N &
. . . H @
L Universics Ry femn @ ANr° & Serson e

Doctoral thesis of University of Lille

Doctoral School 104
Matter, Radiation and Environmental Sciences

Defended on 19/12/2024, by :
Jeyan Bichon

Complex refractive index determination of suspended
particles in a controlled environment by TeraHertz

spectroscopy

Committee members :
Gwenaél Gaborit Reviewer
Associate professor, CROMA/University of Savoie
Weidong Chen Reviewer
Professor, LPCA/University of Littoral Cote d’Opale
Jerome Yon President of the jury
Professor, CORIA/University of Rouen Normandie
Isabelle Chiapello Examinator
Research scientist, LOA/University of Lille
Sophie Eliet Advisor
Research engineer, IEMN/CNRS
Denis Petitprez Thesis director

Professor, PC2A/University of Lille

Alexandre Deguine Invited
Associate professor, LPCA/University of Littoral Céte d’Opale
Romain Peretti Invited

Research scientist, [IEMN/CNRS






w

N\ &J
Université iemn °© P2
de Lille \ @ anr TEPSON EDSMRE

Theése de doctorat de I’'Université de Lille

Ecole Doctorale 104

Sciences de la Matiére, du Rayonnement et de 'Environnement

Soutenue le 19/12/2024, par :
Jeyan Bichon

Détermination de 'indice de réfraction complexe de
particules en suspension dans un environnement
controlé par spectroscopie Térahertz

Membres du jury :

Gwenaél Gaborit

Maitre de conférences, CROMA/Université de Savoie
Weidong Chen

Professeur, LPCA/Université du Littoral Céte d’Opale
Jérome Yon

Professeur, CORIA/Université de Rouen Normandie
Isabelle Chiapello

Chercheuse, LOA/Université de Lille

Sophie Eliet

Ingénieure de recherche, IEMN/CNRS

Denis Petitprez

Professeur, PC2A/Université de Lille

Alexandre Deguine

Maitre de conférences, LPCA/Université du Littoral Cote d’Opale
Romain Peretti

Chercheur, IEMN/CNRS

Rapporteur
Rapporteur
Président du jury
Examinatrice
Encadrante

Directeur de theése

Invité

Invité






“Here is my secret. It is very simple : it is only with the heart that one can see
rightly; what is essential is invisible to the eye.”

Antoine de Saint-Exupéry

“Voici mon secret. 1l est trés simple : On ne voit bien qu’avec le coeur. L’essentiel est

invisible pour les yeux.”

Antoine de Saint-Exupéry






Abstract

The composition of Earth’s atmosphere is crucial for regulating environmental
phenomena and, consequently, climate change. Terahertz (THz) radiation, span-
ning frequencies from 0.1 to 10 THz, interacts with suspended atmospheric par-
ticles via absorption and scattering, influencing the planet’s radiative balance.
However, the effects of atmospheric aerosols in the THz range remain largely un-
explored, due to the recent availability of appropriate sources and detectors at
these frequencies. Determining the optical properties of atmospheric aerosols in
the THz band, particularly their complex refractive indices, is essential for under-
standing their role in modulating Earth’s radiative balance. This study addresses
this need by developing a setup operating in the 0.2 to 5 THz range, specifically de-
signed to investigate atmospheric aerosol particles. Using this setup, we recorded
and analyzed THz spectra of natural aerosols, including a sample from the Gobi
Desert, to deduce their optical properties and better understand their potential
environmental implications.
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Résumeé

La composition de ’atmosphére terrestre est cruciale pour réguler les phénomeénes
environnementaux et, par conséquent, le changement climatique. Le rayonnement
TéraHertz (THz), s’étendant sur des fréquences de 0,1 a 10 THz, interagit avec
les particules atmosphériques en suspension par absorption et diffusion, influ-
encant ainsi le bilan radiatif de la planete. Cependant, les effets des aérosols
atmosphériques dans la plage THz restent largement inexplorés en raison de la
disponibilité récente de sources et de détecteurs appropriés a ces fréquences. La
détermination des propriétés optiques des aérosols atmosphériques dans la bande
THz, en particulier leurs indices de réfraction complexes, est essentielle pour com-
prendre leur role dans la modulation du bilan radiatif de la Terre. Cette étude
répond a ce besoin en développant un dispositif fonctionnant dans la plage de
0,2 a 5 THz, spécifiquement concu pour étudier les particules d’aérosols atmo-
sphériques. A I'aide de ce dispositif, nous avons enregistré et analysé les spectres
THz d’aérosols naturels, y compris un échantillon provenant du désert de Gobi,
afin de déduire leurs propriétés optiques et de mieux comprendre leurs implica-
tions environnementales potentielles.
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General introduction

Atmospheric aerosols play a crucial role in climate processes by interacting with
both solar and terrestrial radiation. Some aerosols reflect radiation, causing cool-
ing, while others absorb it, contributing to atmospheric warming. Accurately un-
derstanding their optical properties is key to assessing their impact on the climate.
However, atmospheric aerosols have never been explored at Terahertz (THz) fre-
quencies (0.1 to 10 THz), making this an entirely new area of investigation.

Recent technological advancements in the THz domain have enabled robust
and reliable signal generation and detection. Since solid particles produce a broad
signal that spans several GHz to a few THz, THz time-domain spectroscopy (THz-
TDS) emerges as a powerful technique for their analysis. This method provides
broadband spectroscopy and allows access to both signal amplitude and phase,
making it particularly relevant for studying aerosols.

The research carried out during this thesis focuses on how aerosols, particu-
larly desert dust, interact with THz radiation and what these interactions reveal
about their optical behavior. By filling this gap, the work opens new possibilities
for characterizing aerosols, providing novel insights into their role in atmospheric
processes. To address these multidisciplinary questions, this thesis was conducted
as part of the ANR STEPSON project, in collaboration with LPCA (Laboratoire de
Physico-Chimie de ’Atmospheére), LOA (Laboratoire d’Optique Atmosphérique),
PC2A (PhysicoChimie des Processus de Combustion et de ’Atmospheére), and
IEMN (Institut d’Electronique, de Microélectronique et de Nanotechnologie).

Chapter one lays the groundwork for applying THz-TDS to aerosol studies,
tracing the technique’s development and outlining the challenges of studying
particles in aerosol form at THz frequencies. Chapter two details the design and
characterization of a THz-TDS spectrometer (0.2 - 5 THz) specifically developed
for aerosol analysis (sizes ranging from 0.1 to 10 pm), describing the experimental
setup and signal interpretation.

The third chapter presents the results obtained with our experimental setup,
which successfully recorded THz spectra of Gobi Desert aerosols, including par-
ticles of calcite, quartz, and clays. Additionally, these particles were morpho-
logically and chemically characterized using scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDX) and X-ray diffraction (XRD).
This combined approach provides a comprehensive assessment of the particles’

1
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optical behavior, both in pellet form and in suspension. Therefore, this chapter
demonstrates the functionality and reliability of our THz setup for aerosol stud-
ies, validating its ability to accurately measure and analyze the optical properties
of atmospheric aerosols within the THz range.

The final chapter addresses the need for simulations to deepen our under-
standing of THz-aerosol interactions at the single-particle level. Finite-Difference
Time-Domain (FDTD) simulations are performed to investigate the absorption
and scattering cross-sections of calcite particles as a function of particle radius.
Additionally, the simulations are compared to a Mie theory code using mixed-
index models to extract the complex refractive indices of the materials. This
approach provides a robust framework for interpreting the optical behavior of
aerosols in the THz range.

This thesis represents the first comprehensive application of THz-Time Do-
main Spectroscopy (0.2 - 5 THz) to particle analysis in a gas-suspended state
(aerosol form), pioneering a previously unexplored frequency range and open-
ing the door to a new field of study. While this research marks an important
step forward, much remains to be discovered. The findings have the potential to
improve climate models and broaden our understanding of aerosol interactions
with THz radiation, with promising applications in areas such as environmental
monitoring and telecommunications.



Chapter 1

Context

This thesis addresses a multidisciplinary topic at the intersection of Terahertz
(THz) domain and aerosol science, focusing specifically on desert dust particles.
Given the broad scope of the subject, certain decisions had to be made regarding
the depth and breadth of the contextual chapter. While this chapter provides an
overview of the key elements necessary to understand the research, it is by no
means exhaustive.

For readers who wish to delve deeper into the specific aspects covered, I rec-
ommend consulting the works of Mélanie Lavancier [1] and Théo Hannotte [2]
for comprehensive insights into THz frequencies. For those interested in aerosol
science, particularly in the context of Gobi Desert particles, Lise Deschutter’s the-
sis and its references offer a thorough exploration of the subject [3].

These references will complement the multidisciplinary nature of this work
and provide additional context for readers seeking a more in-depth understanding

of the fields involved.

1.1 Atmospheric aerosols

1.1.1 Definition

Atmospheric aerosols are considered a two-phase system consisting of solid or
liquid particles suspended in the gas (i.e. air in the case of Earth) of the atmo-
sphere [4]. Aerosols of natural origin mainly come from soil erosion, desert dust
storms, volcanic eruptions and wave splashes whereas anthropogenic aerosols
are generated by industrial and agricultural activities, vessel exhaust, biomass
and fossil fuel combustion.

In figure 1.1, results from the Goddard Earth Observing System Forward Pro-
cessing (GEOS FP - Analyses and forecasts produced in real time) aerosol model
from August 23, 2018 exhibit the ubiquity of aerosols of different sources in the
atmosphere with smoke drifting above the North America and rough tropical cy-
clones in the Pacific Ocean, and large dust clouds over the deserts of Asia. Sea
salts are shown in blue, black carbon particles in red, and dust particles in purple.

3



4 CHAPTER 1. CONTEXT

Figure 1.1: Image of the Day for August 23, 2018 from NASA with Goddard Earth Observing
System Forward Processing (GEOS FP) model. The storms are visible within swirls of sea salt
aerosol (blue). Black carbon particles (red) are among the particles emitted by fires. Dust particles
are in purple.

Aerosols that are directly emitted in the atmosphere are known as primary
aerosols. Secondary aerosols are formed by chemical reaction and gaseous con-
version into particles of volatile organic compounds in the atmosphere, either by
formation of new particles, by gas-particle separation, and finally by heteroge-
neous or multiphasic reactions [5]. Suspended particles constitute an extremely
heterogeneous group whose size varies from a few tenths of nanometer to a hun-
dred micrometers. These atmospheric particles play an important role in climate
and atmospheric chemistry: they scatter and absorb solar and telluric radiation,
provide condensation nuclei for cloud droplets, and participate in heterogeneous
chemical reactions [6].

1.1.2 Impact of atmospheric aerosols

Atmospheric aerosols play a crucial dual role in the environment, exerting both
direct and indirect effects. Directly, they scatter and absorb solar and terrestrial
radiation, which modifies the amount of energy that reaches the Earth’s surface
and escapes back into space.

The peak radiation emitted from Earth occurs at a wavelength of 10 microm-
eters, well within the infrared range. As shown in figure 1.2, terrestrial emission
wavelength is roughly 20 times longer than the peak solar emission wavelength.
Therefore radiation emitted by Earth is often referred to as long-wave radiation,
whereas solar radiation is called short-wave radiation [7]. The radiative balance is
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Figure 1.2: Radiation intensity of solar and telluric emissions from [7].

the sum of all incoming (i.e. shortwave and longwave radiation) minus outgoing
radiant energy flows. Therefore, in-depth knowledge of the optical properties of
atmospheric components such as complex refractive indices is necessary to assess
the radiative forcing.

Indirectly, aerosols influence cloud properties and formation, subsequently af-
fecting precipitation patterns and climate dynamics. Understanding these inter-
actions is essential for evaluating the overall impact of aerosols on climate change
and environmental health.

Short-wave
solar radiatioh

Figure 1.3: Emission sources of atmospheric aerosols and their direct and indirect effects on the
Earth’s climate system.

Due to their potentially harmful effects on climate and health, the Stockholm
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Resilience Center designates aerosol pollution as one of the nine planetary bound-
aries, that is, one of nine processes essential for maintaining the stability and re-
silience of the Earth system as a whole [8,9]. The different sources as well as
direct and indirect effects of aerosols in the Earth’s climate system are summa-
rized in figure 1.3. Short-wave radiation from the Sun is illustrated in yellow and
long-wave telluric radiation in red. Atmospheric aerosols will interact with both
radiations by absorbing, scattering or reflecting them.

1.1.2.1 Direct effects of aerosols on radiative forcing

The Intergovernmental Panel on Climate Change (IPCC) has shown in its succes-
sive reports that aerosols have a strong influence on the climate system. Aerosols
directly impact the radiative energy balance by scattering and absorbing short
and long wave radiation [10].
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Figure 1.4: Radiative forcing of different aerosols and gas types and their uncertainties from [11])
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Figure 1.4 gives an overall picture of the radiative forcing of different aerosol
types and their uncertainties on a global scale. The effects that aerosols have on
the radiative balance are strongly linked to the physicochemical composition of
the particles present. Most atmospheric aerosols contribute to the cooling of the
planet through their ability to reflect sunlight back into space and scatter incom-
ing solar radiation. In contrast, black carbon and organic carbon aerosols have
a warming effect on the climate. Black carbon, which is produced from incom-
plete combustion of fossil fuels and biomass, absorbs solar radiation and converts
it into heat. When black carbon particles settle on snow and ice, they darken
the surface, reducing its albedo (reflectivity) and causing it to absorb more solar
energy. This accelerates melting and contributes to regional warming. Neverthe-
less, the average radiative forcing of aerosols across the globe has been estimated
to be between -0.1 and -1.9 W.m?, with the best estimate being -0.9 W.m?, indi-
cating that the overall cooling effects of aerosols could counteract the warming
effects caused by increased greenhouse gases, such as carbon dioxide (1.82 +/-
0.19 W.m?) [11,12].

The IPCC Sixth Assessment Report [13] confirms that the magnitude of neg-
ative direct aerosol forcing has gradually decreased over the years. The climate
model from NASA’s Goddard Institute for Space Studies, carried out on four fu-
ture scenarios, demonstrated that this reduction accelerates global warming [14].
In addition, the absorption of solar and telluric radiation, particularly by dust
aerosols, can modify the stability in the local atmospheric environment [15].

1.1.2.2 Indirect Effects of Aerosols on Cloud Microphysics and Radiative Forcing

In addition to the induced changes in the energy balance, aerosols interfere with
the micro-physical and optical properties of clouds and have consequences on
convection, evaporation and precipitation [16]. Indirect effects of aerosols con-
sist firstly of an increase in droplet number concentration with aerosol number
concentration and a simultaneous decrease in droplet size [17]. The distribution
of the same cloud liquid water content over more and smaller cloud droplets leads
to higher cloud reflectivity, i.e. an increase in the overall albedo and contribute to
the cooling of the Earth. Furthermore, reducing the size of droplets in clouds af-
fects the efficiency of precipitation and therefore increases the lifetime of clouds.

Aerosols can also affect clouds and precipitation by modifying radiation di-
rectly and by serving as cloud condensation nuclei or ice nuclei. In particular,
aerosols can enhance cloud evaporation and then suppress the formation of clouds
and precipitation by absorbing solar radiation [18].

The indirect impact of aerosols on cloud microphysics induces changes in their
radiative properties as well. Nonetheless, the magnitude of the radiative forcing
caused by these indirect effects is uncertain because the cloud modification pro-
cess is highly variable [19].



8 CHAPTER 1. CONTEXT

1.1.2.3 Air quality and health effects

Their small sizes make aerosols easy to penetrate the respiratory system and have
harmful effects on human health in the short and long term [20]. Their repercus-
sions in the human body will depend on their sizes at the time of inhalation. For
example, particles with a diameter of less than 2.5 pm can penetrate deep branches
of the respiratory tract and spread throughout the body. Once in the respiratory
tract, the particles interact with each other to affect blood and brain cells [21].
Fetuses, newborns, children, the elderly, and anyone suffering from cardiovascu-
lar or respiratory pathology and diabetes are the most sensitive populations to
aerosols. Furthermore, the World Health Organization (WHO) has stated that the
penetration of these particles into the human body can cause asthma, stroke, heart
disease, bronchial and lung cancer and adverse consequences on pregnancy [22].
Therefore, global monitoring of air pollution is essential to prevent health and
climate effects of aerosols.

1.1.3 Atmospheric aerosols analysis and monitoring

Chemical, microphysical and optical parameters of aerosols are measured with lo-
cal samples taken either on the ground or at altitude by air or by remote sensing,.
These may involve photometric measurements from the ground, massive concen-
tration measurements carried out within the framework of air quality monitoring
networks or satellite measurements [23]. For example, the Earth Surface Mineral
Dust (EMIT) mission was launched at the International Space Station in July 2022.
The goals of EMIT are to measure the spectral signatures of minerals from dust
sources to update soil composition in order to better understand and reduce re-
lated uncertainties in radiative forcing of mineral dust aerosols at local, regional
and global levels in the 400-2500 nm range [24].

Another example is the NASA’s Plankton, Aerosol, Cloud, Ocean Ecosystem
(PACE) mission launched in February 2024 that provides measurements of the
optical properties of clouds and aerosols. The measurements are carried out with
two polarimeters that measure how the oscillation of sunlight within a geometric
plane is changed by passing through clouds and aerosols in the 385-770 nm range
[25].

