Mie ones. In fact CAI curves

act very similar at the different wavelengths, decreasing slowly from 1 at 0° to 0.5 at
130°.

Note that as roughness increases from 5.04% to 24.05% (or sphericity decreases), am-
plitudes of <S44>

<S11> oscillations increasingly damp. This can be seen in Figure 3.42, where
<S44>
<S11> of all particles are represented at their highest X (λ= 16.7mm). It is important
to highlight that C0_ABS450_white_r5.04 has the same roughness as C0_PLA_orange_-
r5.04 but with a higher refractive index that may produce larger amplitudes of <S44>

<S11>
(see differences with Figure 3.42.a and 3.42.b). In brief, the amplitude of oscillations
presented from 20° to 130° is a characteristic of <S44>

<S11> to differentiate between chon-
drules and CAI of different roughness.
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(a) C0_ABS450_white_r5.04 (b) C0_PLA_orange_r5.04

(c) C1_PLA_gray_r12.34 (d) C2_PLA_gray_r13.26

(e) CAI_ABS_blue_r24.05

Figure 3.42: < S44 > / < S11 > of chondrules and CAI, measurements (solid lines) with
their corresponding size parameter.
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Finally, notice that for C2_PLA_gray_r13.26, <S44>
<S11> curve at X = 1.38 presents anoma-

lies from 0° to 30°. Normally values should be 1 as for others X and chondrules. This
was a problem of calibration caused at large wavelengths that is more visible for this
scattering parameter, than for the phase function and DLP. Future works need to find
a better calibration for this chondrule at large wavelengths.

Figure 3.43: < S44 > / < S11 > of chondrules and CAI at λ= 16.7mm, corresponding to
Xmean = 7.65 for chondrules and X = 21.53 for CAI.

Parameter <S34>
<S11> is shown in Figure 3.44. Differences between <S34>

<S11> from one chon-
drule to another are again related to the amplitude of oscillation and roughness (or
sphericity), as observed with the phase function, DLP and <S44>

<S11> . Moreover, at X ≈ 1
all chondrules present curves around 0 all along the scattering angles (evidence of
a Rayleigh behavior for this scattering parameter) and as X increases, oscillations
increase too. Both behaviors were also seen with previous scattering parameters. Thus,
<S34>
<S11> does not add any extra information compared to phase function, DLP and <S44>

<S11> .
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(a) C0_ABS450_white_r5.04 (b) C0_PLA_orange_r5.04

(c) C1_PLA_gray_r12.34 (d) C2_PLA_gray_r13.26

(e) CAI_ABS_blue_r24.05

Figure 3.44: < S34 > / < S11 > of chondrules and CAI, measurements (solid lines) with
their corresponding size parameter.
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3.5.2.4 Conclusions

In conclusion, scattering measurements of analogs of four chondrules and one CAI
were performed, calculating their scattering parameters. Differences among chon-
drules and CAI can be identified with changes in amplitudes of: phase functions,
DLP, <S44>

<S11> and <S34>
<S11> . All these four parameters present the same relation between

their amplitudes of oscillations and roughness of analogs (or sphericity), which is,
as roughness increases (or sphericity decreases) amplitudes decrease. In the case of
chondrules, at Xmean = 1.28, all four scattering parameters have Rayleigh-like behav-
iors, while at larger X , oscillations or leftover oscillations of Mie behaviors are present.
In the case of our CAI, at the smallest size parameter, X = 3.59, curves of the different
scattering parameters do not present Rayleigh-like behaviors neither Mie-like behav-
iors but a transition between both. Then for larger X , each CAI scattering parameter
has very similar curves behaviors. For the phase function, CAI curves have narrow
forward scattering peaks and damped bumps. For DLP, CAI have little oscillating
curves around 0 values. For <S44>

<S11> , CAI have curves decreasing from 1 to 0.5 and for
<S34>
<S11> , levels are between 0 to negative values. All these behaviors were never seen
with our other studied morphologies (first family of grains and aggregates). Therefore,
differences with all four scattering parameters can be used to identify chondrules
from CAI. Future works need to verify if these same scattering behaviors of our CAI
can be also observed with other CAIs.

In order to identify chondrules from each other, DLP is a good parameter because
amplitudes of DLP are related to their depolarization and therefore to chondrule
roughness (or sphericity). In fact, smaller levels of DLP are present for rougher chon-
drules. This differentiation between chondrules could also be made with the phase
function by analyzing the amplitudes of bumps or with <S44>

<S11> or <S34>
<S11> , also with the

amplitude of oscillation. However, astronomical observations cannot yet obtain these
two last scattering parameters. In the case of the phase function, we think it is more
difficult to differentiate chondrules by comparing the amplitude of secondary lobes
or bumps because these bumps might disappear with the size distribution average, as
was the case for aggregates and first family of grains. In brief, DLP is the best scattering
property to differentiate between different chondrules and CAI.

Future works should be focused on measuring chondrules and CAI in the backward
zone of our scattering experiment in CCRM. Therefore, the analysis of phase function
backscattering enhancements and DLP negative polarization branches are missing to
complete the scattering study of these particles.

3.5.2.5 Comparison of scattering parameters of chondrules, CAI, grains and
aggregates

In this section, I will compare the scattering properties of the three studied morpholo-
gies, aggregates and two families of grains, based on their scattering parameters. The
idea is to identify which scattering characteristic makes them different, with the pur-
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pose to understand which morphologies are present in protoplanetary disks. In order
to do this comparison I tried to find the closest X between the three morphologies
to eliminate any effect in terms of their sizes and consequently in their scattering
parameters. Notice that in Section 3.3.2.6, the comparison between the first family of
grains and aggregates was already done. Thus, the final conclusions herein, take also
into account the comparisons presented in this previous section.

Phase functions of chondrules and CAI are compared to the ones of grains. Note
that the nature of roughness is different for both types of morphologies. For grains,
roughness was produced artificially with random distances from the vertex of triangles
and the center of grains. For chondrules and CAI, roughness was taken from a XCT of
a chondrite which is a natural roughness. Figure 3.45 presents a comparison between
grain Gr_n4_r6.7 and chondrule C0_PLA_orange_r5.04, having same size parameters,
similar roughness and similar refractive index. Both present similar phase function
shapes and same number of bumps at the same wavelengths (represented with the
same colors). This is due to their similar sphericity, in the case of C0_PLA_orange_-
r5.04 being of 88.83% and for Gr_n4_r6.7 of 90.7%. Slight differences are noticed in
terms of their levels due to the small difference in their refractive indices.

On the contrary, if we compare C2_PLA_gray_r13.26 and Gr_n2_r13.3, even if both
particles have similar size parameters, roughness and refractive index, they have
different phase functions (see Figure 3.46). The chondrule phase functions have
damped bumps (sphericity of 82.25%), while for the grain these bumps are well defined
(sphericity of 75.6%) which is characteristic of spherical particles. Yet, the grain
sphericity is smaller than for the chondrule. Thus, I think that the difference of the
amplitude of the phase function bumps is related with their type of morphology.
Natural roughness of chondrules produces damped bumps while synthetic peaky
roughness of grains produces larger oscillation of amplitude. This difference is noticed
in this second comparison (between the grain and chondrules of roughness of 13%)
because the percentage of roughness is larger than for the first comparison (previous
paragraph, grain and chondrule roughness around 5 to 7%). Therefore, as roughness
increases, differences between phase function behaviors of our grains and chondrules
are more important, as showed with their bumps.

In the case of CAI phase function, its behavior does not resemble neither the grains
phase functions nor the aggregates phase functions. The width of its forward scattering
peaks (the narrowest of all our particles phase functions) and the absence of bumps
are due to its large size parameter and morphology, respectively.
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(a) C0_PLA_orange_r5.04 (b) Gr_n4_r6.7

Figure 3.45: Phase function of chondrule C0_PLA_orange_r5.04 and grain Gr_n4_r6.7,
measurements (solid lines) and numerical simulations (dashed lines).

If the comparison is made between phase functions of chondrules and aggregates,
differences are observed on their bumps. The number of bumps for phase functions
of chondrules is greater than for compact aggregates in forward scattering angles,
even for chondrule C2_PLA_gray_r13.26 that has damped bumps. In the case of
fluffy aggregate, Ag_DLA_Df2.0_N74_1, the difference is even more important because
these bumps are absent. The same difference was observed when comparing phase
functions of grains with aggregates in Section 3.3.2.6. Thus, both families of grains
present similar number of bumps compared to aggregates, and these bumps can
also distinguish grains from chondrules at large roughness (around 13.3% where
chondrules phase functions have damped oscillations while for grains these bumps
have well defined peaks and valleys), proving that these three morphologies presented
differentiable phase functions behaviors.