Finally, the Far-infrared Outgoing Radiation Understanding and Monitoring
(FORUM) mission, which will be launched in 2027, aims to measure the emission
spectrum of the Earth at the top of the atmosphere in the spectral region of 100
to 1.600 cm~! (i.e. 6.25 to 100 pum, corresponding to 3 THz to 48 THz) [26]. While
the primary goal of these measurements is to monitor gases in the atmosphere,
the data may also be used to study aerosols. This is achieved by comparing the
observed spectra with those obtained through laboratory experiments in the THz
range. Recently, a new method was developed that links laboratory data and
Infrared Atmospheric Sounding measurements to extract information about min-
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eral dust aerosols in the infrared region [27]. Figure 1.5 illustrates the spectral
region that will be explored by the FORUM mission. This mission raises the im-
portance and the urgency of measuring the optical properties of aerosols in the
THz domain in laboratory experiments.

1.0 micron

Figure 1.5: Spectral region that will be explored by the Far-infrared Outgoing Radiation Under-
standing and Monitoring (FORUM) mission (from [28]).

1.2 Desert dust

1.2.1 Formation and emission of desert dust aerosols

Atmospheric mineral dust arises primarily from wind erosion of soils in arid and
semi-arid regions of the Earth and is composed of rock mineral fragments and
other soil constituents. Most emissions come from the so-called dust belt: the
arid regions of North Africa, the Arabian Peninsula, Central Asia and China [29].
Estimates of global dust emissions can vary considerably between models due to
invaluable differences in size ranges. However, the quantity of dust particles with
a geometric diameter of less than 20 pm emitted into the atmosphere is estimated
at 5.000 Tg.year—! [30].

Desert dust is entrained into the air when surface wind speed creates enough
aerodynamic drag to dislodge and lift particles from the soil. Therefore, the finest
particles (less than 60 pm) are small enough to be suspended upwards by turbu-
lent eddies and can be transported away from the sources. The particles that are
emitted are generally transported thousands of kilometers [31]. Particles ranging
in size from 60 to 2000 pum can be lifted by the vortices to a height of a few cen-
timeters. They will be too heavy to reach the atmosphere and will be brought back
to the surface. These particles are called in saltation. When a saltating particle
hits a soil dust aggregate, the impact can break the interparticle bonds between
the particles in the dust aggregate. Collections of smaller particles are created by
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Figure 1.6: Emission processes of desert dust.

this fragmentation and are suspended [32]. Particles that are too large (greater
than 2000 um) will roll and crawl along the surface [33]. However, the lifetime of
super coarse aerosols is generally underestimated in studies, due to the underes-
timation of the emission of super coarse dust [34]. The three different emission
processes are explained on the figure 1.6.

1.2.2 Size distribution and chemical composition

The particle size distribution of the dust emitted depends on the physical process
of dust emission. Aerosols can have different sizes and varied shapes (spheri-
cal, spheroids, etc.), which can have an effect on radiation absorption, reflection
and scattering. There is still a high uncertainty regarding the emission of parti-
cles larger than 10 um, whose contribution to transport and climate is considered
underestimated due to the lack of field data [35]. Aerial measurement campaigns
have revealed that dust with a diameter > 10 um represents approximately a quar-
ter of the mass of aerosols present in the atmosphere [34].

Aerosols often coagulate to form complex heterogeneous mixtures. However,
the particles will have different impacts depending on whether they are mixed
externally or internally. Figure 1.7 illustrates the different mixtures in a set of
particles. In an external mixture, the aerosol population comprises particles with
distinct chemical compositions. Each particle has its own unique refractive index
depending on its composition, which influences its light scattering properties. For
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instance, sulfate aerosols, which are light-colored and primarily reflective, scat-
ter incoming solar radiation in all directions more effectively than black carbon,
which is darker and absorbs more radiation. Additionally, different aerosol species
absorb light at specific wavelengths. For example, black carbon exhibits strong
absorption in the visible and near-infrared regions, while organic aerosols may
absorb light in the ultraviolet range. This diversity in absorption characteristics
leads to a complex interplay of light interactions based on the relative concen-
trations of the various particles in the external mixture. The internally mixed
particles can be of different types, for example binary or ternary [36]. In internal
mixtures, light-absorbing components, such as black carbon, are combined with
scattering components like sulfates or organic matter. This internal mixing can
significantly enhance the overall absorption of the aerosol mixture, often exceed-
ing that of any individual component alone. This phenomenon arises from the ef-
fective "coating" of absorbing particles by non-absorbing ones, which alters how
light penetrates and interacts with the aerosol. The resulting structure leads to
improved light absorption due to multiple scattering events and increased effec-
tive surface area, thereby enhancing the optical properties of the internal mixture.

Homogeneous mixture External mixture Internal mixture
Figure 1.7: Homogeneous, external and internal mixture in particles mineralogical composition.

In summary, understanding the differences between external and internal mix-
tures is essential for accurately characterizing the optical behavior of aerosols and
their implications for climate and air quality.

However, it is important to specify that these mixtures are defined according
to selection criteria. If compounds in small percentages were not neglected, each
atmospheric particle would be unique in its composition. Even if the particles are
individually pure when first produced, there are numerous reactions and aging
processes in the atmosphere which will modify their chemical composition and
which convert an external mixture into an internal mixture [37]. For example,
calcite-containing dust from China reacts with nitric acid to form a nitrate salt,
causing increased adsorption of water vapor and therefore an increase in particle
size [38]. Mass estimates of the elementary components of the aerosol can be
used to determine the extent of internal mixing relative to external mixing by
calculating the mixing state index. Results from an aerosol study in Alabama
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showed that neither external nor internal mixing fully represents the mixing state
of atmospheric aerosols in a real-world situation [39].

Asian dust contains a large amount of mineral dust composed of major metal
oxides, SiOy, AlyO3, CaO and FesO3 with smaller amounts of KyO, NayO, MgO,
P50s5, SO3 and TiO,. Although these minerals are typically dominant components
in desert dust from other regions around the world, the concentration of calcite
(CaCOs3) is a known characteristic to distinguish the origin of desert dust. Cal-
cite is a significant constituent of dust found in both Asian and Saharan deserts,
where it plays a major role in the overall mineral composition. However, in Aus-
tralian desert dusts, calcite is present only in smaller amounts, typically as trace
component. This difference in calcite concentration across these desert regions
is likely due to variations in the geological makeup and weathering processes of
the respective areas.
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Figure 1.8: Mass fractions of illite, kaolinite, chlorite, quartz, feldpars, calcite, dolomite and iron
oxides are shown for northern African (Tunisia, Morocco, Libya, Mauritania, Niger, Mali, Bodélé),
eastern Asian (Gobi, Taklimakan) and Australian aerosols, from [41]

For instance, unaged Gobi Desert particles are composed of 46% illite, 7% mont-
morillonite, 15% quartz, 13% feldspars, 12% calcite, 6% anhydrite and aged parti-
cles are composed of 52% illite, 8% montmorillonite, 15% quartz, 2% feldspars,
14% calcite, 9% anhydrite based on linear spectral mixing analysis measurements
(LSM) [40]. However, the composition may depend on the analysis method used.
In this study, the authors compared the results obtained with X-ray diffraction
(XRD) with the LSM method where each observed spectrum is assumed to re-
sult from a linear combination of a small number of endmembers. In the case
of LSM, possible differences in size, morphology and chemical state between the
reference minerals and the actual minerals can affect the analysis, which high-
lights the importance of working directly with spectra of minerals that have been
resuspended. Another study [41] on northern African (Tunisia, Morocco, Libya,
Mauritania, Niger, Mali, Bodélé) and eastern Asian (Gobi, Taklimakan) aerosols
(figure 1.8) estimated the particles’ mineralogical composition by the combination
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of XRD, wavelength dispersive X-ray fluorescence (WD-XRF) and X-ray absorp-
tion near-edge structure (XANES). These estimations emphasize the diversity of
dust compositions by illustrating the different minerals mass fractions such as
illite, kaolinite, quartz or calcite.

1.2.3 Impact of desert dust aerosols

The impacts of desert dust on the Earth system are spatially heterogeneous, not
only because the dust loading itself varies considerably between regions, but also
because the properties of the dust depend on the mineralogy , which varies de-
pending on the region of origin [30]. Globally, mineral dust is estimated to warm
the atmosphere and cool the Earth’s surface in the short-wave spectral range and
induce opposite effects in the long-wave spectral range. However, uncertainties
remain regarding the direct radiative effect of dust due to uncertainties about
their compositions and their evolution during transport [42]. This radiative effect
is in fact closely linked to the composition of the minerals present in the desert
particles. For example, the presence of quartz and calcite in its composition will
affect the radiative effect in the long wave bands [43]. Other parameters can also
be impacted by the shape and chemical composition of desert dust, such as atmo-
spheric chemical reactions or the absorption of liquid water and the nucleation
capacity of the dust. Eight minerals (illite, kaolinite, smectite, hematite, quartz,
calcite, gypsum, and feldspar) were identified as climatically important by treat-
ing desert dust as an external mixture of minerals with the Community Earth
System Model (CESM) [44]. Some of these minerals will be studied as part of this
thesis, in Chapter 3.

Furthermore, the transport of “giant” dust particles (diameter greater than 20
pum) remains a representation problem that is unresolved. The size of the parti-
cle will strongly affect its absorption and scattering efficiency depending on the
spectral range despite its shorter lifetime. The chemical composition of aerosols
is a key factor that defines their intrinsic optical properties. These properties
are quantified by the complex refractive index, which governs how aerosols ab-
sorb and scatter light. Particle size, in turn, dictates how these optical effects
manifest at different wavelengths, ultimately influencing the aerosols’ radiative
impact on climate. However, the particle diameters typically measured and incor-
porated into models rarely exceed 20 um, despite recent evidence showing that
particles larger than 20 pm are prevalent in the Sahara and its downwind export
regions [45]. The growth in particle size and the evolution of their chemical com-
positions during the aging process also modify the optical properties [46]. These
factors underscore the need for improved measurements and models that account
for the presence of larger particles and their evolving optical properties, which are
crucial for accurately assessing the climate impact of desert dust on both regional
and global scales.
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It has also been shown that desert dust can inhibit or promote the new particle
formation process by participating in atmospheric reactions. For instance, it was
revealed that TiO2 and Fe,O act as photocatalysts and could promote the hetero-
geneous oxidation of SOz and the subsequent formation of gaseous HoSO,. These
components, acting as catalysts, are not consumed in the photocatalytic reaction
and can repeatedly accelerate atmospheric photochemistry [47].

1.2.4 Gobi Desert

The Gobi Desert (GD) is the largest desert in Asia with an area of around 1.3 mil-
lion square km above northern and northwestern China and southern Mongolia,
and the 5 largest desert in the world. The desert is composed of five distinct
eco-regions: the Gaxun Gobi, Junggar Gobi, and Trans-Altai Gobi in the west; the
Eastern or Mongolian Gobi in the centre and east; and the Alxa Plateau or Ala
Shan Desert in the south. Its name is derived from the Mongolian word ‘gobi’ —
meaning ‘waterless place’. Sandy desert only accounts for around five per cent of
the Gobi, with the majority of the desert being bare rock. Despite this, the Gobi
is home to one of the world’s biggest sand dunes, the Khongor Sand Dunes (i.e 80
metres high, and 180km long) [48].

The Gobi and desert regions of northwest China are among the major sources
of dust aerosols in East Asia. The most recent model calculations indicate that
global mineral dust emissions from wind erosion (i.e. between 1000 and 3000
Mt.yr~!) account for about half of annual particulate emissions at worldwide [49].
It is estimated that between 100 Mt.yr~! and 460 Mt.yr—! of dust particles are
emitted into the atmosphere by GD and the deserts of northern China each year
[50]. It has been shown from reports of dust storms from 1960 to 1999, that GD is
the major source of dust from East Asia [51]. Furthermore, Chen et al investigated
a typical dust storm event that occurred from 18 to 23 March 2010 and attested that
GD was the main contributor to the dust concentration over South Asia during
the first stage of the storm (18-20 March 2010) [52]. Nevertheless, the importance
of GD emissions tends to be, in general, underestimated.

1.3 Optical properties of aerosols

The Earth’s atmosphere is constantly exposed to radiation from various sources,
such as sunlight, terrestrial radiation, moonlight, starlight, and artificial light-
ing. As this radiation passes through the atmosphere, it interacts with both gas
molecules and suspended particles, leading to a variety of optical phenomena, in-
cluding scattering, absorption, diffraction, and reflection. These interactions are
responsible for observable effects such as the blue color of the sky, the formation
of white clouds, and the appearance of rainbows (see Figure 1.9). In atmospheric
science, the combined processes of scattering and absorption are often referred
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to as extinction, as they describe the attenuation of light as it travels through the
atmosphere.

Aerosols, which are tiny particles suspended in the air, play a crucial role in
extinction processes. The optical properties of aerosols are primarily influenced
by several key factors: the particle size distribution, the complex refractive index,
and the assumption of particle shape (often simplified as spherical for modeling
purposes). However, real-world aerosols—such as desert dust, sea salt, or indus-
trial pollutants—display significant variability in both size and refractive index,
even within the same class of aerosols. For instance, desert dust particles can vary
widely in size, composition, and morphology, leading to different optical behav-
iors across various datasets, such as the Optical Properties of Aerosols and Clouds
(OPAC) database [53] and the Aerosol Refractive Index Archive (ARIA) [54].
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Figure 1.9: Interaction between an incident radiation and a homogeneous and spherical aerosol
particle.

Most global aerosol models make the simplifying assumption that dust parti-
cles are spherical, despite the fact that many atmospheric particles, such as min-
eral dust, have irregular, non-spherical shapes. This assumption leads to signifi-
cant underestimations of key optical parameters, including extinction efficiency,
mass extinction efficiency, single scattering albedo, and asymmetry parameters,
particularly across a broad range of dust sizes in both the shortwave and long-
wave spectra [55]. For example, spherical models often fail to account for the
enhanced scattering of light by larger, non-spherical dust particles, which can
lead to inaccuracies in climate models and radiative forcing estimates.

To describe the interaction between light and atmospheric particles, two pri-
mary scattering theories are used: Mie scattering and Rayleigh scattering.

1.3.1 Mie and Rayleigh theories

Any particle can be divided into smaller regions, termed scatterers. When illumi-
nated by incident radiation, a dipole moment is induced in each scatterer, causing
the particle to scatter light in multiple directions. Absorption occurs due to the
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damping of dipole oscillations and the conversion of electromagnetic energy into
thermal energy.

The scattering and absorption cross sections of individual scatterers are a mea-
sure of a probability of scattering or absorption processes for a particle. The effi-
ciency of scattering and absorption is defined as the ratio of the effective section
to the geometric surface ma? of a sphere. These cross sections can be defined as:

Oabs — 7T'aQQabs (1'1)
Oscat = ﬂ-CLQQSCat (1-2)
Oext = Ogbs T Oscat (13)

e Oubs» Oscat and oe, absorption, scattering and extinction cross sections in m?.

e Qups and Qscqt, absorption and scattering efficiencies, dimensionless.

The regime of scattering is defined in function of the size parameter, that is

calculated as follows:

2mna
X =
A

(1.4)
With :

« n the refraction index of the medium, typically n=1 for air.

« a the radius of the particle in m.

+ ) the wavelength of the incident light in m.

Figure 1.10 classifies the scattering type based on the particle size parameter, par-
ticle radius, and wavelength.

Mie theory applies when the size parameter X is approximately 1, meaning
the particle size is similar to the wavelength. In contrast, if X is much less than 1,
indicating that particles are small relative to the wavelength, Rayleigh Scattering
applies [57]. The interplay between induced dipole moments and electromag-
netic waves explains the wavelength dependence of both Rayleigh scattering and
absorption. The well-known wavelength dependence of the Rayleigh scattering
cross-section, given by A%, and the less-known wavelength dependence of the
Rayleigh absorption cross-section, A=}, are derived from electromagnetic oscilla-
tor theory in the long-wavelength approximation [58]. For particles significantly
larger than the wavelength, the Geometric Regime applies, where the scattering
can be approximated by tracing independent parallel rays, treating electromag-
netic waves as localized due to the size difference.

Both Mie and Rayleigh theories assume that aerosol particles are spherical.
However, many real-world aerosol particles have irregular shapes due to their
formation processes, aggregation, or chemical reactions. Non-spherical particles
scatter light differently, which can lead to inaccuracies in predicted optical proper-
ties. In addition, Mie and Rayleigh theories typically assume that aerosol particles
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Figure 1.10: Graph of size parameter X and type of scattering as a function of radiation wave-
length and particle radius [56]. The THz range is highlighted in green and the measured particle
optical radius range is highlighted in orange.

are homogeneous in composition. In reality, aerosols can be mixtures of different
materials (e.g., soot, sulfate, organic compounds), which can affect their optical
properties significantly.

In this study, since the particles are relatively small compared to the wave-
length, the Rayleigh regime is the primary focus. However, in real-world scenar-
ios, many aerosol particles exist within the size range where Mie theory becomes
applicable, even though Rayleigh theory is often primarily referenced. This shift
complicates the predictions of their optical properties. In addition, While Mie
and Rayleigh theories provide a good starting point, the complexity of real-world
aerosol systems often necessitates advanced computational methods (such as nu-
merical solutions to the Maxwell equations or ray-tracing techniques) to accu-
rately model their optical properties.