235



3 Irregular compact grains – 3.5 Scattering properties of chondrules and CAI

(a) C2_PLA_gray_r13.26 (b) Gr_n2_r13.3

(c) Ag_DLA_Df2.8_N74 (d) Ag_DLA_Df2.0_N74_1

Figure 3.46: Phase function of chondrule, grain and aggregates, measurements (solid
lines) and numerical simulations (dashed lines).

When comparing DLP of chondrules with that of other morphologies, similarities
are found with grains DLP. Figure 3.47 presents similar DLP behaviors between C0_-
PLA_orange_r5.04 and grain Gr_n4_r6.7. On the other hand, Figure 3.48 presents
more DLP differences, where amplitudes of DLP oscillations are more damped for
the chondrule, C2_PLA_gray_r13.26, compared to that of the grain, Gr_n2_r13.3. In
the case of second comparison, roughness has increased for the chondrule and grain
(around 13.3%), therefore DLP differences between this two morphologies are more
important. These two comparisons were also made to their phase functions, giving
same conclusions with the amplitudes of the phase functions bumps and showing
larger differences when roughness was around 13.3%. Thus, this scattering parameter
does not add any extra information when comparing grains and chondrules.
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(a) C0_PLA_orange_r5.04 (b) Gr_n4_r6.7

Figure 3.47: DLP of chondrule C0_PLA_orange_r5.04 and grain Gr_n4_r6.7, measure-
ments (solid lines) and numerical simulations (dashed lines).

Comparing chondrules DLP and fluffy aggregates DLP, fluffy aggregate, Ag_DLA_-
Df2.0_N74_1, presents bell DLP curves at all X , while chondrule C2_PLA_gray_r13.26
has only this behavior at its smallest size parameter, X = 1.38. Differences are visible
at larger X . Hence, if we compare at X = 8.30 for the chondrule and X = 8.24 for
the aggregate, DLP of aggregate has a Rayleigh-like behavior (bell) even for this large
X (the same behavior is observed for other aggregates with D f ≤ 2) while DLP of
chondrule has damped oscillating behaviors around values of 0. If the comparison is
made between chondrule C2_PLA_gray_r13.26 and the most compact aggregate, the
distinction is not very clear. What can be observed is that the damped DLP oscillations
of the chondrule are irregular curves (misshaped) which is also the case for chondrule
C1_PLA_gray_r12.34 (showed in Figure 3.40). In summary, DLP of fluffy aggregates
(D f ≤ 2) can easily be differentiated from chondrules and grains, yet DLP of the most
compact aggregate does not present much difference with chondrules C1 and C2,
contrary to chondrules C0. In the case of CAI DLP, neither the aggregates, grains or
chondrules DLP present little oscillations around 0 values as CAI DLP does. The DLP
of CAI presents the largest depolarization of all our particles.
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(a) C2_PLA_gray_r13.26 (b) Gr_n2_r13.3

(c) Ag_DLA_Df2.8_N74 (d) Ag_DLA_Df2.0_N74_1

Figure 3.48: DLP of chondrule, grain and aggregates, measurements (solid lines) and
numerical simulations (dashed lines).

When comparing <S44>
<S11> of chondrules with that of grains (see Figures 3.49 and 3.50),

it can be seen that no matter the percentage of roughness, in both cases oscillations of
<S44>
<S11> have larger amplitudes for grains than for chondrules. When the comparison
is made with the phase function and DLP, differences are only visible at a roughness
of 13.3%, thus this scattering parameter is more sensitive to differentiate between
these two types of roughness. Moreover, by analyzing <S44>

<S11> of chondrules with that
of aggregates, the difference is observed at forward scattering angles from 0° to 60°.
Indeed, <S44>

<S11> of all our chondrules always oscillates (except at X around 1) while our
aggregates have curves almost constant around values of 1. Then, after 60°, compact
aggregates oscillate up to backscacttering angles, while fluffy aggregates smoothly
decrease with Rayleigh behavior. In summary, <S44>

<S11> has characteristic behaviors

between the three morphologies and also within the same morphology: i) <S44>
<S11> of

rough particles starts oscillating at 20°, while <S44>
<S11> of aggregates starts at 60°, ii) <S44>

<S11>
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of chondrules has damped oscillations compared to that of grains, and iii) <S44>
<S11> of

compact aggregates has oscillations from 60° to backscattering angles while that of
fluffy aggregates does not oscillate.

(a) C0_PLA_orange_r5.04 (b) Gr_n4_r6.7

Figure 3.49: < S44 > / < S11 > of chondrule C0_PLA_orange_r5.04 and grain Gr_-
n4_r6.7, measurements (solid lines) and numerical simulations (dashed
lines).
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(a) C2_PLA_gray_r13.26 (b) Gr_n2_r13.3

(c) Ag_DLA_Df2.8_N74 (d) Ag_DLA_Df2.0_N74_1

Figure 3.50: < S44 > / < S11 > of chondrule, grain and aggregates, measurements (solid
lines) and numerical simulations (dashed lines).

Finally, in the case of <S34>
<S11> , Figure 3.51 presents a comparison between C0_PLA_-

orange_r5.04 and Gr_n4_r6.7. Both particles have the same size parameter, thus at X =
1.16 they have almost a constant behavior along the scattering angles around 0, and
for larger X , both present oscillations at similar <S34>

<S11> values. Therefore, distinguishing

both types of roughness, based on <S34>
<S11> , is not possible. However, if the chondrule

is rougher, the difference of <S34>
<S11> between chondrules and grains is immediately

visible (see for example Figure 3.52.a and 3.52.b), as for the phase function and DLP. As
previously observed with other scattering parameters, oscillations of this parameter
are damped for C2_PLA_gray_r13.26 compared to that of Gr_n2_r13.3 (grains presents
large amplitudes of oscillations). The same was observed for chondrule C1 and CAI.
In the case of aggregates with D f ≤ 2, their <S34>

<S11> curves are different from chondrules
and grains, having curves that fluctuate around 0, all along the scattering angles. For
the most compact aggregate, <S34>

<S11> has oscillations, smaller than grains but larger than

240



3 Irregular compact grains – 3.5 Scattering properties of chondrules and CAI

chondrule C2, thus it is difficult to know with this parameter if the aggregate is a grain
but with a larger roughness, or if it is a chondrule with a smaller roughness. In short,
this scattering parameter is less sensitive than <S44>

<S11> to identify between the two types
of roughness (chondrules and grains), when particles roughness are around 5%, as
was the case for the phase function and DLP. Additionally, differences between <S34>

<S11>
of the most compact aggregate and chondrules or grains is very slight, which implies
possible confusions between the three morphologies.

(a) C0_PLA_orange_r5.04 (b) Gr_n4_r6.7

Figure 3.51: < S34 > / < S11 > of chondrule C0_PLA_orange_r5.04 and grain Gr_-
n4_r6.7, measurements (solid lines) and numerical simulations (dashed
lines).
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(a) C2_PLA_gray_r13.26 (b) Gr_n2_r13.3

(c) Ag_DLA_Df2.8_N74 (d) Ag_DLA_Df2.0_N74_1

Figure 3.52: < S34 > / < S11 > of chondrule, grain and aggregates, measurements (solid
lines) and numerical simulations (dashed lines).

In conclusion, we found similarities between scattering parameters of grains and
chondrules. Yet, among all the scattering parameters, <S44>

<S11> is the most sensitive
parameter presenting the greatest difference between these two morphologies that
resemble but have different natures of roughness (one synthetic and another one natu-
ral). Chondrules have clearly <S44>

<S11> curves with smaller amplitude of oscillations than
grains. Additionally, based on this parameter, we were able to identify between charac-
teristic behaviors of the most compact aggregate compared to grains and chondrules
and also with fluffy aggregates. Hence, <S44>

<S11> is an excellent parameter to identify
between our three types of morphologies.

In order to complete the scattering study of chondrules and CAI, in the following
section, a size distribution effect will be applied to the same four scattering parameters
and compared again with the other two morphologies, grains and aggregates.
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3.5.3 Chondrules and CAI with average orientation and size
distribution effect

3.5.3.1 Probability distribution

The size distribution effect applied to the scattering parameters of grains, in Section
3.3.3, is also applied to the scattering parameters of chondrules and CAI, which means,
a power law distribution on X with index ns = 3.5, calculated in the optical range,
thus protoplanetary dust with size parameters from Xmi n = 0.90 to Xmax = 157.08
(see Equation 2.5). Based on the mean radius of the bounding sphere of chondrules
(20.29mm), their size parameters are from Xmean = 1.28 to Xmean = 7.65, correspond-
ing to a probability of 0.819 and 0.0016, respectively. For the CAI, size parameters
are from X = 3.59 to X = 21.54, corresponding to a probability of 0.022 and 0.00004,
respectively. Probability of distribution for chondrules and CAI is shown in Figure
3.53.