This complexity highlights the necessity of comprehending the intricate inter-
actions that shape the optical properties of aerosols. As a result, complex refrac-
tive indices, along with absorption and scattering cross sections, become essential
parameters for calculating the planet’s radiative balance. These factors are crucial
in assessing the influence that various groups of atmospheric aerosols can have on
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climate, particularly considering that absorbed light can be converted into heat,
thereby affecting temperature and energy dynamics in the atmosphere [59].

1.3.2 Complex refractive index

The propagation of light in absorbing materials can be entirely characterized by
the complex refractive indices (CRI) specific to each wavelength. Nearly all micro
and nanoparticle monitoring methods are based on optical properties, which are
represented by the CRI of the particle [60].

The CRI of a material is related to its relative permittivity according to the
following formula :

= /e (1.5)
With :

- n the CRL

* ¢, the complex relative permittivity.

The imaginary part of the CRI relates to the absorption and losses, while the
real part is linked to the phase velocity and refraction. The CRI is dependent
on the wavelength and the size and shape of a particle for the same chemical
composition [61]. The real and imaginary part of the CRI can be defined as :

n(A) =n(A) —ik(A) (1.6)
With :

« n the real part of the CRI, which is the ratio of light velocity in a vacuum to
light velocity in the particle.

« r the imaginary part of m that describes the absorption of light by the par-
ticle.

« ) the wavelength of the incident radiation in m.

The samples in this study are diluted and their absorption is consequently low,
which allows the imaginary part of the CRI to be related to the absorption coef-
ficient according to the Beer-Lambert law :

4k
= — 1.
a S (1.7)

With o the absorption coefficient in m~*.

In anisotropic optical materials (i.e. birefringent) such as calcite and quartz,
the refractive index generally depends on the direction of polarization and the di-
rection of propagation. In addition, certain relative permittivities can be negative,
notably for certain photonic metamaterials or for particles presenting polaritons
in crystals. These phenomena are essentially perceptible in microwave and far-
infrared regions [62].
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1.3.3 DPolaritons

Polaritons are hybrid quasiparticles formed from the coupling of photons with
other excitations. They can manifest as exciton-polaritons in semiconductors,
plasmon-polaritons in doped materials, and phonon-polaritons in solids, which
arise from the interaction between phonons (collective vibrations of the atomic
lattice) and photons [63]. This study will primarily focus on phonon-polaritons,
particularly in the infrared and terahertz (THz) regions, where their effects are
most pronounced.

........ R S L BON RGN NGO v+ KD
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Plasmon-polariton (PP) Phonon-polariton (PhP) Exciton-polariton (EP)

Figure 1.11: Polaritons with different dielectric functions and electric field line distributions. (a)
Plasmon-polariton, (b) phonon-polariton, and (c) exciton-polariton. €; represents the real part
of permittivity, e; imaginary part, and w angular frequency of light, from [65].

Figure 1.11 illustrates the various types of polaritons, highlighting their dielec-
tric constants and complex permittivities. In the context of phonon-polaritons,
negative permittivity arises from resonant optical absorption, which occurs when
the frequency of incident light matches the natural vibrational frequencies of the
material’s phonons. This resonance is indicative of highly dispersive permittivity
behavior, where the material’s response to electromagnetic fields varies signifi-
cantly with frequency. In such dispersive media, the permittivity is not constant
but instead changes over a range of wavelengths, resulting in complex interac-
tions between light and matter.

The interplay between negative permittivity and dispersive characteristics con-
tributes to the formation of a reduced modal volume. The modal volume refers to
the effective volume in which the electromagnetic field can exist around the po-
lariton. A reduced modal volume signifies that the electromagnetic field is highly
localized, resulting in an exceptionally high local density of electromagnetic states
at the interface between light and the material. This high density enhances light-
matter interactions, allowing for more efficient coupling and stronger effects in
phenomena such as polaritonic chemistry and enhanced radiative processes. Con-
sequently, this strong coupling can significantly influence the optical properties
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of materials, particularly in applications involving photonic devices and energy
transfer mechanisms.

Such strong coupling between light and matter is a focal point of ongoing re-
search, particularly in its implications for polaritonic chemistry and photochem-
istry, where these interactions can influence chemical reactions in novel ways.
Moreover, they are being explored for applications such as radiative cooling mate-
rials, leveraging their unique optical properties to enhance thermal management
strategies [64].

Recent studies have investigated the polaritonic eigenmodes of water droplets
representative of natural atmospheric conditions using Mie theory and infrared
spectroscopy [66]. Notably, it has been demonstrated that water droplets with
radii greater than approximately 2.7 um exhibit polaritonic behavior, extending
into the ultra-strong coupling regime. As we delve into the ramifications of these
polaritonic phenomena on the Earth’s radiative balance, it becomes crucial to
broaden our focus to additional spectral ranges that significantly affect atmo-
spheric interactions, including the THz frequency domain, positioned between
the infrared and microwave regions of the electromagnetic spectrum.

1.4 TeraHertz frequencies

1.4.1 Definition and properties

1 1

033cm’  33cm’ 25 em” 3333cm”’ 333330’
Wavenumber I I I I
2cm 3 mm m 3 pm 300 nm
Wavelength : : :
Microwave Tera Infrared
Frequency I I I
10 GHz 100 GHz 1 Hz 100 THz 1 PHz

Figure 1.12: Location of THz band in the electromagnetic spectrum.

The Terahertz (THz) range of electromagnetic waves is defined by frequencies
between 100 gigahertz (10! Hz) and 10 terahertz (10'3 Hz) [67]. This domain is
located between infrared and microwaves and is sometimes called far infrared
or “T-rays”. After its discovery in 1911, research was significantly hampered be-
cause the development of powerful and compact sources only really began with
the emergence of microelectronics and nanotechnologies at the end of the 20th
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century [68]. The location of the THz band is shown on figure 1.12. 1 THz is equal
to 33.3 cm~! in wavenumber and 300 um in wavelength.

THz radiation is emitted as a component of black-body radiation from terres-
trial objects, which typically have physical temperatures ranging from approxi-
mately 273 K (0 °C) to 300 K (27 °C). According to Planck’s law of black-body radi-
ation, any object at a given temperature emits radiation across a broad spectrum
of wavelengths, with the intensity and distribution of that radiation influenced by
its temperature. For terrestrial objects, the peak emission occurs between approx-
imately 8 and 10 um [69]. The presence of THz radiation in the spectral output of
these objects is crucial, as it significantly affects various atmospheric processes,
including energy balance and radiative transfer within the Earth’s atmosphere.

1.4.2 Applications: From Material Analysis to Atmospheric Studies

The interest of terahertz waves is linked to their penetrating power since they al-
low visualization through certain materials and in particular skin, clothing, wood
and plastics, while being strongly absorbed or reflected by others. In addition,
THz spectroscopy is a powerful tool for characterizing collective excitation modes
in a periodic arrangement of atoms constituting a crystalline or amorphous struc-
ture i.e. phonons [70]. Terahertz rays have also very varied applications in astron-
omy, security and telecommunications [71]. Since THz radiation is sensitive to
the environment of the molecules and their chirality, it potentially offers a means
of detecting different polymorphs [72].

Another additional benefit is that samples can be analyzed in solid, liquid or
gaseous state. THz spectroscopy on gases is several times more sensitive than
microwave spectroscopy and has better resolution than infrared spectroscopy due
to weaker Doppler effects [73,74]. Morevoer, the dielectric properties of liquids
in the THz range mainly depend on the interaction and relaxation of permanent
or induced dipoles inside a liquid. As expected, water and aqueous solutions are
the most studied liquids, mainly for biological applications [1]. Solid samples can
take different shapes, such as films, plates or pellets. Powder samples, inter alia,
are generally prepared by mixing a non-absorbent powder (i.e. polyethylene),
grinding it to a fine powder and finally preparing the resulting composite as a
pressed pellet [75].

THz for atmospheric purposes Gases with a dipole moment and dielectric mate-
rials present in our atmosphere exhibit distinct spectral signatures and diverse
optical characteristics within the THz range [76]. This enables THz waves to per-
form precise quantitative analyses of atmospheric composition and structure [77].
For example, the THz range is ideal for remote sensing of the diurnal behavior of
stratospheric OH [78]. Moreover, THz remote sensing extends beyond Earth, pro-
viding insights into the physical and chemical processes within the atmospheres
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of planets like Venus, Mars, and the Jovian planets, while passive THz studies on
Earth enhance our understanding of the telluric environment [79].

1.4.3 THz generation and spectroscopy techniques

This section focuses on optical and opto-electronic methods, although numerous
techniques exist for the generation and detection of THz frequencies.

One approach to generating THz frequencies involves the use of a nonlin-
ear crystal with high electro-optical coefficients, operating via optical rectifica-
tion. This process creates quasi-DC polarization due to the preferred direction
within the nonlinear medium [80]. Optical rectification allows for the generation
of pulses with an extremely wide bandwidth, constrained by the bandwidth of
the optical pulse used [81]. Another method, photomixing, relies on the interfer-
ence of two continuous-wave optical laser beams tuned to different wavelengths.
When these beams are superimposed on an ultrafast photodetector, they generate
continuous THz radiation. The frequency of the resulting beat signal equals the
difference between the two laser frequencies. This photocurrent is then directed
through a broadband antenna, emitting the THz beam.

Fourier-transform infrared spectrometers (FTIR) can be equipped with far-
infrared extension modules, which allow measurements down to 10 cm~!. This
progress enables the use of FIR or THz spectroscopy, depending on the experimen-
tal requirements [82]. Large synchrotron sources can also be coupled with FTIR
instruments. Recently, successful heterodyning between a synchrotron source
and a gas laser was achieved [83].

Two widely used laser-based techniques for THz generation and detection are
THz time-domain spectroscopy (THz-TDS) and time-resolved THz spectroscopy
(TRTS). In TRTS, the sample (semiconductor) is excited by an fs laser pump pulse,
generating electron-hole pairs that absorb the THz probe radiation. This absorp-
tion, measured as a decrease in transmitted THz power, allows for the extraction
of the time-dependent THz spectrum through a typical pump-probe experiment.

In THz-TDS, THz pulses are generated by transient currents in photoconduc-
tive antennas, induced by illumination with a femtosecond (fs) laser. Photocarri-
ers accelerated by a static electric field create a transient polarization in the semi-
conductor. This process is explained in detail in Chapter 2. THz time-domain
spectroscopy is particularly interesting for optical characterization of aerosols as
it provides a direct measurement of the electric field E(t), rather than the inten-
sity (squared electric field) as in Fourier-transform infrared spectroscopy (FTIR).
This technique enables access to both the amplitude and phase of the electric
field in the frequency domain via Fourier transformation, eliminating the need
for Kramers-Kronig relations to extract parameters such as complex refractive
indices [84]. THz-TDS provides a powerful combination of broadband spectral
coverage, direct electric field measurement, and sensitivity to water and small par-
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ticles, making it the ideal choice for studying atmospheric aerosols in controlled
laboratory environments. Additionnaly, THz-TDS systems can be adapted to a
variety of sample environments, such as controlled humidity, pressure, and tem-
perature, which are important for simulating real atmospheric conditions. This
technique provides also time-resolved data, allowing for the observation of dy-
namic changes in the aerosol properties, such as particle growth, chemical re-
actions, or phase transitions under controlled conditions. Therefore, THz-TDS
emerges as an ideal tool for conducting precise and repeatable measurements of
aerosols across varying environmental conditions.

This table provides an overview of the various techniques in terms of their
resolution, frequency range, cost, and other key factors.
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Table 1.1: Comparison of Optical and Opto-Electronic THz Generation Techniques
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1.5 State of the art

As mentioned previously, atmospheric aerosols have never been studied in the
THz range before. In this section, studies completed on samples of atmospheric
interest and ranging from ultraviolet to far infrared will be examined. Then, far
infrared and THz studies carried out on powders and pellets, and in particular
resuspension achieved on particles with a diameter of the order of a few mm, will
be reviewed.

Dust aerosols studies in the UV-Infrared range First of all, the CRI of kaolinite,
which is one of the major compounds in Sahara Desert particles, has recently been
extracted for the first time from far infrared (200 cm™1) to ultraviolet (UV) (40,000
cm~!) using an optimal estimation method (OEM) combined with diffusion the-
ories and the unique subtractive Kramers—Kronig (SSKK) relationship following
resuspension in the laboratory [85]. Quartz is another main component of desert
dust particles. It was analyzed from UV (40,000 cm-1) to thermal infrared (650
cm-1) in a resuspended form. The quartz’ ordinary and extraordinary CRI were
then extracted with a numerical procedure coupling scattering theories, the sin-
gle subtractive Kramers-Kronig relation, and an optimal estimation method in an
iterative process [84]. Furthermore, Deschutter [3] analyzed resuspended Gobi
Desert particles in a large spectral range (UV to infrared) and applied the linear
combination to its compounds in order to reproduce the experimental extinction
of Gobi Desert dust. Hence, this study demonstrated that the extinction of Gobi
Desert dust in the infrared region can be recreated by the linear combination of
its main components, that are illite, quartz and calcite. Figure 1.13 shows the
reproduction of Gobi particles’ extinction.

Experimental spectrum of Gobi Desert aerosol
Weighted sum of pure compounds' extinctions
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Figure 1.13: Linear combination of illite, quartz and calcite extinctions reproducing the experi-
mental extinction spectrum of Gobi desert particles, from [3].
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THz Domain Studies on Mineral Particles and Powders Mineral particles were also
studied in the THz domain for pharmaceutical, industrial and environmental pur-
poses. However, these studies have only been carried out on bulk materials, in
the form of pellets or on more or less compact powder, but never on particles
suspended in a gas as in atmospheric conditions. For instance, attenuated Total
Reflectance Fourier transform Far-infrared measurements (0 to 700 cm™!) were
carried out on the main mineral groups (kaolinite, smectite, calcite, quartz, illite,
albite and dolomite) that can be found in different shale types [86]. The samples
were in a compact powder form to ensure reproducible ATR analysis. ATR THz-
TDS methods were also used on powders to probe carbonate minerals’ (calcite,
aragonite and dolomite) optical responses in the 1-6 THz range [87]. The trans-
mittance of carbonates minerals were also measured by FTIR. The samples were
mixed in polyethylene pellets of 700 mg, 3 cm diameter and 1 mm thick [88].
Nonetheless, few studies aimed at resuspending particles or mimicking a sus-
pension to extract their optical parameters in the THz domain. Particularly, the
research carried out by Prophete [89] focuses on sand particles and glass beads of
comparable size to the wavelength in the frequency band between 100 GHz and 2
THz. The measurements are performed with a commercial THz-TDS from Menlo
systems. Prophete’s aim was to characterize large particles that are suspended
in brownout conditions of military helicopters, hence the particles are not repre-
sentative of atmospheric conditions. The measurements were divided into three
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Figure 1.14: Extinction efficiencies as a function of frequency for (a) non-absorbing or absorbing
real index 1.67 beads such as silica and (b) non-absorbing or absorbing beads with an index of
2.54 (BK7), measured by Prophete [89].

distinct parts: measurement in 2D on a static sample, in 3D on a static sample
and finally in 3D on a dynamic sample. The 2D measurements on a static sample
consisted of glass beads stuck on paper, or grains of sand placed on tape with
a thickness of the support which is negligible compared to the size of the parti-
cles to limit their interaction. This study was similar to that of Fiorino [90] that
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achieved TDS transmission measurements on sand samples whose sizes ranging
from 177 to 550 um. The particles were held in place using cellophane tape to
mimic a suspension and investigate brownout conditions. The static 3D sample
measurements consisted of a paraffin matrix containing the particles, as the paraf-
fin is known to be transparent in the THz range. However, the manufacturing of
these samples was not satisfactory because the adhesion between the grains of
sand (or the glass beads) and the paraffin was not ensured because areas of air
could form between the layers. In addition, neighboring paraffin layers were dis-
sociable and reflections internal to the sample could take place at the interfaces.
For measurements with dynamic 3D samples, a chamber composed of two cello-
phane windows and a ventilator which allows the sand particles to be lifted was
set up. In figure 1.14, the extinction coeflicients of sand particles and glass beads
resulting from the 3D dynamic experiments are plotted.

Additionnaly, Campbell et al. were led to evaluate the contribution of THz
technologies to the ability to detect and identify threatening agents. Higher fre-
quency spectra (1.5-21 THz) of small sized chemical and biological warfare agent
were acquired with a Fourier transform infrared spectrometer. The resuspension
was carried out in a 15 cm long chamber with magnetic stirring [91]. However,
their published results focused on the 10-20 THz range, specifically for silica par-
ticles. The precise sizes of these particles were not fully specified in the paper.

One significant limitation of these THz studies is the use of pellet or com-
pact powder samples. These materials do not accurately represent atmospheric
aerosols, as the size, shape, and structure of the particles are altered during pellet
formation. Specifically, the application of pressure during pelletization can in-
duce structural changes that shift the frequency and alter the shape of absorption
peaks or bands. Additionally, the morphology of particles in their suspended state,
especially in the case of atmospheric aerosols, plays a crucial role in their opti-
cal properties. In contrast, when particles are pressed into pellets, their natural
shapes and interactions with surrounding gases are lost, which can lead to non-
representative results. Therefore, while pellet measurements can provide some
insights into material properties, they are not directly applicable to the study of
atmospheric aerosols, and care must be taken when interpreting their THz spec-
tra. Further efforts are needed to resuspend particles under controlled conditions
to obtain more accurate optical parameters that truly reflect atmospheric behav-
ior.