Notice that the size distribution of chondrules and CAI is still a highly debated
subject. Some authors accept a power law distribution for CAI [187] where the index
is still not well defined, while other authors propose a lognormal size distribution
for chondrules and CAI [188]. Thus, we decided to use the same size distribution as
protoplanetary dust, in order to be able to compare their scattering parameters with
the ones of our aggregates and grains. Additionally, two more power law indices were
applied (ns = 2 and ns = 5), as for aggregates and grains, to study how the change of
index affect their scattering parameters. Note that if the size distribution of chondrules
and CAI is proved to be different in a future, our measurements and simulations of
their scattering parameters can be used and only the size distribution effect need to
be changed on X .

(a) Chondrules (b) CAI

Figure 3.53: Probability distribution with three different indices (see legend) in terms
of Xmean for chondrules, from 1.28 to 7.65 (Figure a), and in terms of X
for CAI, from 3.59 to 21.54 (Figure b).
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3.5.3.2 Phase function

After applying the size distribution effect at the three chosen ns , the scattering proper-
ties were analyzed. Phase functions of chondrules and CAI are shown in Figure 3.54.
As ns increases, levels of the forward scattering peak decrease and HWHM values
increase.

(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 3.54: Phase function of chondrules and CAI with average orientation and with
power law distributions of different ns , measurements (solid lines).

Levels of their phase functions are caused by the radius of the bounding sphere. For
example, both chondrules C0 have similar radius (the two smallest radius of these
particles) therefore similar X , giving the same weight and producing large phase
function levels (small particles have more weight than large particles for the size
distribution of chondrules). The same is seen for C1_PLA_gray_r13.24 and C2_PLA_-
gray_r13.26, which have the second largest levels. For CAI, even if it has the largest
radius and consequently the largest X , its size distribution is inverted compared to
chondrules, thus at ns = 2 the CAI has the largest weight compared to other two power
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law indices. Therefore, these phase function levels are associated to the radius of their
bounding spheres and size distributions, giving specific levels for each particle. In
fact, these levels do not give information about their morphology but size.

Moreover, the HWHM of the measured phase function portion (up to 130°) were
retrieved (see Table 3.11). Chondrules have similar HWHM values, except for C0_-
ABS450_white_r5.04 at ns = 2 and ns = 5. These values need to be remeasured with the
whole phase function curve (including backscattering angles) because the software,
that estimates HWHM, takes the last point (at 130°) as the minimum phase function
value to calculate the height of the curve. But since the real minimum value is not
known until having the whole curve, then these values should be revisited. As can
be seen, CAI presents the smallest HWHM values at three ns : this is due to its large
size compared to chondrules. This can also be seen in Figure 3.55, where the phase
function of chondrules and CAI are normalized, showing the narrowest width for the
CAI phase function.

ns
C0_ABS450_
white_r5.04

C0_PLA_
orange_r5.04

C1_PLA_
gray_r12.34

C2_PLA_
gray_r13.26

CAI_ABS_
blue_r24.05

2 36 40 44 46 32
3.5 50 50 50 52 44
5 62 56 56 56 56

Table 3.11: HWHM of phase function of chondrules and CAI with average orienta-
tion and with power law distributions of different ns . Measured values in
degrees.

Figure 3.55: Normalized phase function of chondrules and CAI with average orienta-
tion and with power law distributions of ns = 3.5, measurements (solid
lines).

Contrary to the first family of grains, this second family does not have the values
of the phase function at backscattering angles. Thus, we could not associate their
backscattering enhancements to their morphology and roughness (or sphericity).
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Future works need to measure these particles at backscattering angles in order to
complete their scattering analysis. In summary, with incomplete phase function
curves, the only possible analyses are in terms of their levels and HWHM values which
are related to their size and not to their morphology.

3.5.3.3 Degree of linear polarization

Figure 3.56 shows the degree of linear polarization with the size distribution effect
at the three chosen indices. Maximum DLP levels increase as ns increases, for all
chondrules and CAI (see Table 3.12). The scattering angles corresponding to these
maximum DLP levels are similar for all chondrules. At ns = 2 these maximum levels
are at forward scattering angles, from 0° to 10°. At ns = 3.5, maximum DLP levels
are at scattering angles around 90°, and at ns = 5 around 96°. This shift of maximum
DLP from small scattering angles to larger scattering angles as ns increase (only
for chondrules), is caused by the important increase of weight given to small size
parameters of the size distribution. Small size parameters have DLP with Rayleigh
behaviors in which the maximum DLP is found at side scattering angles. In the case
of CAI, maximum DLP levels correspond to scattering angles larger than 115° with
the three ns , therefore it is the maximum scattering angle of all the maximum DLP of
grains (in this case, for DLP represented up to 130°). However, there is no certainty to
know if it is the maximum of the whole DLP curve (if the backscattering values were
included). Indeed, backscattering measurements need to be performed in a future to
conclude about the scattering angle position of the maximum DLP of CAI.

Furthermore, the maximum DLP levels are different depending on the particle
roughness (or sphericity). This difference is visible at ns = 3.5 and ns = 5, where the
roughest chondrule, C2_PLA_gray_r13.26, presents the highest maximum DLP levels,
followed by C1_PLA_gray_r12.34 and C0_PLA_orange_r5.04. This relation between
the maximum DLP levels and roughness (or sphericity) was also seen for the first
family of grains. In the case of C0_ABS450_blue_r5.04, it presents the smallest DLP
level, even if this chondrule contains the same roughness and morphology as C0_-
PLA_orange_r5.04, its refractive index (real part) is greater, depolarizing more. This
behavior that the refractive index affects the polarimetric response more than the
particle morphology was already seen in [156] for virtual rough particles. Finally,
CAI presents a particular DLP behavior. First, its maximum DLP is not at the same
scattering angle as that of chondrules. Second, its DLP levels do not follow the behavior
that was identified for grains and chondrules related to roughness. The reason is that
CAI has the largest size which means a larger depolarization and therefore smaller
maximum DLP values compared to those of chondrules.

In brief, DLP levels are affected by: i) the index of the size distribution, ii) the type of
roughness (in the case of chondrules C0_PLA_orange_r5.04, C1_PLA_gray_r12.34 and
C2_PLA_gray_r13.26), iii) the refractive index (there were visible differences between
C0_PLA_orange_r5.04 and C0_ABS450_white_r5.04), and iv) the size parameter (CAI
has the largest X presenting large depolarizations). If only morphology wants to
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be distinguished based on DLP, the size parameter and refractive index need to be
constant among the different studied particles, as was the case for our first studied
family of grains. However, this is not the case for protoplanetary dust where particles
are of different sizes and mixed materials. Thus, we will explore two more scattering
parameters, in the following section, to see if other scattering properties of this type of
morphology can be observed.

Notice that future works need to perform measurements in backscattering angles
to be able to analyze the negative polarization branch of the DLP. As was previously
mentioned for the first family of grains, this branch is related to morphology.

(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 3.56: DLP of chondrules and CAI with average orientation and with power law
distributions of different ns , measurements (solid lines).
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ns
C0_ABS450_
white_r5.04

C0_PLA_
orange_r5.04

C1_PLA_
gray_r12.34

C2_PLA_
gray_r13.26

CAI_ABS_
blue_r24.05

2 0.01 0.00 -0.01 -0.01 0.07
3.5 -0.01 0.08 0.08 0.14 0.08
5 0.08 0.36 0.39 0.47 0.11

Table 3.12: Levels of maximum DLP of chondrules and CAI with average orientation
and with power law distributions of different ns . Measured values.

3.5.3.4 Other scattering parameters

Parameter <S44>
<S11> is presented in Figure 3.57. At ns = 2, curves of <S44>

<S11> are superim-
posed for all chondrules and CAI, from 0° to 100°, except for chondrule C0_ABS450_-
white_r5.04. After 100° differences are visible, suggesting possible changes of <S44>

<S11>
curves in backscattering angles. At ns = 3.5, this difference is larger, distinguishing
three groups from 115° to 130°: the two roughest chondrules have the lowest <S44>

<S11>
levels (0.08), then the two smoothest chondrules have larger levels (0.2) and finally,
the CAI has the largest level (0.4). The same analysis can be made at ns = 5, where
the difference between particles is even finer. Levels are organized from the rough-
est chondrule (the least spherical chondrule) to the smoothest chondrule (the most
spherical chondrule).

For CAI_ABS_blue_r24.05, even if its roughness is the largest of all particles, its
<S44>
<S11> levels are not lower than those of C2_PLA_gray_r13.26. Actually, in order to
have smaller levels, a smoother curve is needed, closer to a Rayleigh behavior which
is not the case for the CAI. The size parameters of CAI_ABS_blue_r24.05 are not
close to X = 1 (Figure 3.42 showed that Rayleigh-like behaviors of <S44>

<S11> are present
at X = 1, brown lines), thus this scattering parameter is affected by its large size
parameter, not following the same organization of <S44>

<S11> that chondrules present. In

summary, the levels of <S44>
<S11> can be a clue to identify the different percentages of

roughness (or sphericity) of chondrules. Yet as concluded for the phase function and
DLP, backscattering information is required to complete the analysis.

Finally, parameter <S34>
<S11> is shown in Figure 3.58. At all three ns , these particles

present similar behaviors: first, chondrules C0_PLA_orange_r5.04, C1_PLA_gray_-
r12.34 and C2_PLA_gray_r13.26 have same levels and curve shapes (one global positive
oscillation that was also seen for the first family of grains). Second, the chondrule
with the largest refractive index, C0_ABS450_white_r5.04, has the largest <S34>

<S11> values
all along the scattering angles with a final enhancement around 120°. Third, CAI_-
ABS_blue_r24.05 presents the lowest <S34>

<S11> values. These behaviors are not correlated
with their percentage of roughness, neither their sphericity. Therefore, this scattering
parameter does not provide much information about the morphology of this second
family of grains. Future measurements in backward zone are needed to verify if the
resonant peak, seen for the first family of grains at 160°, is also detectable for this
second family of grains.
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(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 3.57: < S44 > / < S11 > of chondrules and CAI with average orientation and with
power law distributions of different ns , measurements (solid lines).
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(a) ns = 2 (b) ns = 3.5

(c) ns = 5

Figure 3.58: < S34 > / < S11 > of chondrules and CAI with average orientation and with
power law distributions of different ns , measurements (solid lines).

3.5.3.5 Conclusions

In conclusion, the scattering parameters retrieved with forward scattering measure-
ments and size distribution effect showed changes when varying ns , seen with their
levels and curve shapes. Among all these four scattering parameters, DLP and <S44>

<S11>
are the best ones when finding differences within the morphology of our chondrules
(roughness or sphericity). DLP presents an organization of maximum levels (with
ns = 3.5 and ns = 5), from the roughest chondrule (C2_PLA_gray_r13.26) to the
smoothest (C0_PLA_orange_r5.04) and finally the smoothest chondrule with the high-
est refractive index (C0_ABS450_white_r5.04). In the case of <S44>

<S11> (with ns = 3.5 and
ns = 5), levels between 115° to 130° are organized from the smoothest chondrules to
the roughest chondrules. For both scattering parameters, the organization is even
finer with ns = 5. In the case of CAI, DLP and <S44>

<S11> did not follow neither of these two
behaviors, yet a characteristic difference was observed with its DLP. The scattering
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angle corresponding to its maximum DLP was larger than 115° while for chondrules it
was around 90° to 100°, at ns = 3.5 and ns = 5. Thus, these two parameters can be used
to differentiate chondrules and CAI morphologies. As previously mentioned for all
four scattering parameters, there is a need to perform measurements in backscattering
angles to analyze the phase function enhancements, the negative polarization branch,
and the possible peak at 160° for <S34>

<S11> which were important characteristics identified
for our first family of grains.

3.5.3.6 Comparison of scattering parameters of chondrules, CAI, grains and
aggregates

The aim of this section is to do a final comparison of the scattering properties between
the three morphologies that have been studied in this thesis, based on their scattering
parameters. In Section 3.5.2.5, I compared their scattering parameters wavelength
by wavelength, finding several differences. Still, protoplanetary dust has different
sizes presenting a power law size distribution. Thereby, to come closer in doing the
analogy, their scattering parameters are compared including a size distribution effect
with ns = 3.5, the objective being the differentiation of their morphologies through
their scattering parameters. Notice that in Section 3.3.3.6, comparisons between the
scattering parameters of the first family of grains and aggregates were performed.
Herein, these comparisons are taken into account, doing a final conclusion with all
three morphologies.

When comparing the forward phase function of grains and chondrules (see Figure
3.59), HWHM of grains are slightly larger (around 52° for measurements) than HWHM
of chondrules (around 50° for measurements). This is caused by the radius of their
bounding sphere. Indeed, mean radius of grains is around 18.45mm while mean
radius of chondrules is 20.29mm. The main difference between phase function of
grains and chondrules (C0, C1 and C2 fabricated with PLA) is their amplitude of
oscillation. Grains phase functions have an amplitude with levels arriving at 10−1.6

while chondrules phase functions have larger amplitudes with levels around 10−1.8.
However, if chondrules present a larger refractive index (as in the case of C0_ABS450_-
white_r5.05), their amplitude of oscillations are the same as for our grains (see Figure
3.60). Therefore, distinguishing these two morphologies when the refractive index is
not the same, is difficult. Additionally, we do not know if the backscattering phase
functions of chondrules behave similarly as those of grains. If this is the case (that
need to be verified in a future), then identifying between two types of roughness of
compact particles of similar sizes is not possible when we apply a size distribution.

When comparing the phase function of chondrules with that of aggregates (see
Figure 3.61), chondrules (C0, C1 and C2 fabricated with PLA) present a similar forward
phase function, behavior and levels, to the phase function of the most compact
aggregates (Ag_DLA_Df2.8_N74). There is a difference in the amplitude of oscillation
between chondrules and aggregates with D f ≤ 2.5, as it was the case with the most
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compact aggregate and the other aggregates. This means that the phase function of
the most compact aggregate can be confused with the phase function of compact
rough grains, contrary to that of aggregates with D f ≤ 2.5.

In the case of CAI, its phase function clearly has a larger amplitude of oscillation
compared to that of grains and chondrules phase functions. Its phase function shapes
and levels are similar to those of the two most fluffy aggregates, Ag_DLA_Df1.7_-
N74 and Ag_DLA_Df1.5_N74 (see Figure 3.61). This is incredibly surprising because
CAI and the two most fluffy aggregates do not have the same bounding radius and
the morphology is clearly different. Indeed, CAI is a compact grain (with a material
packing density of ρ = 0.19), while these two aggregates have the largest porosities of
all our aggregates (with ρ = 0.01 and 0.03).

(a) Chondrules and CAI (b) Grains

(c) Aggregates

Figure 3.59: Normalized phase function with power law distribution of ns = 3.5, mea-
surements (solid lines) and numerical simulations (dashed lines).
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Figure 3.60: Normalized phase function comparison between grains and chondrules
with power law distribution of ns = 3.5, measurements of grains (solid
lines), numerical simulations of grains (dashed lines) and measurements
of chondrules (dotted lines).

Figure 3.61: Normalized phase function comparison between aggregates, chondrules
and CAI with power law distribution of ns = 3.5, measurements of aggre-
gates (solid lines), numerical simulations of aggregates (dashed lines) and
measurements of chondrules and CAI (dotted lines).

In summary, based on the phase function, three groups of amplitudes of oscilla-
tions are identified: the first group with the smallest amplitudes is grains (or also the
chondrule with larger refractive index, C0_ABS450_white_r5.04), the second group
with larger amplitudes is chondrules (or also the most compact aggregate Ag_DLA_-
Df2.8_N4), and the third group with the largest amplitude of oscillation is aggregates
with D f ≤ 2.5 (or the CAI). I suggest to revise the backscattering phase function of
chondrules and CAI to clarify if these phase functions are similar to that of the most
compact aggregate and those of the two most fluffy aggregates, respectively.
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Comparison of the degree of linear polarization of all three morphologies is pre-
sented in Figure 3.62. DLP maximum levels and forward DLP curves are similar
between grains and chondrules (C0, C1 and C2 fabricated with PLA), see Figure 3.63
where DLP of these particles are superposed. In the case of the DLP of chondrule
C0_ABS450_white_r5.04, its maximum level and curve shape do not resemble to the
DLP of grains and chondrules, indeed its depolarization is larger due to its refractive
index. In summary, there are no differences when comparing DLP of grains and that
of chondrules (with similar refractive index). Additionally, maximum DLP levels of
grains and those of chondrules are no larger than 0.2.

(a) Chondrules and CAI (b) Grains

(c) Aggregates

Figure 3.62: DLP with power law distribution of ns = 3.5, measurements (solid lines)
and numerical simulations (dashed lines).