1.6 This study : developing a novel setup for analyzing THz opti-
cal properties of atmospheric particles in suspension

As part of this thesis, a novel resuspension bench for atmospheric particles will
be established within the IEMN laboratory, marking the first time their optical
responses will be obtained in the Terahertz (THz) domain. This setup is being
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developed specifically for this research, as no such facility existed prior to this
thesis.

This study aims to address several critical questions: How do the optical prop-
erties of atmospheric particles differ when they are in pelletized versus resus-
pended states? Are the optical signals obtained from compacted pellets truly rep-
resentative of the particles’ behavior in suspension? How do structural changes
induced by pelletization, such as particle compression, influence their THz optical
responses? Furthermore, can the interactions between THz radiation and these
particles be better characterized by Rayleigh or Mie scattering theory?

To explore these questions, the optical study will commence with preliminary
experiments on powders formed into pellets, followed by the resuspension of
these particles in the newly constructed aerosol bench to enable a more realistic
comparison. The optical responses from both states will be processed to derive
their complex refractive indices in the THz frequency range, utilizing effective
medium approximation theories.

In addition, the particles will be characterized at the single-particle scale us-
ing Scanning Electron Microscopy (SEM) combined with energy-dispersive X-ray
(EDX) analysis at the LPCA laboratory, allowing for a thorough assessment of
their morphologies and chemical compositions. Finally, Finite Difference Time
Domain (FDTD) simulations will be performed to model the interaction of a THz
beam with individual particles. The absorption and scattering cross-sections ob-
tained from these simulations will be compared with results from a custom de-
veloped Mie code, providing insights into the adequacy of theoretical models in
describing the observed optical behavior.



Chapter 2

Realization and characterization of
the aerosol measurement bench and
THz signal processing

2.1 Introduction

This chapter is essential for understanding the comprehensive efforts involved
in developing and characterizing an aerosol measurement bench within the THz
domain. The first section introduces the THz Time Domain Spectroscopy (THz-
TDS) system and the detailed signal processing workflow used to extract opti-
cal parameters from the measured data, including algorithms as Correct@TDS
and Fit@TDS. It covers uncertainty quantification, error functions, and the use of
the Lorentz oscillator model, establishing the foundation for reliable analysis of
aerosol interactions.

The second part delves into the specifics of aerosol interaction with the THz
beam, including the setup of the aerosol system, flow characterization, and the
critical task of aligning the THz beam over a 150 cm distance. The section also
includes the optical and mechanical characterization of the cell windows, critical
for ensuring minimal interference during measurements, and the analysis of the
particle size distribution using advanced techniques.

The final part addresses the morphological and chemical characterization of
aerosol samples. Techniques such as Scanning Electron Microscopy (SEM) cou-
pled with Energy Dispersive X-ray (EDX) spectroscopy and X-ray diffraction (XRD)
are explored in detail. These methods provide a thorough understanding of the
structural and chemical composition of the aerosols, ensuring a well-rounded
characterization that integrates both optical properties from the THz measure-
ments and detailed morphological and chemical analyses. This holistic approach
is critical to achieving accurate and comprehensive results in the study of aerosols
in the THz range.

29
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2.2 THz Time Domain spectroscopy and signal processing

2.2.1 THz Time Domain Spectroscopy
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Figure 2.1: Schematic of the Terahertz Time Domain Spectroscopy (THz-TDS) setup.

The principle of TeraHertz Time Domain Spectroscopy (THz-TDS) is illus-
trated in Figure 2.1, which provides a schematic overview of the setup used for this
study [92]. While the beam generation and detection components are commer-
cially sourced, I conducted the characterization tests for the antennas. Addition-
ally, I developed the aerosol generation setup, performed the optical alignment
of the system, and selected suitable materials for the experiments. These aspects
will be discussed in detail in the following sections of this chapter.

The femtosecond laser beam in this system is generated by a commercial TeraS-
mart unit from Menlo Systems. Within this compact device, a fiber laser pro-
duces 90 fs pulses at a wavelength of 1.5 um, which are split into two beams: the
pump and the probe. The femtosecond laser pulses are generated through a mode-
locking technique, which produces short, high-power pulses. Conventional laser
sources are unsuitable for THz generation due to the lack of appropriate semi-
conductors for direct emission in the terahertz range [93].

The pump beam is directed along a delay line that provides a scanning range
of up to 850 ps. This delay is managed by a movable retroreflector plate, which
adjusts the optical path length. This setup determines the exact moment the THz
detector captures the signal in relation to the generated THz pulse. By altering
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the timing of the pump beam’s arrival at the detector, the delay line facilitates
accurate sampling of the THz electric field in the time domain [94].

The THz pulse is generated by focusing the pump beam onto a GaAs photo-
conductive antenna. Time-domain THz sources typically rely on either photocon-
ductive antennas or optical rectification in nonlinear media to generate extremely
short terahertz pulses, though these often have relatively low pulse energy [95].
Photoconductive antennas convert laser energy into THz radiation. These an-
tennas consist of a layer of low-temperature-grown GaAs (GaAs L-T) with metal
contacts on semi-insulating GaAs. The short carrier relaxation time in the GaAs
L-T film, achieved through epitaxial growth, creates defects that act as recombi-
nation and trapping centers. The excess arsenic clusters in the material induce
rapid nonradiative recombination within sub-picosecond time intervals.

The probe beam, derived from the same femtosecond laser source, is precisely
timed to coincide with the THz pulse at the detector. By adjusting the delay line
associated with the pump beam, the moment when the probe pulse interacts with
the THz electric field can be controlled, enabling accurate measurements of the
electric field’s strength at various time intervals.

The resulting THz beam is collimated to a diameter of 38 mm as it traverses
the aerosol measurement cell, which measures approximately 95 cm in length
and equipped with polypropylene windows. Parabolic mirrors, purchased from
Thorlabs, are used to ensure optimal collimation of the THz beam. After passing
through the cell, the THz beam is focused on the detector.

The emitted THz pulse consists of a single-cycle oscillation of the electric field.
Time-domain measurements are achieved by sampling the THz signal through
convolution of the known femtosecond probe pulse with the longer THz pulse.
This ensures that a measurable signal is detected only when both pulses arrive at
the detector simultaneously, allowing for precise temporal resolution of the THz
waveform. The signal at a specific time ¢; can be expressed as:

S(t1) o< Ligser ® ETmz(t1) (2.1)
with :
e Ij4ser, the intensity profile of the femtosecond laser pulse.
« Erp.(t1), the electric field of the THz pulse at time ¢;.

A computer system controls the delay lines and records data from the amplifier
to enhance the signal-to-noise ratio. A Fourier transform is then performed on
the time-domain data to obtain the frequency spectrum [96,97].

To mitigate the strong absorption of water vapor in the THz range, which can
distort the optical response of the samples, the THz beam path is enclosed within
a purge box. This box is flushed with dry air or nitrogen. Since nitrogen molecules
lack an electric dipole moment, they do not interact with THz radiation, ensuring
a clear signal.
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Figure 2.2 presents a representative time-trace of the THz signal along with
its Fourier transform, obtained using nitrogen gas alone, with 1000 accumula-
tions over a time window of 60 ps. Subfigure (a) presents the time-domain signal,
showcasing the main impulse generated by the THz pulse. This trace reflects
the oscillation of the electric field over time, capturing the rapid fluctuations that
characterize the THz radiation. Subfigure (b) displays the Fourier transform of the
time-domain signal, which represents the frequency spectrum of the THz pulse.
Together, these figures underscore the effectiveness of THz Time Domain Spec-
troscopy in capturing both temporal and spectral characteristics of THz radiation.
Signals in the 3.5 to 5 THz range will be discussed and analyzed further in section
2.1.4.3.

E-field (a.u)
Amplitude (log scale)

T T T T T T T T T T T
-320 -315 -310 -305 -300 1 2 3 4 5 6 7 8
Time (ps) Frequency (THz)

(a) (b)

Figure 2.2: A typical time-trace focused at the main impulsion (a) and its Fourier transform (b)
showing the transmission. Nitrogen gas, with 1000 accumulations and 60 ps time-trace.

2.2.2 Correct@TDS

The time signal estimator commonly used for measuring samples with a time-
domain THz spectrometer is based on the average of the temporal traces accu-
mulated over a specified number of iterations, denoted by N,... Within our re-
search group, we have developed an open-source Python-based algorithm to get
as much information on the signal as possible and minimize noise in this estima-
tor. The software, Correct@TDS, provides a refined signal estimator by averaging
the temporal traces and applying corrections tailored to specific noise sources us-
ing a general optimization approach.

The first set of corrections addresses temporal shifts caused by temperature
variations in the optical fibers, which induce thermal expansion and affect the
timing of the signal. Additionally, the software compensates for fluctuations in
laser pulse amplitude and corrects for variations in the speed of the delay line. By
accounting for these factors, Correct@TDS improves the reliability of the signal
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estimator, allowing users to extract both the uncertainties in the time-domain
signal and the Fourier transform of this estimator.

—— Average on 1000
Standard error on 100 averages
Standard error after drift correction
201 —— Standard error after drift and amplitude correction
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Figure 2.3: Mean and standard error in frequency domain after drift and amplitude correction,
from [98]

Given that the frequency and temporal noise are modeled as following a white
Gaussian distribution, the standard deviation serves as an indicator of the noise
present in both the temporal signal and its Fourier transform. However, even af-
ter applying corrections, some residual noise may remain, as illustrated in Figure
2.3. Here, it is evident that the signal correction leads to a significant improve-
ment in the signal-to-noise ratio (SNR), achieving an enhancement of over 30
dB at 1 THz with 1000 accumulated traces after drift correction. Overall, using
this software significantly reduces the signal-to-noise ratio (SNR), resulting in an
enhanced dynamic range for THz spectroscopic measurements, ensuring more
reliable data analysis. However, this is only one aspect of the error; additional
systematic errors remain and will require further investigation.

This residual noise exhibits correlations, distinguishing it from purely white
noise. To effectively address this issue, we compute the covariance matrix, which
facilitates the extraction of accurate material parameters by normalizing the error
function during the fitting process implemented in the Fit@TDS software. This
comprehensive approach not only refines the signal quality but also enhances the
reliability of the material characterization outcomes.

2.2.2.1 Covariance matrix

The covariance matrix quantifies the extent to which two variables vary together
and is represented as a square symmetric matrix, defined mathematically by the
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following equation:

n

! Z(Et - Emean)(Et - Emean)T (2.2)

t=1

Cov(E(t)) =

n—1

With n representing the total number of time samples used in computing the
covariance matrix.
The matrix takes the following form :

Ohy  OE)E®) 7 TE()E(t)
~ ag 02 cer g
CO'U((E(t)) _ E(tQ)E(tl) E.(t2) E(tQ.)E(t")
OB)E®) TBE)EW) T k()

In this matrix, the diagonal elements represent the variances (02), while the
off-diagonal elements indicate the covariances (). The matrices are estimated
based on repeated noise measurements from both the reference and the sample
data. This covariance matrix plays a crucial role in analyzing the reliability of the
data and in improving the accuracy of material parameter extraction during the
fitting process.

2.2.2.2 Uncertainties on the spectra in frequency domain

The estimation of uncertainties in the frequency domain is critical for understand-
ing the reliability of the spectral data and ensuring accurate material character-
ization. The standard deviation on the signal at each frequency o(F(w)) can be
expressed as :

Ny
o(B(w)) = Nif S (B(wy) ~ Bean())

j=1

? (2.3)

With :

« E(wj) Fourier transform of the measured and corrected time domain signal
at a given frequency wj.

* Epean(wj) Fourier transform of the mean measured and corrected time do-
main signal at a given frequency w;.

« Ny the number of frequencies.

This standard error quantifies the precision of the signal estimator and is com-
puted within the Correct@TDS framework. The standard deviations for both the
sample and reference signals in the frequency domain, obtained as outputs from
Correct@TDS, will subsequently be used to calculate the standard deviation of
the transmission in the Fit@TDS software. This process enhances the reliability
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of the measurements and aids in extracting accurate material properties. When
combining various measurements and calculations to extract material properties,
uncertainties can propagate through these computations. The propagation of un-
certainties should be systematically analyzed to ensure the final material param-
eter estimations reflect the underlying uncertainties accurately.

2.2.3 Fit@TDS algorithm for optical parameters extraction

When I joined the team, Fit@TDS was already an established open-source tool
software designed for direct time-domain fitting. It provided precise measure-
ments of sample thickness and optical properties, such as the complex refractive
index (CRI), by integrating various permittivity models to ensure reliable retrieval
of material parameters. This process relied on two main inputs: the experimental
data, which includes both the sample and reference signals, and a selected per-
mittivity model, defined by parameters that describe how the sample transforms
the reference pulse into the modeled pulse [99].

Fit@TDS, however, is an evolving algorithm, undergoing continuous devel-
opment to refine its accuracy and extend its capabilities. During my work, I
contributed to its advancement, particularly in signal analysis, focusing on the
implementation and interpretation of error bars to improve the reliability of re-
trieved values. Through these improvements, I was able to make Fit@TDS a more
effective and precise tool, advancing its application in the reliable analysis of THz
data.

2.2.3.1 Transfer function

An usual method for complex refractive index determination is to fit a theo-
retically calculated transfer function. The transfer function describes the time-
invariant relation between the input and the output signals. The experimental
transfer function can be easily calculated by doing the ratio of the Fourier trans-
form of the two traces.

TF(w,m) = M (2.4)

Ereference(w)
With Esample and E,. ference the measured signals with the sample and without
the sample.

The transfer function is also known as transmission coefficient. The trans-
mittance is the ratio between the intensity of the transmitted radiation and the
incident intensity. As the intensity of an electromagnetic wave is proportional to
the square of the wave’s electric field amplitude, the transmission is proportional

to the transfer function :
- 2
Isample - < ~Esample ) (2.5)

Ireference Ereference
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Isampie and ¢ ference being the intensity of Esample and E,, ference amplitudes.

All the transfer functions depend on the complex refractive index. To effi-
ciently retrieve the real and imaginary parts of the complex refractive indices,
the so-called inverse problem has to be resolved : knowing the amplitude of the
complex transmitted wave and of the incident wave, one can find the complex
refractive index of the sample by solving the following transmission 7'(w) equa-
tion [1] :

T(6) = PP ¢ cap (~i(ampt ~ )2 ) P (2.6

With :
- w, the angular frequency (rad.s~').
« ['P(w) the Fabry Pérot multiple reflections term.

* Nsample and g, the complex refractive indices of the analyzed sample and
the air, respectively.

d the thickness of the sample in m.

c the speed of light in m/s.
+ F(w) the product of the Fresnel coefficients at normal incidence.

The Fabry-Pérot term represents the interference effects caused by light re-
flecting back and forth between the surfaces of a sample, which can lead to con-
structive or destructive interference at specific wavelengths or frequencies. The
FP term captures how the phase of the light changes as it travels through the
material and reflects at the boundaries. Each time light reflects, it incurs a phase
shift that depends on the refractive index of the material and the thickness of the
sample. For pellets, the FP term directly corresponds to the pellet thickness, while
for aerosols, it is primarily a transmission term linked to the path length of the
aerosol cell.

Fresnel coefficients describe how electromagnetic waves behave at the inter-
face between two different media, accounting for both reflection and transmis-
sion. In THz time-domain spectroscopy, the Fresnel coefficients play a crucial role
in defining how the electric field interacts with the boundaries between air and
the sample (aerosol or pellet). When solving the inverse problem to retrieve the
complex refractive index of the sample, it is critical to account for the Fresnel coef-
ficients. These coefficients affect both the amplitude and phase of the transmitted
signal, influencing the effective refractive index derived from the transmission
data.

In this context, the retrieved refractive index reflects the effective refractive
index of the aerosol sample. By solving the inverse problem, we can derive this
effective index, which captures the comprehensive effects of the sample on the
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transmitted wave. This effective index encompasses not only the intrinsic optical
properties of the aerosol but also the external structural factors that affect light
propagation through the medium. The solution to the inverse problem is achieved
numerically by formulating an error function that needs to be minimized.

2.2.3.2 Error function

The error function to be minimized compares the theoretical model’s expected
pulse with the experimental pulse. The expected pulse is calculated using the
theoretical model based on the reference pulse. According to Parseval’s theorem,
the norm of a function is equivalent to the norm of its Fourier transform. This
allows the error function to be evaluated directly in the frequency domain, elimi-
nating the need for repeated Fourier transforms during the optimization process.

€= ’(T]Tmodel - TNFsample)’2 (27)

With TF 4. and T~F,9ampze the transfer functions of the model and the sample
respectively.

By minimizing this error function, a fitting algorithm is applied to each fre-
quency, yielding the real and imaginary components of the complex refractive
index (CRI), n and «, respectively.

This optimization process enables the retrieval of spectroscopic parameters,
such as oscillator strength, resonant frequency, and linewidth, that allow the the-
oretical model to best match the experimental data. Additionally, this method
inherently respects the Kramers-Kronig relations, as it accounts for both the real
and imaginary parts of the refractive index due to the time-domain nature of the
analysis, ensuring a physically consistent description of the sample’s optical prop-
erties.