On the other hand, when comparing DLP of aggregates with the ones of chondrules
and CAI (see Figure 3.64), there is a clear difference between these two types of
morphologies. Indeed, aggregates have maximum DLP levels ranging from 0.3 (for
the most compact Ag_DLA_Df2.8_N74) to 0.88 (for the most fluffy aggregate Ag_-
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DLA_Df1.5_N74), while chondrules and CAI have maximum DLP no larger than 0.2.
Additionally, DLP of CAI, presents a maximum DLP corresponding to scattering angles
of 130°, while chondrules maximum DLP have scattering angles around 90°, thus the
position of maximum DLP can be an element to distinguish between chondrules and
CAI.

Figure 3.63: DLP comparison between grains and chondrules with power law dis-
tribution of ns = 3.5, measurements of grains (solid lines), numerical
simulations of grains (dashed lines) and measurements of chondrules
(dotted lines).

Therefore, DLP is a good scattering parameter to distinguish between both families
of grains, presenting lower maximum DLP levels, and aggregates with larger DLP
levels. Moreover, this parameter presents a difference between all grains (grains
and chondrules) and CAI with the corresponding scattering angles of maximum DLP.
Finally, with DLP it is possible to differentiate between our compact aggregates and
fluffier aggregates (D f ≤ 2) as already mentioned in Section 2.4.3.3.
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Figure 3.64: DLP comparison between aggregates, chondrules and CAI with power
law distribution of ns = 3.5, measurements of aggregates (solid lines),
numerical simulations of aggregates (dashed lines) and measurements of
chondrules and CAI (dotted lines).

The comparison of parameter <S44>
<S11> for three morphologies is shown in Figure 3.65.

<S44>
<S11> of chondrules and CAI resembles to <S44>

<S11> of grains (see Figure 3.66) with only
slight differences of the curves of C0_ABS450_white_r5.04 around 50° and CAI_ABS_-
blue_r24.05 around 100°. On the other hand, when comparing <S44>

<S11> of aggregates

with that of chondrules and CAI (see Figure 3.67), notice that <S44>
<S11> of chondrules

and CAI have similar levels and curve shapes to that of the most compact aggregate,
contrary to that of aggregates with D f ≤ 2.5. In summary, based on this scattering

parameter, both families of grains present similar <S44>
<S11> behaviors as well as the most

compact aggregate, contrary to that of aggregates with D f ≤ 2.5 where their behaviors
tend more to Rayleigh-like curves.
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(a) Chondrules and CAI (b) Grains

(c) Aggregates

Figure 3.65: < S44 > / < S11 > with power law distribution of ns = 3.5, measurements
(solid lines) and numerical simulations (dashed lines).
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Figure 3.66: < S44 > / < S11 > comparison between grains, chondrules and CAI with
power law distribution of ns = 3.5, measurements of grains (solid lines),
numerical simulations of grains (dashed lines) and measurements of
chondrules and CAI (dotted lines).

Figure 3.67: < S44 > / < S11 > comparison between aggregates, chondrules and CAI
with power law distribution of ns = 3.5, measurements of aggregates (solid
lines), numerical simulations of aggregates (dashed lines) and measure-
ments of chondrules and CAI (dotted lines).

<S34>
<S11> of all three morphologies is presented in Figure 3.68. This scattering parameter

presents similar behaviors between chondrules C0, C1 and C2 made with PLA and
grains (see Figure 3.69), having a forward positive oscillation from 0° to 120°. This
forward positive oscillation is also seen for compact aggregates with D f ≥ 2.5 (see
Figure 3.70). In the case of C0_ABS450_white_r5.04 and CAI_ABS_blue_r24.05, both
present also this oscillation but for the chondrule there is an enhancement that starts
at 110° possibly tending to form a peak in the backward zone at smaller scattering
angles compared to grains. For the CAI, its oscillation rapidly decreases from 60°,
having the lowest <S34>

<S11> values of all particles. In the case of <S34>
<S11> of fluffy aggregates
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with D f ≤ 2.0, their curves do not present a forward positive oscillation, but a constant

behavior with values around 0 all along the scattering angles. In brief, with <S34>
<S11> three

groups are identified: first group having forward positive oscillations for all grains,
chondrules made of PLA and compact aggregates (D f ≥ 2.5); second group having
almost linear behaviors around 0 (like Rayleigh scatterers) for fluffy aggregates; and
third group having forward oscillations with discrepancies for C0_ABS450_white_r5.04
and CAI_ABS_blue_r24.05.

(a) Chondrules and CAI (b) Grains

(c) Aggregates

Figure 3.68: < S34 > / < S11 > with power law distribution of ns = 3.5, measurements
(solid lines) and numerical simulations (dashed lines).
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Figure 3.69: < S34 > / < S11 > comparison between grains, chondrules and CAI with
power law distribution of ns = 3.5, measurements of grains (solid lines),
numerical simulations of grains (dashed lines) and measurements of
chondrules and CAI (dotted lines).

Figure 3.70: < S34 > / < S11 > comparison between aggregates, chondrules and CAI
with power law distribution of ns = 3.5, measurements of aggregates (solid
lines), numerical simulations of aggregates (dashed lines) and measure-
ments of chondrules and CAI (dotted lines).

In conclusion, the scattering parameter with which we observe a finer differentiation
between our three morphologies is DLP. We can identify morphologies with the levels
of maximum DLP where fluffy aggregates (D f ≤ 2.0) have the highest maximum DLP
levels, then the aggregate with D f = 2.5 have the second highest level, followed by the
aggregate with D f = 2.8. Finally, both families of grains present the lowest maximum
DLP levels of all three morphologies, where the CAI is identified by its characteristic
angle position of maximum DLP around 130° while those of others grains are around
90°.
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3.5.4 Direct comparison of scattering parameters found in
literature

The aim of this section is to compare scattering properties of our chondrules and CAI
with the ones found in literature, based on their scattering parameters. To our knowl-
edge there are no laboratory measurements of scattering parameters of chondrules
and CAI but of meteorites (chondrites) or minerals. Thereby, one first comparison
with laboratory measurements of dust of chondrites is made with our chondrules
and CAI. Then a second comparison with the phase function of the disk HR4796A
(which is an optically thin disk where its phase function can be retrieved contrary to
protoplanetary disks) is made with the phase functions of our chondrules and CAI, as
was also made with the phase functions of our aggregates and first family of grains.
The idea is to see if our scattering parameters approach to the ones found in literature
to validate our measurements, identify which particles and ns present closer scattering
parameters and/or identify possible causes of their different scattering behaviors.

3.5.4.1 Laboratory measurements

Laboratory measurements of phase functions and DLP of four meteoritic dust samples
and two silicate mineral samples were performed with light scattering measurements
at λ = 520nm [108]. The four meteorites were DaG521, FRO95002, FRO99040 and
Allende with estimated refractive indices of 1.65+10−3i . The two mineral samples were
forsterite (Mg-rich olivine) and enstatite with estimated refractive indices of 1.62+
10−5i and 1.58+10−5i , respectively. All six samples had mono-modal and bi-modal
size distributions with effective radius no larger than tenths of µm, corresponding to
size parameters between X = 30 to X = 105. In our case, chondrules and CAI have
a power law size distribution effect and theirs size parameters are no larger than
X = 21.53. Taking into account these differences between our particles and the ones
in [108], lets us see if they present comparable scattering behaviors.

Phase functions comparison is presented in Figure 3.71. At large phase angles our
CAI is the only one presenting the largest phase function levels from 175° to 135°,
where its behavior has comparable values to those of chondrites DaG521, FRO95002,
FRO99040 and Allende, and to minerals olivine and enstatite (all these samples are
superposed). Notice that tholins phase function is not compared because of its low
refractive index (1.35+0.023i ). Then all these samples have phase function levels
ranging between our chondrules C1_PLA, C2_PLA, C3_PLA and C0_ABS450_white_-
r5.04 from 135° to 50°. This means, that our chondrules and CAI have comparable
phase function levels and curve shapes to the ones presented in [108] from 175° to 50°.
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(a) Phase function taken from [108] (b) Our phase function

Figure 3.71: Laboratory scattering measurement comparison of phase function nor-
malized at a phase angle of 150°. (a) Phase function of chondrite and min-
eral samples [see Figure 4 in 108], (b) phase function of our chondrules
and CAI with power law distribution effect of ns = 3.5 for measurements
(solid lines).

DLP comparison is presented in Figure 3.72. The levels of our maximum DLP are
at the same orders of the ones presented in [108], except for chondrule C0_ABS450_-
white_r5.04 which depolarizes more due to its large refractive index (2.11+0.004i ).
Furthermore, the width of the DLP peak of our chondrules and CAI is narrower than
the DLP width of the samples in [108], which could be caused by their different size
parameters and size distribution. Indeed, our chondrules and CAI present this DLP
shape when the size distribution has an index of ns = 5, which means more weight to
smaller particles that act as Rayleigh scatterers (see Figure 3.56.c).

Hence, our chondrules and CAI have comparable phase functions levels and curve
shapes, as well as maximum DLP levels, compared to the samples presented in [108].
Scattering differences could be attributed to their different size distributions and size
parameters.
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(a) Phase function taken from [108] (b) Our phase function

Figure 3.72: Laboratory scattering measurement comparison of DLP. (a) DLP of chon-
drite and mineral samples [see Figure 5 in 108], (b) DLP of our chondrules
and CAI with power law distribution effect of ns = 3.5 for measurements
(solid lines).

3.5.4.2 Observations

Phase function of disks HR4796A is shown in [78]. The comparison of its phase
function with our chondrules and CAI phase function is shown in Figure 3.73. We
chose to present the phase function with a size distribution index of ns = 2 because it
is when our particles present the narrowest forward scattering peak (as was explained
in Section 3.5.3.2), thus the closest to the phase function of disks HR4796A. However,
even when choosing the narrowest forward scattering phase function, our particles
do not present similar phase functions to that of the disk. This was also the case
for phase functions of our aggregates and our grains. In previous comparisons with
aggregates and grains, I suggested to increment X . Herein CAI is the particle with
the largest X and its forward phase function presents narrower widths with larger
levels. This behavior was also seen for the phase function of the most fluffy aggregate
in the comparison presented in Section 2.4.4.3. Thereby, future analogs could have
the morphology of these two particles (CAI_ABS_blue_r24.05 and Ag_DLA_Df1.5_N74)
but with larger X , and verify if they present phase functions closer to that of this disk.

263



3 Irregular compact grains – 3.6 Conclusions

(a) Phase function taken from [78] (b) Our phase function

Figure 3.73: Observational scattering comparison of phase function normalized at
90°. (a) Phase function of disk HR4796A [see Figure 17 in 78], (b) phase
function of our chondrules and CAI with power law distribution effect of
ns = 2 for measurements (solid lines).

3.5.4.3 Conclusions

In conclusion, we obtain similar scattering behaviors compared to other laboratory
measurements, validating the phase function and DLP retrieved for our chondrules
and CAI. It is suggested that the differences found herein are due to their different size
parameter and size distribution. Note that our size distribution can be changed in the
future using the same scattering data. Thus, if in the future the comparison wants to
be more precise, changing the size distribution effect can be an option. Moreover, the
comparison with the disk phase function showed that our chondrules presented very
low levels with a wider forward scattering peak of the phase function. The only particle
presenting a larger phase function level was the CAI, leading to the idea of using this
morphology for future measurements but with larger X in order to narrow even more
the forward scattering peak and increment its level. The CAI phase function has almost
the same behavior as the aggregate Ag_DLA_Df1.5_N74, hence its is also suggested to
explore this morphology, increasing X , to obtain phase function behaviors closer to
those retrieved for the phase function of this disk.

3.6 Conclusions
In this chapter, scattering properties of two families of grains were studied based on
their scattering parameters retrieved with our microwave scattering measurements
and numerical simulations. The first family of grains was fabricated with controlled
synthetic roughness and then 3D printed with stereolithography. After verifying the
setup parameters, five scattering parameters of these grains were retrieved: phase
function, DLP, <S22>

<S11> , <S34>
<S11> and <S44>

<S11> . Two types of studies were performed. First, a
study on the scattering parameters averaged over several orientations of grains at
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different wavelengths, corresponding to different size parameters of grains. Among
all the scattering parameters, DLP proved to be a good indicator of the grains rough-
ness. Indeed as roughness decreased (sphericity increased) the amplitude of DLP
oscillations increased. Moreover, <S22>

<S11> provided complementary information on the
morphology of our grains, specifically their sphericity which was related with its levels,
where values around 1 were the most spherical grains and as these levels decreased
their sphericity decreased too.

A second study was focused on using the same grain scattering parameters but in-
cluding a power law size distribution effect. Three power law indices were used, ns = 2,
3.5 and 5. From all five scattering parameters (with all three ns), three of them pre-
sented characteristic behaviors related to roughness and sphericity, thus morphology
of grains. First, phase function presented ordered backscattering enhancements re-
lated to grains roughness. Second, maximum DLP and negative polarization branches
presented levels that were correlated to the grains roughness. Third, <S22>

<S11> levels were
again related to the sphericity and to the material packing density (gave notion of elon-
gated grains). Finally, comparisons of the phase function and DLP with the ones found
in literature of similar morphologies validated our two scattering parameters. Our
grains presented similar scattering behaviors as the ones of laboratory measurements
and numerical simulations, and when scattering parameters did not have similar be-
haviors, the reasons behind were understood. Phase functions comparisons between
our grains and disks HR4796A and Fomalhaut proved that, in order to obtain similar
phase functions to these disks, our grains size parameters should be increased as well
as the real part of refractive indices (for example with inclusions of amorphous carbon
which is a possible material that can be found in protoplanetary disks).

The second family of grains, chondrules and CAI, was fabricated based on X-ray
computed tomography on a chondrite, scaled and then 3D printed with fused filament
fabrication. These analogs were only measured due to their natural because the size
of the virtual mesh to perform the numerical simulations still raises an unsolved ques-
tion: how small the size of the FEM mesh need to be without having any impact on
their scattering parameters? Thereby, scattering parameters were only obtained based
on our microwave scattering measurements from 0° to 130°. Four scattering parame-
ters were retrieved: phase function, DLP, <S34>

<S11> and <S44>
<S11> . The same two studies as for

the first family of grains were performed. First, scattering parameters averaged over
several orientations of chondrules and CAI at different wavelengths (or size param-
eters). Herein, DLP showed to be the best scattering parameter to identify between
our different chondrules and CAI, where the amplitudes of oscillations were related
to their depolarization and therefore to their roughness (or sphericity). Furthermore,
these four scattering parameters were compared to the scattering parameters of ag-
gregates and the first family of grains. It was found that chondrules and grains had
very similar scattering parameters (phase function, DLP, <S34>

<S11> and <S44>
<S11> ), yet <S44>

<S11>
was proved to be the most sensitive parameter presenting the greatest differences
between chondrules, CAI, grains, fluffy aggregates (D f ≤ 2.0) and compact aggregates
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(D f > 2.0).
In the second study the same four scattering parameters were retrieved with a size

distribution. DLP and <S44>
<S11> were sensitive to the roughness (or sphericity) of our

chondrules, presenting organized levels related to the percentage of their roughness.
Moreover, at ns = 3.5 and ns = 5, the corresponding scattering angles of the maximum
DLP of chondrules and CAI were different. Chondrules had scattering angles of
maximum DLP around 90° to 100°, while CAI had scattering angles larger than 115°.
Furthermore, within this second study, comparisons of the scattering properties of the
three morphologies (aggregates, first and second family of grains) were made based
on their scattering parameters, using a power law index of ns = 3.5. DLP was the best
scattering parameter presenting the largest differences within all three morphologies.
Indeed, thanks to DLP we were able to identify fluffy aggregates (D f ≤ 2.0) with the
highest maximum DLP levels (0.88), followed by the aggregate with D f = 2.5 (0.7), then
aggregate with D f = 2.8 (0.3) and finally both families of grains with maximum levels
no larger than 0.2. Finally, comparisons of scattering parameters of our chondrules
and CAI with scattering parameters found in literature with similar morphologies were
made. The comparison with scattering parameters from laboratory measurements
showed similar phase function behaviors to those of our chondrules and CAI, and
similar maximum DLP levels. Differences in the width of DLP peak were suggested
to be caused by their different size parameters and distributions. Thus, we validated
our scattering parameters and understood their differences with the ones presented
in literature. In the case of the phase function comparison with the disk HR4796A,
I suggested to continue with two potential morphologies, Ag_DLA_Df1.5_N74 and
CAI_ABS_blue_r24.05, that had the largest levels and the narrowest forward peaks
of all our particles. If the size parameter of these two particles is incremented, then
higher phase function levels and narrower peaks can be retrieved, obtaining phase
functions closer to that of the disk.