2.2.3.3 Lorentz oscillator model

The Lorentz oscillator model, also known as the Drude-Lorentz model, describes
the behavior of an electron bound to an atomic nucleus, modeled as a driven and
damped harmonic oscillator. In this framework, the electron is tethered to the
nucleus by a spring-like restoring force, and its motion is subject to both an ex-
ternal driving force (such as an electromagnetic field) and a damping force that
accounts for energy loss (as illustrated in Figure 2.4). The damping in the model
is related to the interaction of the electron with its environment, such as colli-
sions and frictional forces. The resonance mode of the oscillator corresponds to a
natural frequency where the energy absorption is maximized, while the width of
the resonance peak is inversely proportional to the damping coefficient, reflecting
how quickly the oscillator loses energy.

This model allows us to use Newton’s second law to describe the electron’s
motion, which can then be applied to calculate important quantities such as the
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Figure 2.4: Simplified scheme of the Lorentz model. The damping coefficient corresponds to 7,
the spring constant is equal to m.eg.

dipole moment, dielectric susceptibility, and the material’s optical response. By
treating the electron as a harmonic oscillator, we can derive how it interacts with
incoming electromagnetic waves, leading to expressions for the material’s per-
mittivity and refractive index.

The complex permittivity of a material under the Lorentz model is given by:

12

0y
n=ye=1+—5—2 (2.8)

2 .
Wi — w — 1wy

€ = &, €9 being the vacuum permittivity.
« w is the angular frequency of the applied electromagnetic field.

* wyp is the resonance frequency of the bound electron oscillator.

wy, is an effective coupling frequency related to the density of bound elec-

trons and their response to the field.

~ is the damping coefficient, representing how quickly the oscillation decays
over time.

2.2.4 Standard deviation on the transmittance and the retrieved CRI

2.2.4.1 Standard deviation on transmittance

Since the intensity of an electromagnetic wave is proportional to the square of
the wave’s electric field amplitude, the standard deviation of the transmission is
similarly related to the standard deviation of the transfer function. This can be

expressed as:
I [T E
a( S>o<2>< SXU(~S> (2.9)
IT@f Iref Eref
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I I ~
2 TF 2.10
g (Iref) X 2 X Iref X J( sample) ( )

With :

- I.
* TFsample X Trey

« I, intensity of the transmitted radiation through the sample and I, refer-
ence intensity (without the sample).

. U(T~Fsample) standard deviation of the sample’s transfer function.

To propagate uncertainties in this case, the uncertainty propagation law is ap-
plied, indicating how uncertainties in variables contribute to the uncertainty of
a function. In the context of the transfer function, this leads to the following
general equation:

~ 2 ~ 2
o OTF sample = 0T F sample =
O'(TFsample) = \/(Tpl X O'(Es)> + (Tfpl X O_(ETef)> (211)

Simplified, the equation becomes:

~ . 2 - - 2
TP i) = (M) +<M> 212

~ 2 ~ 2

~ o(E 0(Erer) -~

U(TFsample> = \/(%) + (E—ref X TFsample) (2.13)
ref ref

Given multiple measurements or accumulations, the variance of the averaged
transfer function is divided by the square root of the number of accumulations

— 1 -
U(TFsample> - \/N_ X U(TFsample> (2-14)
acc

- 2 » g 2
\/(Jﬁis)) + (M X TFSample)
_ ETef Eref
0(TF sample) = VNace
acc

Therefore, the standard deviation of the transmittance becomes proportional to
the variance of the transfer function:

J(Es))2 n (0’(~E~‘ref) X T~Fsample)2

IS ) Is \/( E~ref Eref
o X2 X 4/ X (2.16)
<[ref [ref V Nacc

 0(E,¢r) and o(F,) standard deviations of the reference and sample signals.

(2.15)

With :

e N, the number of accumulation.
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2.2.4.2 Standard deviation on attenuation and absorption coefficients
The attenuation coefficient according to the Beer Lambert law is expressed as :

InT
a= ”T (2.17)

I
Iref.

« T being the transmission
« [ the optical path length in m.

The optical path length is a fixed number. The attenuation coefficient therefore
depends on a single variable which is the transmission 7". The standard deviation
of the attenuation coeflicient o(¢) can consequently formulated as follows :

§inT
ola) = % x oT| (2.18)
ol
ola) = <1 (2.19)

The standard deviation of the attenuation coefficient is equal to the relative stan-
dard deviation of the transmission.
The absorption coeflicient is defined as :

a X c
= 2.20
& A7 X v ( )

Using the relationship derived for the standard deviation of the attenuation
coefficient, we can also find the standard deviation of the absorption coefficient
o(k):

o(k) = % x o) (2.21)
This can be expressed as:
_cxo(a)
o(k) = Iy (2.22)

Substituting the expression for o(«a) gives:

cC X or

= - 2.23
Txlx4ny ( )

(k)

The imaginary part of the complex refractive index is directly related to the
absorption coefficient [100].
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2.2.4.3 Standard deviation on the modeled CRI

The uncertainty during the fitting is estimated with a second order Taylor deriva-
tion, as illustrated in Figure 2.5. Taylor’s theorem articulates the approximation
of a function differentiable several times in the vicinity of a point by a polynomial
whose coeflicients depend only on the derivatives of the function at this point.

The use of a second-order Taylor expansion assumes that the error function is
reasonably well-behaved near the optimum. If the error function is highly non-
linear or contains discontinuities, the Taylor expansion might not yield reliable
results. In such cases, higher-order terms might need to be considered, or alter-
native methods such as Monte Carlo simulations could be employed to estimate
uncertainties.

The second-order Taylor approximation around its optimum is the Hessian, or
the second derivatives of the objective function. The Hessian matrix, denoted as
H, whose entries are the second derivatives of the objective function. Note that
H is symmetric because the mixed partial derivatives are equal.

0*f ()

H:: =
K &L‘Z@IJ

(2.24)

In this context, the x’s represent the parameters being fitted in the model,
specifically the variables that the error function depends on and that are opti-
mized during the fitting process to obtain the complex refractive index (CRI).
These include the real and imaginary parts of the CRI at different frequencies.
And f(x) is the error function that evaluates the difference between the model
and the experimental data.
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Figure 2.5: From the initial guess of error function to the minimized optimum error function and
parameters retrieved with the second derivatives.

At the minimum, the Hessian relates the uncertainties in the parameters to the
uncertainties in the objective function. The relation between the error function
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at the optimal parameters and the uncertainties in the parameters is given by:

Erroryest + o(p)® = Error(p + o) (2.25)
O*F
Error(p+ op) = Errorpes: + %0(]})2 (2.26)
p
Error(p+ op) — Errorpes
U<p)2 - 82Epr7“07“ = (2'27)

op?
Rearranging the equation, by setting the increase in the error function to 1 to
approximate a 1-sigma (68%) confidence interval for the parameter. :
9 1

U(p) = m (228)
Op?

This expression allows the standard deviation of the parameters to be calculated
from the second derivative of the error function, providing an estimate of the
uncertainty in the retrieved CRIL

2.3 Pellets to approximate the behavior of suspended particles

Pelletizing aerosol powder is a traditional approach used to simulate an aerosol
suspension. In this method, the sample powder is diluted within a transparent
matrix, creating a static medium that imitates the behavior of suspended particles.
For example, polyethylene powder has been widely used for sample dilution in
the THz range. In the early stages of my thesis, polyethylene was utilized for this
purpose but was later replaced by docosane, a choice I will explain further in the
following sections.

Despite its utility, pelletizing remains a 2D form of analysis since the particles
are static within the matrix. A key limitation of this method is that the THz
beam is highly sensitive to the surrounding environment of the particles. As a
result, particles embedded in a pellet (surrounded by either air or a powder) will
not exhibit the same optical response as those in an aerosol suspension. This
sensitivity to the sample’s environment can lead to noticeable differences in the
recorded THz response.

Another important factor to consider is the particle size distribution in the
pellet. The size of the particles in a pellet tends to be much more dispersed than
in an aerosol suspension. In a pellet, particle sizes can range from sub-micron to
several tens of microns. This is a significant contrast to the resuspension setup
used in our experiments, where particles are typically on the order of a few hun-
dred nanometers to a few microns. This size discrepancy can result in frequency
shifts in the THz spectrum as well as differences in the observed resonance modes,
particularly the vibrational modes specific to THz frequencies. These shifts and
variations will be examined in detail in the calcite case study and Chapter 4.
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It is also essential to note that the compression pressure (tonnage) applied dur-
ing the fabrication of the pellets can affect the vibrational modes observed in the
THz range. This may lead to differences in the shape of the absorption bands
and even slight shifts in their frequencies. However, despite these potential vari-
ations, the primary advantage of using pellets is that they offer a straightforward
and practical method to ensure that observable bands are present before conduct-
ing more complex studies on the material in aerosol form.

Pellet analysis serves as an initial step to verify the material’s spectral re-
sponse, providing a simpler, more manageable procedure compared to analyzing
the material in a dynamic aerosol state.

2.3.1 Methodology for pellet making

The process begins with weighing the powdered docosane and sample using a
precision balance (Sartorius), which has an uncertainty of 0.01 mg. The weight of
each component is calculated based on the desired sample concentration in the
final pellet mixture. The total mass of the mixture can be adjusted depending on
the target pellet thickness, which helps to control the appearance of the Fabry-
Perot (FP) reflections in the time-domain trace. By adjusting the thickness, it is
possible to push the FP reflection further away from the main pulse, allowing for
cleaner time-domain data before the onset of FP oscillations in the frequency do-
main. However, the FP reflection is typically preserved in the time-domain traces
as it provides valuable information about the pellet thickness during analysis with
Fit@TDS. Additionally, the total pellet mass generally varied between 100 and 200
mg, with the thickness of the pellets ranging from 0.5 mm to 2 mm, depending on
the density and volume of the sample material.

Once the weights are determined, the docosane and sample mixture is placed
in an agate mortar. The mixture is then finely ground and homogenized to ensure
even distribution of the sample within the docosane. Some mass loss may occur
during this step, which depends on the specific properties of the powders being
used. After homogenization, the mixture is transferred into a 13 mm metal press
die set (Specac). To prevent the docosane from sticking to the die set, tracing paper
is placed between the mixture and the metal faces. It’s important to note that the
sample-to-docosane ratio remains consistent throughout this transfer process due
to the thorough homogenization of the mixture.

Next, the die set is placed in a hydraulic press, and pressure is applied to form
a smooth, even pellet. The pressure ensures that the pellet has a uniform surface,
which is crucial for accurate THz measurements.

The prepared pellets are then mounted in a sample holder featuring 16 cir-
cular openings, each with a diameter of 10 mm (as shown in Figure 2.6). This
holder allows for the simultaneous measurement of up to 16 pellets in a single
experiment.
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The experimental setup for pellet measurements follows the same principles as
aerosol measurements. The distance between the THz antennas is approximately
40 cm, and 50 mm lenses are placed after the parabolic mirrors to focus the beam
onto the pellets. The beam size at the sample position is around 0.4 mm.

Figure 2.6: Three pellets placed on the sample holder, the two pellets at the left are feldspars
diluted into docosane and the one at the right is pure docosane.

This method provides a straightforward and effective way to prepare samples
for THz analysis, allowing preliminary tests on pellets before conducting more
complex studies on aerosolized materials.

2.3.2 Polyethylene and docosane for dilution

The polyethylene (PE) powder used for pellet preparation is Ultra-high molecu-
lar weight polyethylene (UHMWPE), with an average molecular weight ranging
from 3,000,000 to 6,000,000 g/mol (Sigma Aldrich 429015-250G). Docosane, also
purchased from Sigma Aldrich (134457-100G, 99% purity), was selected as a suit-
able replacement material in the course of my research.

Initially, polyethylene was the preferred transparent powder in our laboratory
for THz applications. However, handling UHMWPE presented challenges due to
its tendency to accumulate electrostatic charge. Additionally, early in my thesis
work, the performance of our THz setup was significantly improved by replac-
ing one of the pairs of lenses with parabolic mirrors, which provided better beam
collimation, and by upgrading to more powerful antennas. This allowed the spec-
tra to extend to higher frequencies, revealing a critical limitation: polyethylene
begins to absorb strongly beyond 3 THz. Specifically, high-density polyethylene
(HDPE), a related form of PE, exhibits a pronounced absorption peak at 6.2 THz,
which negatively impacts the spectrum starting from 3 THz.

Due to these issues, polyethylene was replaced by docosane, a saturated hydro-
carbon consisting of a 22-carbon chain. Docosane has a melting point of around
44°C, making it easy to handle without concern for melting during sample prepa-
ration. Furthermore, due to its waxy consistency, docosane forms durable, non-
brittle pellets when subjected to the pressure of a hydraulic press, in contrast to
polyethylene. This property is particularly advantageous when analyzing delicate
crystalline or biological powders, which can undergo structural changes under
high pressure.

The comparison between the two materials is illustrated in Figure 2.7. It shows
the transmission spectra of a pure polyethylene pellet weighing 100 mg and pressed
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Figure 2.7: Comparison of the transmission of a pure PE pellet of 100 mg and pressed at 8 tons
(a) with a pure docosane pellet of 150 mg ans pressed at 5 tons (b).

at 8 tons (Figure 2.7a) compared to a pure docosane pellet weighing 150 mg and
pressed at 5 tons (Figure 2.7b). The higher pressing force used for the polyethylene
is necessary to prevent the pellet from breaking, whereas the waxy consistency of
docosane allows for lower pressure during pressing, resulting in better outcomes.

Despite the larger mass of the docosane pellet, it exhibits superior transparency
at higher frequencies compared to polyethylene. The intense absorbance peak of
HDPE at 6.2 THz likely influences the spectrum starting from 3 THz, which is
why docosane—free from such interference—became the preferred medium for
THz measurements.

2.4 Aerosol interactions with the THz beam

2.4.1 Aerosol set-up for THz analysis

The aerosol setup consists of three main components: In the first section, par-
ticles are resuspended, creating an aerosol. The second section features a cell
measuring 95 cm in length and 5 cm in diameter, which is used to probe the opti-
cal properties of the aerosol in the THz range. Finally, the third component allows
for the measurement of both the concentration and the particle size distribution
(see Figure 2.8).
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Figure 2.8: Simplified scheme of the aerosol resuspension and THz-TDS optical analysis set-up.

2.4.1.1 Aerosol Generation

Initially, aerosol generation was performed using the custom-built PC2A resus-
pension method, adapted to meet the implementation constraints of our setup
(Figure 2.9). In this method, particles were placed in a reactor under magnetic
stirring to facilitate resuspension. The resuspended particles were then directed
towards a buffer volume, designed to remove larger particles by impaction. This
buffer volume featured both an inlet and outlet for particle flow, as well as an out-
let connected to a High-Efficiency Particulate Air (HEPA) filter to prevent over-
pressure or vacuum buildup in the system [101].

mlet
Aerosol cell

Aea rﬂsnl

Buffer valume ~ — Reactor

Pﬂwder o] — Magnetic stir bar
Deposition ——W7 _ Magnetic strirrer

Figure 2.9: Initial aerosol generation method. Particles were resuspended under magnetic stirring
in the reactor and then directed to the buffer volume where bigger particles were impacted.

The nitrogen flow was precisely controlled by a mass flow controller (MFC)
positioned upstream of the reactor. With the PROMOLED pump operating at 4.8
L/min, the MFC was set to 5 L/min, allowing the excess nitrogen to exit through
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the HEPA filter. This ensured that the flow rate exceeded the capacity of the parti-
cle counter pump, an important factor since THz frequencies are highly sensitive
to water vapor. By avoiding the introduction of ambient air into the system, we
minimized the potential for water vapor contamination. After passing through
the buffer volume, the particles were directed to the measurement cell. To mini-
mize electrostatic interactions, silicone tubes were used to transfer particles be-
tween containers.

While this resuspension method served our initial needs, the concentration of
the particles inside the aerosol cell was not enough to register the optical response.
Its use may still be considered in the future as the setup becomes more sensitive
and refined.

The homemade PC2A resuspension setup was ultimately replaced by the Brush
Aerosol Generator for Solids (RBG - Palas), which significantly increased the num-
ber of particles introduced into the cell—up to ten times more than the previous
method—while enabling the recording of the particles’ optical response in the
THz range. The operating principle of the RBG is illustrated in Figure 2.10.

____Dispersion unit lid

Airinlet —Aerosal _
Dispersion unit Brush

! Dust
[
: — —— Powder container
I [— Piston
m

4 H
] Feed

Figure 2.10: Explanatory diagram of the RBG and its different parts, found on the seller CON-
TREC’s website, translated from German into English.

However, this new device introduces different constraints compared to the
earlier setup. The powder container has a filling height of 70 mm, and the powder
to be dispersed is gradually distributed within a solid cylindrical chamber. Once
filled, the powder container is positioned in the RBG’s dispersion unit, where it is
conveyed against a rotating brush at a precisely controlled feed rate. A high-speed
adjustable volumetric flow rate from the densely woven brush extracts particles
and resuspends them in dinitrogen gas.