Based on this second family of grains, I recommended to performed scattering
measurements in the backscattering in order to complete the different scattering pa-
rameters and analysis. This could help to answer questions such as: are the scattering
parameters of this second family of grains similar to those of the first family of grains
in the backscattering? Can we generalize the behavior of the scattering parameters of
both families of grains? Finally, future works need to change the 3D printing material
for our CAI to have a closer refractive index to real CAI [185, 186]. It is suggested to use
materials as preperm (PPE320), having a real refractive index of n = 1.79.
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General conclusions and perspectives
This PhD thesis consisted in studying the scattering properties of protoplanetary dust
analogs using laboratory measurements, i.e. microwave scattering measurements, and
numerical simulations, i.e. finite element methods. The studied scattering parameters
were the phase function, the degree of linear polarization (DLP) and other Mueller
matrix elements. These scattering parameters were studied in the Mie scattering range.
The scattering measurements were performed in the anechoic chamber of CCRM
using 3D printed analogs with three different morphologies, e.g. fractal aggregates,
and two families of compact rough grains. Therefore, the aim of this thesis was to
explore the scattering properties of possible morphologies of dust that could be found
in protoplanetary disks in order to give insights to understand the scattered light
observations of these disks.

Our dust analogs were geometrically controlled thanks to two different additive
manufacturing processes, i.e. stereolithography and fused filament fabrication. More-
over, their refractive indices were selected to have similar values as the astronomical
silicate (Draine and Lee silicate [14]). Their sizes were chosen to have a similar size
proportion as protoplanetary dust compared to the used wavelengths to do obser-
vations (specifically optical and NIR wavelengths). In this way, the control of the
size proportion and the refractive index reproduced similar scattering behaviors as
real dust with our laboratory measurements, thanks to the scale invariance rule of
the Maxwell equations. Additionally, our scattering experiment allowed a complete
control of the orientation of the measured analogs in the scattering plane. Hence,
the control of geometry, refractive index and orientation of all our analogs provided
unique scattering measurements, giving clues to interpret their morphologies based
on their scattering parameters in the Mie scattering range.

1. The first morphology, fractal aggregates, was studied with seven different ag-
gregates, having fractal dimensions ranging from D f = 1.5 to D f = 2.8. The
size parameters of these aggregates were between Xag g = 1 to Xag g = 20 and
monomers between Xmon = 0.17 to Xmon = 1.04. Five scattering parameters
were retrieved for this first morphology: the phase function, DLP, <S22>

<S11> , <S34>
<S11>

and <S44>
<S11> . Three studies were performed based on these scattering parameters.

• The first study consisted in obtaining and analyzing scattering parameters
that were averaged over several orientations of the aggregates at differ-
ent wavelengths, thus at different size parameters. The change on this
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size parameter Xmon , proved that the scattering parameters of fluffy aggre-
gates (D f ≤ 2.0) behaved as Rayleigh-like scatterers while compact aggre-
gates (D f > 2.0) behaved as pseudo-spheres, this was seen with the phase

function and DLP, and validated with <S34>
<S11> and <S44>

<S11> . On the contrary,
<S22>
<S11> gave a finer distinction between the different fractal dimensions at
Xmon = 0.35, allowing to identify fluffy aggregates (D f ≤ 1.7) from interme-
diate aggregates (D f ≤ 2.5) and from compact aggregates (D f = 2.8).

• The second study was focused on retrieving the same scattering parameters
of these aggregates including a power-law size distribution. Herein, three
indices of the power-law were used, ns = 3.5 used for protoplanetary dust,
and two others around this value to study the effect on the scattering pa-
rameters, ns = 2 and ns = 5. Among all five scattering parameters, it was
shown that DLP and <S22>

<S11> are the two most promising parameters to study
aggregates with protoplanetary light scattered observations. In fact, these
parameters are not affected by the number of monomers that aggregates
can contain, instead, they are completely related to sphericity and coupling
between monomers, thus to the morphology of the aggregate.

• The third study consisted in determining the fractal dimension based on
the aggregates phase function represented in q-space. Different meth-
ods found in literature were applied on our phase functions to find the
slope and thereby D f . Furthermore, a novel method to determine D f was
proposed, based on the Butterworth filter function. The most promising
method to find D f with our aggregates phase function was the Butterworth
method where two functions to relate the measured slope and D f were
retrieved, g (n) and G(n). Future works need to validate these two functions
applying them to larger number of data cases. This latter with the purpose
of confirming the effectiveness of the proposed Butterworth filter model-
ing approach. Additionally, increasing the number of monomers is also
suggested for future aggregates in order to increase their fractality. This
increase will possibly reduce the phase function oscillations, allowing an
easier determination of the slope and therefore of D f .

2. The second morphology, grains with controlled synthetic roughness, was studied
with six grains having different percentages of roughness from 2.6% to 13.3%.
The size parameters of these grains were between X = 1.07 to X = 7.73. The
same two first studies, as for aggregates, were performed, retrieving the same
five scattering parameters.

• For the first study (at different size parameters), the DLP was proved to be
a good indicator of the grains roughness (or sphericity), thus morphology,
based on its amplitude of oscillation. In addition, <S22>

<S11> gave extra informa-
tion on the grains morphology, by its levels that were organized and related
to the sphericity of grains.
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• For the second study (including a size distribution), three scattering pa-
rameters showed characteristic behaviors related to the roughness and the
sphericity of grains: i) the backscattering enhancement of phase function,
ii) the maximum DLP levels and negative polarization branch and iii) levels
of <S22>

<S11> .

3. The third morphology, also consisted on grains but with natural roughness
extracted from a X-ray tomography of a chondrite, obtaining three chondrule
structures and one CAI structure. The percentage of roughness of this second
family of grains ranged from 5.04% to 24.05% and the size parameter from
X = 1.03 to X = 21.53. Four scattering parameters were retrieved in the forward
scattering zone of our experimental setup: phase function, DLP, <S34>

<S11> and <S44>
<S11> .

• Based on the first study (scattering parameters retrieved at different X ),
DLP proved to be the best parameter to differentiate within chondrules and
CAI, where its amplitude of oscillations were related to depolarization and
roughness (or sphericity).

• In the second study (including a size distribution), DLP and <S44>
<S11> showed

organized levels related to the percentage of chondrules roughness. Ad-
ditionally, the differentiation between chondrules and CAI structures was
possible thanks to the corresponding scattering angles of their maximum
DLP. Indeed, chondrules had scattering angles around 90° to 100° while CAI
had scattering angles larger than 115° (for ns = 3.5 and ns = 5). Notice that
future works of scattering measurements at backscattering angles of chon-
drules and CAI are necessary, in order to complete their scattering analysis,
and study: their phase function backscattering enhancement, negative
polarization branch and possible peak of <S34>

<S11> at 160° (as the first family of
grains presented). This backscattering study will also help to verify if the
scattering parameter behaviors of chondrules can be generalized with the
first family of grains (irregular grains with controlled roughness). Indeed,
after applying the size distribution, these two morphologies presented sim-
ilar forward DLP and <S44>

<S11> , and only slight differences were identified for

the phase function and <S34>
<S11> . One last prospect is to measure other CAIs to

see if the observed scattering properties were unique for our CAI or if other
CAIs present the same particular scattering behavior. Additionally, future
works need to change the material for our CAI to have a closer refractive
index to real CAI [186]. It is suggested to use materials as preperm (PPE320)
to 3D print future CAI analogs having a real refractive index of 1.79.

After retrieving the scattering parameters of all three morphologies, their scattering
parameters were compared with the aim to identify which scattering parameter pre-
sented the finest differentiation between these morphologies. When the comparison
was made with their scattering parameters at different X , chondrules and the first
family of grains presented similar scattering properties. Yet, based on <S44>

<S11> , we found
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characteristic behaviors for each morphology: i) <S44>
<S11> of rough particles (both grain

families) started oscillating at 20°, while that of aggregates started at 60°, ii) <S44>
<S11> of

chondrules had damped oscillations compared to that of the first family of grains, and
iii) <S44>

<S11> of compact aggregates had oscillations from 60° to backscattering angles,
while that of fluffy aggregates did not oscillate. When the comparison was performed
with scattering parameters including the size distribution of index ns = 3.5, another
parameter showed the largest differences, DLP. Maximum DLP levels proved to distin-
guish between fluffy aggregates having the highest maximum DLP levels, followed by
the maximum DLP levels of the two most compact aggregates and lastly by both fami-
lies of grains with the lowest maximum DLP levels (without any distinction between
both grain families). Based on this study, future works should be more focused on DLP
because it could give insights on which morphology is predominant in protoplanetary
disks thanks to its capacity to differentiate between aggregates and grains, compared
to the other scattering parameters.