It is crucial to keep the samples dry, especially since some materials, like cal-
cite, can be hygroscopic. Hygroscopic particles tend to absorb moisture from the
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surrounding atmosphere, which means that measurements on non-dried sam-
ples may reflect ambient conditions. Additionally, Barcelos et al. [102] demon-
strated that heating the oven to over 300°C is necessary to eliminate any water
included within the sample structure. However, heating certain samples may lead
to changes in their crystallographic structure, and potentially affecting their opti-
cal response in the THz range, as THz frequencies are sensitive to structural vari-
ations. For example, calcite can transition from the calcite I phase to calcite II, III,
or even aragonite under increased temperature and pressure [103]. Some of our
samples may also have thermal decomposition temperatures around 300°C [104].
Therefore, while the presence of water can interfere with optical measurements,
it is crucial to avoid heating mineral samples to such temperatures without prop-
erly managing their upstream and downstream phases. Notably, no significant
differences in spectra have been observed between dried samples at 100°C during
48 hours and non-dried samples.

Finally, the use of the RBG requires a significantly higher amount of powder
compared to the initial system, typically necessitating at least 200 mg. This in-
creased quantity accounts for system stabilization before beginning spectrum ac-
quisition. Additionally, the nitrogen flow rates at various parts of the device were
measured using TSI mass flow meters (range: 0.01-20 L/min), and these measure-
ments will be discussed in the following section.

2.4.1.2 Flow characterization

The dinitrogen flow was characterized using TSI flow meters, which have an un-
certainty of +2% (Figure 2.11). These flow meters were strategically placed up-
stream and downstream of the measurement cell, as well as at the junction with
the PROMOLED and the HEPA filter. For the RBG to function properly, a min-
imum flow rate of 14.3 L/min is required; lower flow rates will not activate the
system. During aerosol measurements, the RBG operates at this minimum flow
rate, with 14.3 L/min measured at the cell outlet. Of this, 4.8 L/min, corresponding
to the PROMOLED pump capacity, is directed to the particle counter, while 9.5
L/min is expelled through the HEPA filter.

As the resuspended particles traverse the silicone and stainless steel tubes, as
well as the cell, they experience three primary modes of movement: sedimenta-
tion, impaction, and diffusion. However, the predominant modes of movement
will be impaction and diffusion, while sedimentation plays a minor role in this
context. Gravitational forces and resistance from the dinitrogen ultimately coun-
teract the buoyancy of the particles, causing them to deposit on the walls of
the tubes and the cell, particularly for larger particles. Impaction occurs when
suspended particles encounter bends in the tubing; more massive particles tend
to travel straight rather than following the nitrogen flow, impacting surfaces in
their path. This underscores the importance of minimizing sharp bends in the
setup [105]. Diffusion, or Brownian motion, describes the random movement of
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Figure 2.11: Simplified scheme of the aerosol resuspension set-up showing the measured flows
upstream and downstream the aerosol cell.

smaller particles, similar to that of gas molecules.

The sedimentation rate of particles can be described by various laws, such as
Stokes’ law, applicable in laminar flow conditions for spherical particles. Nonethe-
less, characterizing turbulence in the cell is crucial, which can be assessed using
the Reynolds number. At low Reynolds numbers, flow is typically laminar, while
higher Reynolds numbers indicate turbulent flow. The relationship between the
Mach number (M) and the Knudsen number (Kn) is also significant; the Mach
number is a dimensionless quantity representing the ratio of flow velocity to the
speed of sound, while the Knudsen number assesses the continuity of the flow
regime.

ol —ofld  AM
| _
H Ky

Re — (2.29)
With :

« u the kinematic viscosity in kg/m/s. The value is 1,76 x 107° for dinitrogen
gas.

d particle diameter in m.

vP particle velocity in m/s.

v/ dinitrogen velocity in m/s.

o M the Mach number, M = ‘Upc_—fm

K, the Knudsen number, K,, = 2

¢/ the speed of sound. It is of 343 m/s at 20 °C in the air.

+ )\ the mean free path of gas molecules in m.
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The mean free path )\ of the gas molecules is given by :

A\ = M (2.30)
\/§7rd$nP
With :
« k the Boltzmann constant, k& = 1.38x10723 J/K.
o T the temperature in K. In our case, the temperature is 295.5 K.

« d,, the gas molecule collisional diameter in m. For dinitrigen,
dym= 380 x10~2 m.

« P the pressure in Pa. The measurements were carried out at 1 atm, corre-
sponding to 101325 Pa.

Therefore, the mean path of dinitrogen can be calculated :

B 1.38 x 10723 x 295.5
V271 % 380 x 10-122 % 101325

A=6.27 x 10 %m (2.32)

A (2.31)

The mean path of dinitrogen is equal to 6.27 x 10~% m.

Next, the Knudsen number is calculated for a particle diameter of 1 pm, which
approximately corresponds to the mean diameter of the particles analyzed with
the aerosol setup at IEMN:

2\ 2x6.27x 1078

K, == = 2.
" 1 x 106 (2.33)

K, = 0.1254 (2.34)

For particles with a diameter of 1 um, a Knudsen number of approximately
0.1254 is calculated, which will be lower for larger particles. When the Knudsen
number is significantly less than 1, particle flow can be considered continuous,
suggesting that the distance traveled by a particle between collisions with dini-
trogen molecules is small relative to the particle’s size. Consequently, the motion
of the particle phase can be expressed in terms of macroscopic fluid properties,
such as density and viscosity.

In calculating the Mach number, the velocities of the particles and the flow are
assumed to be negligible in difference. The flow rate in the cell is 14.3 L/min, and
we can approximate the particle rate to be similar. Therefore, the Mach number
is considered very small.

Therefore, we will simplify the Reynolds number to:

Re="— (2.35)

where:
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« p is the fluid density in kg.m 3. For dinitrogen at 1 atm and 20 ° C, the fluid
density is 1.16 kg.m 3.
« v is the flow velocity in m/s.
« d is the particle diameter in m.
« u is the dynamic viscosity of the fluid in kg/m/s.

The velocity of the flow is calculated by divding the transversal section of the
cell (with a diameter of 5 cm) by the flow rate r of dinitrogen in m®/s :

2
po TXH (2.36)
T
T x (2.50 x 1072)2

_ 2.

v 238 x 102 (2.37)
Therefore :
v=2825 m/s (2.38)
1.16 x 8.25 x 1 x 1076

_ 2.
¢ 1.76 x 10-5 (2.39)
Re = 0.54 (2.40)

The reynolds number is less than 1, the flow is therefore laminary, as expected.
During aerosol counting or sizing, laminar flow ensures that particles traverse the
detection area without sudden disruptions, allowing for accurate detection and
characterization. While laminar flow conditions provide a stable and predictable
environment that enhances measurement consistency, they also introduce spe-
cific challenges, particularly concerning wall effects and particle deposition. In
laminar flow, the flow velocity near the walls of the measurement cell is signif-
icantly reduced due to the development of boundary layers. This can lead to a
situation where particles close to the walls experience slower velocities and in-
creased deposition rates. Consequently, this can result in a discrepancy between
the actual concentration of particles in the bulk flow and the measured concen-
tration, especially for larger particles that are more prone to deposition.

However, understanding the precise dynamics within the cell remains chal-
lenging due to the small size of the particles, despite efforts to capture interior
footage. Future experiments could benefit from a transparent cell combined with
fluorescent particles and high-speed cameras. Additionally, losses within the cell,
attributed to the high flow rates associated with the RBG, are primarily due to im-
paction. This leads to the hypothesis that the optical response we measure may
correspond to a greater number of particles than what the PROMOLED counts,
potentially distorting analyses during the CRI extraction.
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2.4.1.3 Alignment of the THz beam at a distance of 150 cm

Once the aerosol is generated, it is directed into a stainless steel cell with a di-
ameter of 5 cm and a length of 95 cm. At both ends of the cell, dinitrogen purge
boxes are installed. Within these boxes, THz transmitting and receiving antennas
are positioned, collimating the beam to a diameter of 3.8 cm over a length of 150
cm. These antennas are connected to a compact rack housing the laser, the delay
line, and an Ethernet-based remote control engine.

Achieving alignment with parabolic mirrors at a distance of 150 cm can be
challenging due to the divergence of the THz beam. The alignment process must
be performed incrementally at various distances, characterizing the beam at each
step. Initial alignment is conducted without the cell in place. The purge boxes are
mounted on a rail system, while an additional rail is installed within the boxes
to facilitate precise positioning of the parabolic mirror and antenna, allowing for
millimeter-scale adjustments. This parabolic mirror and antenna assembly will
be referred to as the "headlight.

Figure 2.12: The two boxes on the same rail, containing the parabolic mirror, brought together as
much as possible in order to make the first adjustments (height, inclination, angle, etc.). The long
side of the parabolic mirrors makes a continuous line, there is no difference in angles between
the headlights.

The primary goal of this alignment process is not only to achieve long-distance
collimation but also to compare our results with the performance metrics pro-
vided in the Fraunhofer reports during the purchase of the antennas. The Fraun-
hofer conditions included the use of two 2-inch parabolic mirrors, a distance of 30
cm between the antennas, and 1000 averages of 65 ps time traces. To closely repli-
cate these conditions in the IEMN laboratory, we selected two 2-inch parabolic
mirrors and an optical path of 37 cm between the antennas—the minimum length
dictated by the optical fiber constraints. Temporal traces are acquired using 1000
averages within a time window of 65 ps (from -420 ps to -355 ps) to match the
spectral resolution reported in the Fraunhofer performance tests. The acquisition
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time is determined by the number of averages and the length of the time traces.

Obtaining a collimated signal The longest time trace corresponds to an antenna
separation of 103 cm, with a time window of -425 to 425 ps. For the 37 cm distance,
the time window was set to 65 ps (-420 to -355 ps), while for the 60 cm distance,
the time window was adjusted to 340 to 425 ps. The variations in the lengths of
the temporal traces can be attributed to limitations imposed by the optical fibers.
All time traces consist of 1000 accumulations. The acquisition time depends on
the length of the time-traces for the same number of accumulations. Usually it
takes less than 15 minutes.

The spectral magnitude remains relatively consistent for measurements taken
at both 37 cm and 60 cm distances between the antennas, indicating effective
collimation of the beam (see Figure 2.13). However, as the distance increases, the
presence of water disrupts the spectrum. This disruption arises from the purging
process, as the installation is not fully sealed and ambient air can enter due to the
plastic surrounding the setup. At 103 cm, the excess moisture makes it difficult
to distinguish the spectral pattern, even after a full day of purging. Despite these
challenges, the spectra suggest that the beam is well collimated, highlighting the
need for a purge box encompassing the entire setup, which exceeds 150 cm, to
achieve accurate measurements and reliable spectra.

100
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Figure 2.13: Fourier transform magnitudes of the time-traces of 103 cm (purple),60 cm (grey) and
37 cm (blue) distance between the antennas. Whitout the aerosol cell, purged.

Antennas coatings Figure 2.14 presents the time traces and their Fourier trans-
forms for both the purged and unpurged optical paths at a distance of 37 cm.
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ps time-traces with 1000 averages (a) and the Fourier transforms of the time-traces (b).
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A Fabry-Pérot effect (FP), characterized by multiple reflections within a ma-
terial along the optical path, is observed around 5 THz in the frequency domain.
This effect exhibits a spacing of 0.23 THz, corresponding to 4.5 ps in the time
domain.

This segment of the time trace is predominantly influenced by water vapor
resonances, which accounts for the inability to visualize the oscillations of the
FP in the unpurged condition. Notably, these oscillations persist under various
experimental conditions—whether the cell is present or absent, whether a win-
dow is used, or with varying path distances. Given that the antennas are the
only consistent material present, and considering that 4.5 ps corresponds to a
very short distance of approximately 0.7 mm, we can hypothesize that a coating
within the antennas is interacting with the THz beam. Unfortunately, further in-
vestigation into the origin of this FP is limited, as the performance tests conducted
by Fraunhofer were carried out in ambient air, and the exact compositions of the
commercial antennas are not disclosed.

2.4.1.4 Selection and characterization of window materials for the aerosol cell

At both ends of the aerosol cell, windows are positioned with an angle to optimize
THz beam transmission. During the setup of the measurement bench, a thorough
characterization of potential window materials was conducted to select the one
with the best transmission across the measurement interval of 0.2 to 5 THz, while
also ensuring suitable mechanical properties to withstand operational constraints.

Three low-loss polymer candidates were evaluated: polytetrafluoroethylene
(PTFE, 2.5 mm thick), polymethylpentene (TPX, 2 mm), and polypropylene (PP,
50 microns). Their complex refractive indices (CRI) were extracted from time-
traces obtained via THz time-domain spectroscopy (THz-TDS) [106]. The CRI is
essential for this characterization because it provides detailed information about
how the material interacts with electromagnetic waves, including both the speed
of light within the material (real part) and how much the light is absorbed or
scattered (imaginary part). Accurate knowledge of the CRI allows for the opti-
mization of the THz beam transmission and minimizes losses, which is critical
for achieving reliable measurements in the THz range.

The data were then fitted to theoretical models using the Fit@TDS software
developed by members of the THz Photonic team at IEMN. The fitting process in-
volves the Lorentz oscillator model with four parameters: permittivity, resonance
frequency, linewidth, and oscillator strength for each resonance.

Extrapolation was performed for PTFE (beyond 5 THz) and for PP (beyond 7.3
THz), noting that the starting frequencies for extrapolation differ due to the more
efficient antennas used in measuring PP films.

The CRI of PTFE from 0.2 to 8 THz is depicted in Figures 2.15 and 2.16. These
figures reveal a Lorentzian-shaped resonant absorption peak at 0.91 THz with a
linewidth of 0.12 THz, situated above a broad band of higher frequencies. Our
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Figure 2.15: Real part of the CRI of PTFE from 0.2 to 8 THz, extracted by the Fit@TDS algorithm
on (a). There is a focus on the peak at 0.91 THz on the figure (b). The dashed line shows the start
of the extrapolation.
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Figure 2.16: Imaginary part of the CRI of PTFE from 0.2 to 8 THz, extracted by the Fit@TDS
algorithm on (a). There is a focus on the peak at 0.91 THz on the figure (b). The dashed line
shows the start of the extrapolation.

results indicate a broad absorption band with low oscillator strength at 2.48 THz,
characteristic of low-loss polymers, attributed to weak lattice modes. A signifi-
cant absorption peak at 5.71 THz was also observed, corresponding to the twist-
ing mode of CF,. Previous studies reported only a broad absorption band in this
range; our findings extend this knowledge by identifying the weak absorption
peak at 0.91 THz, made possible by a superior signal-to-noise ratio [107,108].
For PP, three Lorentzian-shaped absorption peaks were identified at 2.32, 5.19,
and 7.56 THz (Fig. 2.17). The two lower frequency peaks are likely associated with
lattice modes, while the peak at 7.56 THz is probably related to CH vibrations.
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Figure 2.17: The real (a) and imaginary (b) parts of the CRI of PP film from 0.2 to 8.5 THz. The
dashed line shows the start of the extrapolation.

This conclusion aligns with previous reports on resonance frequencies [109]. Al-
though the peak at 7.56 THz exhibits higher intensity compared to the others,
the signal-to-noise ratio (S/N) in the literature limits direct comparison of peak
intensities.
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Figure 2.18: The real (a) and imaginary (b) parts of the CRI of TPX from 0.2 to 5 THz.

TPX displays a broad absorption band with low oscillator strength, attributed
to lattice mode vibrations (Fig. 2.18). The variations in the real and imaginary
parts of its CRI are on the order of 10~3 across the measurement frequency range.
TPX has therefore a stable refractive index, which is important for maintaining
consistent optical performance.

Importantly, TPX does not show any absorption peaks from 0.2 to 5 THz
that could interfere with measurements, although further investigations are war-
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ranted to explore its behavior beyond 5 THz.

Overall, the optical characterization of PTFE, PP, and TPX aligns well with ex-
isting literature, yet our measurements demonstrate improved resolution at lower
frequencies and enhanced S/N ratios. Additionally, our results extend beyond 8
THz in some cases, surpassing the typical limit of around 3 THz reported in most
studies.

In addition to optical characterization, the materials were also assessed me-
chanically by calculating the Young’s modulus and breaking stress. Young’s mod-
ulus, or modulus of elasticity, quantifies a material’s resistance to changes in
length when subjected to tension or compression. A low Young’s modulus indi-
cates flexibility, while a high modulus signifies rigidity. Breaking stress measures
the maximum internal resistance a material can endure before structural failure or
rupture occurs. These mechanical properties are critical in ensuring the reliability
and durability of the selected window materials under operational conditions.

| PTFE TPX PP
color (visible) White | Transparent | Transparent
Melting temperature (°C') 327 240 160
Density (g.cm™?) 22 0.83 0.9
Thickness 2.5 mm 2 mm 50 pm
Young modulus (MPa) | 5.5x10~! 1.6x103 1.3x103
Breaking stress (MPa) 13.6 25 5.5

Table 2.1: Physical and mechanical properties of PTFE, TPX and PP windows.

Ultimately, the most suitable material for the aerosol cell windows is PP film, as
it remains transparent across the 0.2 to 5 THz range. The intense peak at 5.71 THz
for PTFE could distort spectra around that frequency. Although TPX also shows
transparency up to 5 THz, the cost of the material is a significant consideration, as
windows become contaminated during aerosol resuspension and require frequent
replacement. Moreover, the mechanical properties of PP film are adequate since
the assembly is not under vacuum conditions. However, should the cell be placed
under vacuum, PTFE or quartz would be preferable.

2.4.1.5 Size distribution

At the outlet of the aerosol cell, particles are directed towards the optical particle
size analyzer (OPS - PROMOLED 2300 - Palas), which records both particle con-
centration and size distribution. The PROMOLED 2300 offers real-time visualiza-
tion of aerosol distributions by employing the principle of optical light scattering
from individual particles. It operates within a detection range of 0.14 um to 100
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pum, accommodating particle concentrations from 0 to 20,000 particles/cm®. For
our measurements, data were collected at 1-second intervals across 64 channels,
specifically calibrated for particle sizes ranging from 0.14 pm to 10 pm.

The PROMOLED system features T-aperture technology, which eliminates bor-
der zone errors, ensuring precise measurements even at high particle concentra-
tions (fig. 2.19). Promo® LED sensors with integrated signal converters can be
positioned close to the sampling point, optimizing space utilization. This allows
for the separation of the measuring probe and control unit, making the system
ideal for challenging environmental conditions, such as in process analysis.

Aerosol duct i
Mirror

Optically confined ' .
measuring volume

T-aperture

Light source
T-aperture
Scattered light
detection

Figure 2.19: T-aperture technology, from Palas Brochure of PROMOLED 2000.

As particles enter the aerosol sensor, they pass through a polychromatic LED
light source, illuminating the measurement volume. Each particle generates a
scattered light pulse, which is detected at an angle of 90°. The number of scattered
light pulses corresponds to the particle count, while the intensity of the scattered
light allows for size determination. The signal processing electronics interpret
these measurements, assigning particle counts to specific size channels.

To ensure accurate sizing across its entire range, the instrument is calibrated
using silica particles (MonoDust 1500) of known sizes, applying Lorenz-Mie the-
ory. The dust consists of silicon dioxide and the particles have a size of 1.28 pm.
This calibration enables the sizing of measured particles that fall between the cal-
ibration points [110]. It is important to note that coincidence errors can occur
when multiple particles are present in the sensing zone simultaneously, which
may affect both size and concentration measurements.

The device features a user-friendly touch screen interface and runs on a Win-
dows operating system. Compiled data is processed within the controller and can
be saved or transferred via USB for further analysis with the software PDAnalyze.

An inter-comparison campaign was conducted, organized by the National Lab-
oratory of Metrology and Testing (LNE), the Nano-metrology club (CNM), and
the National Institute of Research and Security (INRS). During this campaign,
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two powders—glass beads and green holi powder — were analyzed using an OPS,
APS, and the PROMOLED 2300. The particle counters simultaneously measured
the same particles, comparing parameters such as average diameter, standard de-
viation, and particle concentration. However, due to the confidentiality of the
results from this campaign, the data will not be shown.

2.5 Morphological and chemical characterization of the samples

In the study of aerosols and their interaction with THz spectroscopy, it is crucial to
understand the morphological and chemical characteristics of the samples being
analyzed. While THz time-domain spectroscopy (THz-TDS) provides valuable in-
formation about the optical properties of aerosols, complementing this data with
morphological and chemical analyses through techniques like scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) and
X-ray diffraction (XRD) enhances the overall understanding of the samples. Ad-
ditionally, we were able to confirm the consistency of the diameters measured by
PROMOLED and APS with those obtained from SEM-EDX, further enhancing the
morphological and chemical insights we gained.

2.5.1 Scanning Electron Microscopy - Energy Dispersive X-ray

2.5.1.1 Principle

Scanning Electron Microscopy (SEM) is a powerful imaging technique that utilizes
focused beams of electrons to generate high-resolution images of a sample’s sur-
face topography and composition. Unlike traditional light microscopy, SEM pro-
vides detailed three-dimensional images and allows for the analysis of materials
at the micro- and nano-scale. EDX is integrated with SEM to provide qualitative
and quantitative elemental analysis. The principle of EDX relies on the detection
of X-rays emitted from the sample when it is bombarded by the electron beam.
Each element has a unique set of characteristic X-ray energies, allowing for the
identification and quantification of the elements present in the sample.

2.5.1.2 Re-suspension and collection of particles

The resuspension process is accomplished by directing synthetic air into a glass
vessel containing the particles, which are kept in motion through magnetic stir-
ring. This setup facilitates the transport of particles to a buffer volume, where
larger particles settle to the bottom while smaller ones are redirected to a fil-
ter [101]. The filters used are Nucleopore™ polycarbonate membranes with uni-
form pore sizes of 0.2 um. As a result, the resuspended particles accurately rep-
resent those exposed to the THz beam. However, it’s important to note that the
ultrafine fraction of particles smaller than 0.2 pm is not retained due to the nec-
essary porosity of the filters.
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2.5.1.3 Automated individual particles analysis

An automated JEOL JSM7100F Scanning Electron Microscope (SEM) with three
Bruker QUANTAX 800 (3 x 30 mm?) EDX spectrometers is deployed on GD parti-
cles with 10 mm working distance (WD) at 5kV and 200pA probe current through
QUANTAX Esprit 2.0 software [111]. If one places the sample too close to the
beam, that is to say with a small WD, the electrons will not be able to reach the
EDX detector and the microscope could not perform EDX analysis. Backscat-
tered electron (BSE) imaging is used for a basic assessment of homogeneity and
existence of included phases, while the secondary electron (SE) detector produces
topographic images and the EDX allows for the examination of elemental com-
positions.

Figure 2.20: SEM-EDX from the LPCA laboratory.

A binarization process is carried out, consisting on the adjustment of the gray-
scale of the filters in order to reduce the amount of information to be treated. The
main parameter of this adjustment is the threshold with which the brightness of
the images are compared. The automated analysis is performed under morpho-
logical (post-binarization) filters such as erosion that returns the minimum value
of the surrounding pixels. The analysis is also told to reject all border particles.
The GD particles are coated using a sputter deposition device which applies a
nanoscale layer of atoms removed from a piece of Chromium by ionized argon
in a vacuum chamber in order to achieve higher resolution and magnification,
as non-conductive samples often have a charging effect due to the accumulation
of electrons on the surface which causes problems in collecting a proper image.
The application of a potential difference between the target and the walls of the
reactor within a vacuum chamber allows the creation of a cold plasma. Under
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the effect of the electric field, the positive species of the plasma are attracted by
the target, that is to say the cathode, and collide with the latter. They cause the
sputtering of atoms in the form of neutral particles which condense on the sub-
strate. The formation of the film takes place according to several mechanisms
which depend on the forces of interactions between the substrate and the film.
The presence of Cr in the analyzed particles is non-existent prior to the coating.
This element is therefore not retained in the qualification element by element in
the EDX spectra.

On the figure 2.20, one can see the instruments from the Laboratory of Physico-
Chemistry of the Atmosphere (LPCA) in the University of Littoral Céte d’Opale
(ULCO). It consists of several elements : the electron source (FEG-Field emission
gun), the backscattered electron detector, the EDX detector, the secondary elec-
tron detector and the vacuum chamber (6x10~* Pa) where the sample is located.
A first step is to slice the filters that are too large to fit into the microscope and
stick them on the microscope device using a black polycarbonate surface (figure
2.21). This is done under a hood in a controlled environment, wearing gloves and
with a one-time use blade. The filters are very fine and light, it may be necessary
to cut the ventilation of the hood during delicate stages.

Figure 2.21: Sliced polycarbonate filter sticked on a black polycarbonate surface.

2.5.1.4 Classification in clusters

Clustering consists of grouping particles according to their chemical composi-
tions. The data collected by SEM-EDX undergoes a first sorting carried out by an
iterative hard clustering technique that uses a learning algorithm in R program-
ming language [112]. Subsequently, a second sorting is carried out by the re-
searcher on the Esprit 2.0 software. This sorting consists in rejecting the particles
such as those which moved during the analysis as well as removing or adding par-
ticles to clusters and eliminating or creating new clusters based on the elements
weight percentage (wt%) ratios. Typically, a particle that contains > 90wt% Si is
classified as quartz [113]. Likewise with a calcite particle which contains a quan-
tity > 80wt% of Ca [114]. The clays are identified by their Si/Al wt% ratios that
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are around 2.5 and they are differentiated by their other major elements such as
Mg or Fe [115]. An element is considered major when it is present at > 30wt%.
The C and O content are not taken into account in the analysis because the filter
is made of polycarbonate.

2.5.2 X-ray diffraction

X-ray diffraction (XRD) provides structural information and enables the identifi-
cation of crystal phases in a sample e.g. in the case of clays where the proportion
of minerals whose formula and structure vary considerably. Careful analysis of
XRD data can help correlate microscopic observations with the overall sample.

The working principle of XRD is based on Bragg’s Law, which describes the
constructive interference of X-rays scattered by crystal planes. When a monochro-
matic beam of X-rays strikes a crystalline material, the atoms within the crystal
lattice act as scattering centers. At certain angles, the scattered waves from dif-
ferent atomic planes interfere constructively, resulting in a detectable diffraction
peak.

An X-ray instrument contains three main components: an X-ray source, a sam-
ple holder, and an XRD detector. The X-rays produced by the source illuminate
the sample. It is then diffracted by the sample phase and enters the detector which
measures the signal intensity. At the end, the processing is carried out by com-
paring the diffractograms obtained with those from the data library.

After the diffraction pattern is collected, the resulting diffractogram displays
intensity peaks as a function of diffraction angle. Each peak corresponds to a
specific set of crystallographic planes within the sample. The position, shape,
and intensity of the peaks provide crucial information about the crystal structure,
phase composition, and degree of crystallinity.

The obtained diffractograms are compared against standard reference patterns
from crystallographic databases such as the International Centre for Diffraction
Data (ICDD) or the Crystallography Open Database (COD). These libraries con-
tain reference patterns for thousands of different minerals and materials, enabling
precise phase identification.

2.6 Conclusion

This thesis presents the development of a novel experimental setup designed for
the resuspension and THz analysis of atmospheric particles. This unique bench,
carefully optimized for material selection, alignment, particle counting, and flow
dynamics, allows for precise measurements that faithfully represent the behavior
of aerosols in the THz domain. It marks a significant step forward in the experi-
mental analysis of these particles under controlled conditions.

Key aspects of the data acquisition and processing were thoroughly addressed,
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from capturing the signals to their refinement using the custom software tools
Correct@TDS and Fit@TDS. These tools were central to the correction and fit-
ting processes that ensured the accuracy of the retrieved data, particularly in de-
termining the complex refractive index (CRI) and the associated uncertainties.
The meticulous characterization of signal processing, including transmission and
model parameter uncertainties, underscores the reliability of the methods em-
ployed.

The setup was successfully employed to investigate a range of aerosol sam-
ples, including calcite, kaolinite, and desert dust particles from the Gobi Desert.
These initial experiments provide valuable insights into particle behavior in the
THz range, opening the door for more advanced studies. Detailed results of these
analyses will be discussed in Chapter 3, offering a deeper understanding of the
THz optical properties of different mineral aerosols.

This work lays a foundation for future research, both in refining aerosol char-
acterization techniques and extending the application of THz spectroscopy to a
broader range of environmental and atmospheric studies.



Chapter 3

Optical characterization of desert
dust and its main components in the
THz domain coupled to
morphological and chemical
characterization at the single-particle
scale

3.1 Introduction

Desert dust is a major atmospheric component with significant implications for
climate, weather patterns, and atmospheric chemistry. Its optical properties, es-
pecially in the far-infrared and THz domains, are critical to understanding how
dust interacts with solar and terrestrial radiation. In recent years, there has been
growing interest in characterizing desert dust at these frequencies to better model
its role in radiative forcing and to improve satellite remote sensing capabilities.

This chapter focuses on the optical characterization of desert dust in the THz
domain, with a specific emphasis on dust particles from one of the largest sources
of atmospheric dust : the Gobi Desert. This study can be challenging as the Gobi
Desert contains a diverse array of mineral components, including quartz, calcite,
illite and various feldspars. These components influence not only the chemical
and morphological characteristics of the dust but also its interaction with THz
radiation.

By coupling optical measurements with detailed morphological and chemical
analyses at the single-particle scale, this chapter aims to provide a comprehensive
understanding of how the different mineral components of Gobi Desert particles
contribute to their overall optical behavior. Special attention is given to the com-
plex refractive index (CRI) of the particles, which plays a central role in deter-
mining how desert dust absorbs and scatters THz radiation. In addition to Gobi

65
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Desert particles, other key mineral components such as kaolinite, found in other
desert regions, are analyzed to contextualize the broader implications for desert
dust characterization.

All the dust samples were analyzed in pellet form, as this provides a quick
and simple method to observe whether they exhibit any response in the THz
range. The pellet form allows for rapid screening of the material’s optical behav-
ior, which is essential given the time constraints of this study. While this method
provides valuable insights, only a subset of the samples were re-suspended into
aerosols for further testing, due to limitations in time and resources.

However, having both pellet and aerosol measurements is particularly useful
for comparing the effects of different environments on the samples. The THz
range is highly sensitive to the medium surrounding the particles, and by an-
alyzing the same material in both solid (pellet) and airborne (aerosol) forms, it
becomes possible to better understand how the environmental context affects the
material’s optical properties. This comparison can highlight the role of the sur-
rounding medium in THz absorption and scattering, offering more comprehensive
data on the behavior of desert dust in real-world atmospheric conditions.

This chapter, therefore, seeks to bridge the gap between the detailed physi-
cal properties of desert dust and their large-scale optical effects in the THz do-
main, laying the groundwork for improved atmospheric models and remote sens-
ing techniques.

In the table below, we summarize the analyses conducted on various samples,
highlighting the methods employed and the results obtained.
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3.2 Sample sources description

The Gobi Desert particles analyzed in this study were sourced from an aeolian
sample collected at Yanchi in Ningxia Province, China (36°29°14.39"N, 107°28°30.75"E).
This site is frequently impacted by dust storms, allowing for the collection of sig-
nificant amounts of atmospheric dust. A sieving process was employed to isolate
particles below 100 pym in size [116-118].

For comparative analysis, we utilized several reference materials. Illite was
obtained as a commercial sample of natural origin (IMt-2) from Silver Hill, Mon-
tana, USA, provided by the Clay Mineral Society. Kaolinite, another natural sam-
ple, was purchased from Sigma-Aldrich (Catalog No. 03584-250G). Quartz was
sourced from Honeywell (Catalog No. S5631-100G, Lot No. G3070), while calcite
was supplied by Riedel-deHaén (Catalog No. 31208).

Additionally, various feldspar samples, including anorthic feldspar (BAS-BCS-
CRM 529), soda feldspar (BAS-BCS-CRM 375/1), and potassium feldspar (NCS
DC61102), were acquired from LGC Standards.

Hematite (NCS DC14007A) was also sourced from LGC Standards, completing our
suite of materials for comprehensive analysis.

3.3 Comprehensive analysis of Gobi desert particles

3.3.1 Elemental composition and crystallography

3.3.1.1 Elemental compositions

Following the elemental analysis of 1156 particles, the GD particles are classified
into three main clusters : clays (61.56% in number), calcite (cluster 2 - 29.38%)-
and quartz (cluster 1 - 9.06%) (Fig. 3.1). The number of particles and elemental
weight percentages in each cluster can be visualized on table 3.2. One additional
cluster corresponding to particles whose signal is too weak was also designated
as unworkable and contains 160 particles.

The clays of the Gobi desert are mainly composed of Si and Al oxides with
varying amounts of Na, K, Mg, Ca, Fe and Ti. The composition of clays is highly
variable depending on its source and any given locality can contain many subtly
different types of clay minerals with radically changing individual composition
in a few cm [119]. Their various compositions lead to the creation of seven sec-
ondary clusters, namely illite, and Fe rich, Ca rich, Fe-Mg rich, Ca-Fe rich, Ti rich
and Ca-Mg rich aluminosilicates. We can hypothesize that the Ca-rich cluster is
a calcite pole plagioclase, more commonly called anorthite [120,121]. The Fe and
Ti rich clusters are probably Fe and Ti oxides that are attached to or internally
mixed with clay particles.

The absence of chloride in the Gobi Desert (GD) particles can be attributed to
their origin, far from river basins, as minerals—except chloride-rich salts—typically
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Figure 3.1: Cluster distribution diagram of main clusters on the left (i.e. clays for 61.6%, calcite
for 29.4% and quartz for 9.1%. Secondary clay cluster distribution is represented on the right.

Table 3.2: Table of the number of particles, the total weight percentages of each cluster in the GD
sample, elements weight ratios (excluding carbon, oxygen and chromium) in each cluster and the
identification guess based on the main compounds.