Finally, the scattering parameters of all three morphologies were compared to the
scattering parameters of similar morphologies found in literature. Based on scatter-
ing parameters retrieved with laboratory measurements and numerical simulations,
certain scattering parameters of our analogs were validated, in most of the cases the
phase function and DLP. Indeed, other scattering parameters are harder to find in
literature with similar morphologies and refractive indices as the ones used in this the-
sis. Therefore, the validation of certain scattering parameters was possible and when
differences were found, the reasons behind were discussed. Lastly, the phase functions
of all three morphologies were compared to the phase function of disk HR4796A. None
of our three morphologies had the narrowness of the forward scattering peak and
backscattering enhancement of the phase function that this debris disk presented. In
order to obtain these two characteristics of the phase function, it is suggested in the
future to increase the size parameter of our analogs (around X = 100) and to increase
the refractive indices which can be done with inclusions of amorphous carbon (this
material is highly likely to be found in circumstellar disks). These two properties can
be achieved by using fused filament fabrication. This 3D printing technique has more
possibilities in terms of printable materials and larger dimensions of printable objects,
compared to stereolithography. Moreover, to obtain even larger size parameters, our
microwave scattering experiment can be used at wavelengths up to 7.5mm (40GHz),
thus it is suggested to perform future measurements with smaller λ to increase X .
Additionally, our most fluffy aggregate (D f = 1.5) and CAI presented the narrowest
peak and the highest phase function levels, which are characteristics found in the
phase functions of disks HR4796A and Fomalhaut. Thus, these two morphologies are
suggested to be studied including the increment on X and on the refractive index, as
previously mentioned, in order to increase even more their phase function levels and
narrow their forward scattering peak.

To achieve the final goal of the project in which this PhD thesis worked in, the scat-
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tering parameters or Mueller matrix elements retrieved herein will be used as inputs
of a 3D radiative transfer code. This with the objective to generate synthetic light
scattered images of protoplanetary disks based on our analogs scattering parameters.
After the obtention of such synthetic images, they will be compared with observations
of protoplanetary disks, giving insights on which of the three morphologies generates
the closest synthetic images to observations.
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a b s t r a c t 

Laboratory measurements of light scattered by a cloud of randomly oriented levitating particles are often 

used to interpret remote sensing measurements of dust in space and in Earth’s atmosphere. It is nec- 

essary to know how many particles or how many different orientations of the same particles must be 

considered to retrieve the mean scattering function of brightness and polarization. New laboratory mea- 

surements were conducted using the microwave analogy method between frequencies of 3 to 18 GHz, 

where an "analog" particle with a small size parameter in a range of 0.5-12 will have a size of several 

cm. Twelve such "analog" particles from compact shapes to aggregates with small fractal dimensions were 

fabricated by additive manufacturing (3D printing) and were studied. The number of necessary measure- 

ments to reach the mean scattering properties of a particle with an accuracy of about 5% is obtained 

for less than 20 different orientations. To reach a 1.5% (1- σ ) error in brightness and a 0.5% (1- σ ) er- 

ror in polarization, the number of necessary measurements is in a range of 20 to 70, depending on the 

shape, fluffiness, deviation from a perfect sphere, and surface irregularities of the particle. These results 

show that several tens of randomly oriented particles of the same size are sufficient to retrieve the mean 

light scattering properties. Also, several tens of orientations of the same particles provide mean scatter- 

ing properties, compared to modelling calculations using the Finite Element Method, for an aggregate 

composed of identical monomers. 

© 2021 Elsevier Ltd. All rights reserved. 

1. Introduction 

Laboratory measurements of light scattered by a cloud of ir- 

regular particles are necessary to interpret the brightness and po- 

larization remote sensing measurements of comets, interplanetary 

dust cloud, and circumstellar material orbiting stars, e.g., proto- 

planetary and debris disks. Such comparisons are conducted to re- 

trieve bulk physical properties of particles such as composition, 

size distribution, albedo, and porosity [1–6] . The analyses often as- 

sume that the observed particles are randomly oriented inside the 

cloud, as well as during the reference laboratory measurements. 

On the opposite, the possible orientation of grains, like in a gas 

flow or in case of strong magnetic field [7] , can modify the scatter- 
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E-mail address: jbrenard@cnrs-orleans.fr (J.-B. Renard). 

ing properties of an ensemble of particles. Such changes have been 

shown by [8] during laboratory measurements where the particles 

were carried and aligned by an airflow, and thus are not consid- 

ered in this work. 

Several databases of laboratory measurements provide optical 

properties (phase or scattering functions in intensity and in po- 

larization) of levitating particles having the same size and compo- 

sition, obtained by different techniques at ground or during mi- 

crogravity conditions [9–14] . Such experiments, for particles hav- 

ing small to large size parameters ( πD/ λ, where D is the diam- 

eter and λ is the wavelength), assume that indeed they are ran- 

domly oriented and that enough particles are considered during 

the measurements, from tens to hundreds or thousands, to retrieve 

the mean optical properties. As an example, 54 different orienta- 

tions of the same millimetre-sized particle have been considered 

by [5] to retrieve the mean scattering properties. Nevertheless, the 

authors have not quantified in detail how many particles with dif- 
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ABSTRACT

Context. The growth of dust grains in protoplanetary disks is not understood in detail. Several studies have proposed the presence
of aggregates and irregular grains to overcome the physical barriers in grain growth models. In order to understand the scattering
properties of these aggregates, laboratory measurements of light scattering and microwave scattering have been developed over the
last 50 years.
Aims. We aim to measure the scattering properties of different protoplanetary analog aggregates with fractal dimensions of 1.5, 1.7,
2.0, 2.5, and 2.8.
Methods. We used the microwave scattering technique (microwave analogy) for the measurements. The analog particles were virtually
generated and fabricated by 3D printing with a controlled size (scaling factor), geometry, and refractive index. The seven analogs were
measured at wavelengths ranging from 16.7 mm to 100 mm, leading to aggregate size parameters ranging from Xagg = 1 to Xagg = 20.
The results were compared to finite element method calculations of the same analogs for cross-validation.
Results. The phase function and the degree of linear polarization were deduced from the scattered field measurements of the different
aggregates. These scattering properties are compared and discussed as a function of the fractal dimension.
Conclusions. The scattering properties of aggregates with different fractal dimensions are different. Three different realizations of
aggregates with the same fractal dimension but different monomer configurations yield the same phase functions. We verified that
the maximum degree of linear polarization is higher for porous aggregates than for compact aggregates. Furthermore, the maximum
polarization occurs at larger scattering angles for high fractal dimensions, while the half width at half maximum of the phase functions
present larger values for small fractal dimensions.

Key words. Protoplanetary dust–scattering – microwave analogy – fractal dimension – aggregates – phase function – degree of
linear polarization

1. Introduction

The processes by which dust grains from the interstellar medium
evolve during the collapse of a molecular cloud and grow in a
protoplanetary disk to form pebbles, boulders, and finally plan-
etesimals or planets, are still subject to many open questions (see
Testi et al. 2014, for a review). Several theoretical scenarios are
proposed to overcome the physical barriers to grain growth, and
many are tested in laboratory experiments (see Blum 2018, for a
review). Fractal aggregates and irregular solid grains have been
proposed as the outcome of the dust growth process and their
presence was confirmed by the observations of cometary dust in
the Solar System (e.g., Fulle & Blum 2017; Güttler et al. 2019,
based on recent results from the Rosetta and previous missions).
However, observational evidence for complex particles in proto-
planetary disks is still missing, despite tremendous progress in
high-angular resolution instruments in the (sub)millimeter, near-
infrared, and optical wavelengths. Indeed, sensitive panchro-
matic observations of disks at high-angular resolution are now
routinely produced by facilities such as ALMA, SPHERE, and

GPI, but most interpretations do not consider aggregates and still
rely on compact spherical particles. As a first step to providing
more realistic tools to interpret protoplanetary disk observations
and study grain growth in those disks, this paper presents a study
of the scattering properties of small fractal dust aggregates made
of 74 monomers.

Apart from their refractive index, aggregates are character-
ized by their porosity and their fractal dimension D f as these two
parameters are closely related Bertini et al. (2009). The fractal
dimension D f ranges from one for a very fluffy or porous par-
ticle, to three for a compact sphere. The size parameter Xagg =
2πRm/λ is another important descriptive parameter, where Rm is
the radius of the sphere enclosing the aggregate and λ is the in-
cident wavelength. These aggregate characteristics will directly
influence their optical properties such as their scattering cross-
sections, phase function, asymmetry parameter, degree of polar-
ization, and albedo.

Laboratory experiments to characterize the scattering prop-
erties of aggregates have been carried out since the 1970s to
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