Cluster 1 2 3 4 5 6 7 8 9
Number 90 293 406 17 46 71 59 7 7
Total (wt%) 9.1 29.4 40.8 1.7 4.6 7.1 5.9 0.7 0.7
Si (wt%) 92.1 9.0 543 9.4 29.5 32.3 349 20.6 7.9
Al (wt%) 3.7 3.8 20.9 5.7 10.8 17.7 16.2 8.2 2.9
Ca (wt%) 1.2 84.3 3.3 1.0 51.7 1.5 23.8 5.7 54.1
Fe (wt%) 1.7 0.7 8.0 78.9 43 35.2 15.0 4.5 3.8
K (wt%) 0.4 0.0 7.3 0.2 0.8 1.4 2.8 1.6 0.0
Mg (wt%) 0.8 1.8 4.5 1.9 2.9 111 5.7 1.8 31.2
Na (wt%) 0.1 0.0 1.2 0.2 0.1 0.4 0.2 0.0 0.0
Ti (Wt%) 0.0 0.0 0.1 1.7 0.0 0.0 0.4 57.6 0.0
Mn (wt%) 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0
Zn (Wt%) 0.0 0.0 0.3 0.0 0.0 0.1 0.0 0.0 0.0
S (wt%) 0.0 0.3 0.0 0.3 0.0 0.0 0.3 0.0 0.0
Cl (wt%) 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0
P (wt%) 0.0 0.1 0.0 0.1 0.0 0.1 0.5 0.0 0.0
Guess Quartz  Calcite  Illite Fe Ca Fe-Mg Ca-Fe Ti Ca-Mg

rich  rich rich rich rich rich
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contain low levels of chloride [122]. Furthermore, the formation of zinc-rich clays
is often associated with the interaction between zinc-rich meteoric water and
pre-existing clays. This process does not appear to have occurred in the GD par-
ticles [123, 124]. While preliminary identification of these clays can be proposed
based on mass percentage ratios, definitive conclusions cannot be drawn without
further analysis of their oxide structures. Consequently, we have opted to classify
the clays based on their predominant compounds.

SEM-EDX was also performed on the commercial samples in order to compare
with the main clusters. Only 80.5% of Illite from Montana matched the composi-
tion of the illite cluster of GD particles. Illite from Montana can be divided into
12 clusters, and therefore contains other clay compound clusters which also cor-
respond to secondary clay clusters of the GD [119]. Elemental compositions of
commercial quartz and calcite coincided with the quartz and calcite clusters from
GB with around 7.9% impurities for cluster 1 and 15.7% for cluster 2, probably due
to small particles from other clusters which are stuck on them. Alternatively, it
could mean that the particles are internally mixed although quartz are known as
not well mixed within the Mongolian Gobi particles [125].

3.3.1.2 Crystallographic structures

The figure 3.2 shows the XRD patterns of the dust from GD and the 3 commercial
samples: calcite, illite and quartz. It can be seen following the dotted lines that the
peaks of the 3 commercial samples coincide with those of the natural Gobi dust
except for peaks of negligible intensity such as at 22.2°or 41.9°. Quartz and calcite
have strong peaks intensities, meaning that the amount of crystalline structure
with the same phase is high compared to that of illite. The peaks are weaker and
larger for illite from Montana, which can be an indicative of smaller crystallite
sizes or the presence of a more disordered phase.

All major peaks from the main compounds—quartz, illite, and calcite—are present
in the diffractogram of the Gobi particles, confirming that these minerals are
dominant in the GD sample. This strong overlap suggests that the mineralogical
composition of the Gobi dust includes significant quantities of these crystalline
phases. The presence of all major peaks from calcite, quartz, and illite in the Gobi
dust sample also points to the likelihood of mixed-phase materials.

The maximum intensity of the peak at 29.5°0f the GD particles can be retrieved
with an error of 0.03% by applying the weight percentage of the calcite cluster in
Figure 3.1 to the intensity of its peak at 29.5°(see equations (3.1) and (3.2)).

1(29.5%) coni ~ 1(29.5%) ¢ x wtc (3.1)

1532 ~ 5368 x 0.294 (3.2)
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However, this calculation is not applied to the peak at 26.7°for quartz, illite
(Montana), or GD, as this peak likely corresponds to a common phase shared
between quartz, illite, and other feldspars containing silicon oxides. Since 33.8%
of the clay composition is not represented, and the Montana illite sample is not
pure, this peak may represent overlapping contributions from multiple silicate
phases, complicating its use for precise quantitative analysis.

When applying the mass percentage obtained from the automatic SEM analy-
sis of Gobi dust particles to this peak, the resulting peak intensity is 1618, whereas
the expected intensity is nearly double (see equations 3.3 and 3.4). Even when the
mass percentage of all clays is applied to the illite peak intensity, the result still
does not reach 3000. This suggests that the crystalline phases may be more abun-
dant in the Gobi dust particles than in the commercial illite sample.

1(26.7°)g x wtg + 1(26.7°)r x wty ~ 12650 x 0.091 4 1330 x 0.351 (3.3)
1(26.7°) x wtg + 1(26.7°) X wty ~ 1618 (3.4)
With :
« 1(26.7°) and 1(29.5°), peak intensities at 26.7°and 29.5°respectively.

« wt the weight percentage retrieved by automatic SEM-EDX analysis of Gobi
Desert particles (calcite (C), quartz (@) and illite (I)).

For comparison purposes, all data here were normalized according to the mass
of each powder before plotting and comparing peak intensities.

These calculations should be interpreted with caution, as multiple factors can
influence XRD peak intensities beyond the actual proportions of mineral phases
in the sample. For instance, the crystallographic orientation of the particles rela-
tive to the X-ray beam can cause peak intensities to vary, meaning that observed
intensities may not always reflect true phase abundance.

Additionally, particle size and shape play significant roles. Smaller crystal-
lites or particles with irregular shapes can lead to peak broadening and intensity
reduction, especially visible for minerals like illite, where broader peaks might
indicate smaller or more disordered structures.

While the qualitative comparison between the XRD patterns shows good agree-
ment between the Gobi dust and the commercial samples, a more quantitative
analysis, such as using Rietveld refinement, could offer precise data on the rela-
tive proportions of quartz, calcite, and illite in the dust. This would help refine
the understanding of the dust’s mineralogical composition and allow for more
accurate predictions of its environmental and geochemical impacts.
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3.3.2 Morphological analysis linked to the chemical composition

The varied chemical compositions of GD particles generates very rich morpholo-
gies that can be visualized on the few micrographs presented in this study (figure
3.3). The spectrum corresponding to each particle is recorded (figure 3.4), which
enables to obtain cluster affiliations of the analyzed particle.

(b)

(d)

(e) ()

Figure 3.3: BSE (a-c-e) and SE (b-d-f) micrographs of particles from Gobi Desert particles. C
and O are excluded from the analysis. Particles were coated with Cr. The particle in (a) and (b)
corresponds to the cluster 5 (Ca rich Al-Si), the one in (c¢) and (d) matches with the cluster 8 (Fe
rich Al-Si). Finally the particle in (e) and (f) is from the cluster 9 (MgCa rich Al-Si).

The particle shown in (a) and (b) on figure 3.3 corresponds to cluster 5 and is
identified as a calcium-rich aluminosilicate, likely anorthite. This type of particle
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shares similarities with the commercial calcite particles. It is clearly an aggregate
composed of several particles, with smaller particles adhering to the larger ones.
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Figure 3.4: EDX spectrum corresponding to particles from the cluster 5 (Ca rich Al-Si), the cluster
8 (Fe rich Al-Si) and the cluster 9 (MgCa rich Al-Si).

The particle depicted in (c) and (d) belongs to cluster 8 and is an iron-rich
aluminosilicate. It may represent an externally mixed particle containing feldspar
and hematite, which would explain the presence of titanium, as hematite is known
to contain trace elements like Mn and Ti. The hypothesis of external mixing
is supported by the particle’s rhombohedral shape observed in the micrograph,
which is characteristic of hematite’s crystal structure.

The final particle shown in (e) and (f) corresponds to cluster 9 and is a magnesium-
and calcium-rich aluminosilicate. This particle, measuring a few hundred nanome-
ters, appears to be constructed in a layered fashion, with smaller particles stacked
on top of each other. This shape may result from the collection process, where
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particles are deposited one atop the other.

The figure above (fig. 3.4) shows the EDX spectra acquired for these particles.
These spectra are representative of all the particles within their corresponding
clusters. As noted, there is always a consistent presence of silicon and aluminum
in the spectra. The detected presence of chromium is attributed to the metal-
lization process that was carried out prior to SEM-EDX analysis, where a thin
chromium coating was applied to the samples for improved conductivity.

As previously mentioned, some particles are excluded from the analysis dur-
ing sorting because their spectra show little or no detectable signal. Figure 3.5
provides an example of a micrograph of such a particle. The absence of signal in
these particles is not due to their size, as this particle, measuring a few microns,
is actually slightly larger than the average particle diameter analyzed. The BSE
micrograph provides insight into the distribution of elements within the struc-
ture, though it does not indicate specific composition. In the case of this particle,
the elements appear to be evenly distributed, and the recorded response is still
strong, as indicated by the particle’s bright appearance in the image. Therefore,
the weak signal is not due to a lack of material.

These particles may, in some cases, consist of carbon, hydrogen, and oxygen,
elements that are excluded from the analysis because the filter used is made of
polycarbonate. This raises the possibility that they could be microplastics. A
study conducted in the Badain Jaran Desert, the second largest desert in China,
found that the abundance of microplastics in uninhabited areas was approxi-
mately 6.0 £ 15.4 items/kg. This microplastic pollution likely originates from
atmospheric transport from populated areas or tourist activity in the desert [126].

Another possibility is contamination during sample resuspension or SEM-EDX
analysis. However, particle-free reference filters (collected by placing them in
the resuspension setup without particles) were also analyzed by SEM-EDX, and
these tests confirmed that the filters were clean, making contamination from the
experimental setup unlikely. That said, these particles account for 160 instances,
which is a substantial number to attribute to contamination alone.

Nonetheless, the recording of EDX spectra from some initially signal-free par-
ticles revealed a chemical composition comparable to that of the clusters. These
spectra were recorded by identifying and manually registering the EDX spectrum
of a particle that initially showed no signal during automatic analysis. This re-
inforces the notion that the absence of signal in these cases may be attributed to
technical issues during spectrum acquisition, and it should be considered a source
of uncertainty in the measurements.

For instance, the initially signal-free particle identified is an external mixture
of quartz and iron-rich aluminosilicate, as shown in figure 3.5. The quartz por-
tion appears as the lighter section of the particle, which seems situated next to
and slightly above the area containing an iron-rich aluminosilicate. This deter-
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(a) (b)

Figure 3.5: BSE (a) and SE (b) micrographs of particle showing initially no signal on the EDX
spectrum of the automatic analysis.
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Figure 3.6: EDX spectra of the manually selected two areas of the particle initially showing no
signal.
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mination was made by selectively analyzing different regions of the particle and
acquiring the spectrum specifically from the quartz and iron-rich aluminosilicate
areas. These observations support the hypothesis that the quartz and iron-rich
particles are externally mixed within the Gobi dust particles.

Figure 3.6 shows the two selectively acquired spectra. The spectrum of the
quartz appears pure, with the exception of a trace of iron from the hematite. In
contrast, the spectrum from the iron-rich aluminosilicate shows a composition
typical of particles from cluster 4. However, the response from the iron oxide rich
aluminosilicate could not be selectively separated here, preventing any conclu-
sions about whether an internal or external mixing occurred.

Future studies should aim to utilize advanced imaging techniques to better
distinguish between internal and external mixing. Understanding the formation
mechanisms of these mixed particles can contribute to our understanding of the
composition and behavior of Gobi Desert dust. This is particularly important for
understanding their optical behavior, as the response of light will vary depend-
ing on whether the mixing is internal or external. This distinction is especially
crucial in the THz range, where we are particularly sensitive to the structural
characteristics of the particles.

3.3.3 Optical properties of Gobi Desert particles

3.3.3.1 Pellet measurement

The Gobi Desert particles were initially analyzed in pellet form as a quick and
efficient method for assessing their optical response in the THz domain. This
approach is particularly advantageous given the limited supply of Gobi Desert
particles available in the lab, as the pellet form allows for minimal sample usage.

For the pellet measurements, 12 mg of Gobi Desert particles were mixed with
docosane to achieve a total mass of 100 mg. This mixture was then pressed under
5.01 tons of pressure for approximately 5 minutes to form a pellet.

The extinction spectrum of the Gobi particles in pellet form, shown in Figure
3.7, reveals a distinct band around 3 THz. This band appears to split into two
components, with one peak near 2.8 THz and another at 3.2 THz.

While useful for initial characterization, pellet measurements may not fully
capture the particles’ behavior in a more dynamic atmospheric context, such as
when they are suspended in air.
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Figure 3.7: Pelletized Gobi Desert particles extinction for 12 mg in the THz range.

3.3.3.2 Aerosol measurement

In comparison to the pellet measurements, the signal obtained from the aerosol
analysis is notably weaker. The Gobi Desert particles displayed a prominent ab-
sorption feature centered at 3 THz, with a bandwidth of approximately 1 THz,
when analyzed in aerosol form (Figure 3.8). This extinction was recorded at a
particle concentration of 1.632 mg/m?® and a particle count of 2.037 particles/cm”.
The differences between the responses in pellet and aerosol forms may be at-
tributed to size effects, as the pellets consist of much larger particles, while only
smaller particles are resuspended in the aerosol. This distinction in particle size is
a significant factor in the observed variations in optical response, making it nat-
ural to expect different absorption characteristics between the two measurement
methods.

The experimental particle size distribution shows that most Gobi particles
have diameters below 1 pm, with a mode around 0.4 pm (Figure 3.9).

The experimental size distribution obtained was compared to the size distribu-
tion determined from automated SEM analysis, which provides average diameters
that are the Feret diameters. The SEM analysis of 1,156 Gobi Desert particles re-
vealed average diameters ranging from 0.171 to 7.596 pum. One limitation of the
size distribution analysis is the uneven number of particles in each cluster, which
may affect statistical accuracy. For example, Cluster 8 contains only 7 particles,
and Cluster 9 was excluded from the size distribution analysis due to its small
sample size. Nevertheless, several trends emerged from the data. Clusters 2 (cal-
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Figure 3.9: Resuspended Gobi Desert particles size distribution.
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cite) and 3 (identified as illite) exhibit very similar size distributions. In contrast,
Cluster 1 (quartz) and Cluster 7 contain particles with slightly larger diameters.
The smallest particles were found in Clusters 5 and 8, consisting of aluminosili-
cate minerals rich in Ca and Ti, respectively, with 92% of the particles in Cluster
5 measuring less than 1.3 um (figure 3.10).
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Figure 3.10: Cumulative frequency size distribution for each cluster of Gobi Desert particles.

The consistency between the PROMOLED and SEM results reinforces the ob-
servation that Gobi Desert particles, despite their varied morphologies and com-
positions, predominantly fall within the submicron size range. The close align-
ment of these two independent methods strengthens the reliability of the size dis-
tribution data, with both confirming a significant concentration of fine particles
around the 0.4 um mark in the Gobi Desert sample.

However, differences in particle sizes between these methods can also be at-
tributed to the distinct measurement techniques used for determining diameters.
The optical diameter obtained from PROMOLED measurements and the Feret di-
ameter from SEM automated analysis represent particle size in different ways.
The optical diameter reflects how a particle interacts with light and is defined as
the diameter of a sphere that would produce the same optical response as the ac-
tual particle. This method assumes spherical behavior for simplicity, which makes
it particularly relevant for optical studies.

On the other hand, the Feret diameter is a geometric measurement represent-
ing the distance between two parallel tangents on a particle’s projection and can
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vary depending on the particle’s orientation in the image. Because it directly mea-
sures the particle’s physical geometry, the Feret diameter accounts for irregular
shapes, providing a more accurate representation of the particle’s true size and
form.

These differences in measurement techniques can explain some of the varia-
tions observed between the two methods. While the optical diameter is crucial for
understanding optical responses and interactions with light, the Feret diameter
offers a more detailed understanding of the particle’s actual physical dimensions.

3.3.3.3 Effective complex refractive index extraction

The refractive index analysis of the Gobi Desert particles in pellet form reveals
that the extinction peak at 3.2 THz is significantly flatter in the imaginary part,
likely due to the steeper slope of the real part. The pellet’s optical response was
fitted using two Lorentz oscillators and one Boltzmann term. The first Lorentz
oscillator has a frequency mode at 2.68 THz with a linewidth of 1.67 THz, while the
second one is centered at 3.29 THz with a linewidth of 0.74 THz. These frequency
modes differ slightly from the direct measurements presented in Section 3.3.3.1,
but are considered more reliable as they result from oscillator fits. The fitted
thickness of the pellet is 0.52 mm.
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Figure 3.11: The retrieved and fitted real (a) and imaginary (b) parts of pelletized Gobi Desert
particles.

For the aerosol form, the fit resulted in a frequency mode of 3.00 THz with
a linewidth of 0.80 THz. However, the real part shows less agreement with the
Lorentz oscillator model, as shown in Figure 3.12.

The discrepancy in the real part suggests that the limitations of the measure-
ments could have influenced the results; however, a lack of sufficient Gobi Desert
particle samples prevents us from repeating the experiment. Notably, the real part
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of the aerosol data indicates the presence of two oscillators, resembling the profile
observed in pellet form.

1,000005

Retrieved
— Fitted

! ! ! ! ! !
- — Retrieved| |
— Fitted

1,000004

1,000003 'mﬂﬂ—

1,000002

Real part of the complex refractive index
Imaginary part of complex refractive index (x1le-7)

: : : : : : . : : : : : :
1,0 15 2,0 25 3,0 35 4,0 45 1,0 15 2,0 25 3,0 35 4,0 45
Frequency (THz) Frequency (THz)

(a) (b)

Figure 3.12: The retrieved and fitted real (a) and imaginary (b) parts of the CRI of resuspended
Gobi Desert particles in nitrogen flow at atmospheric pressure.

Aerosolized particles, particularly in complex mixtures like those derived from
the Gobi Desert, often behave as an effective medium rather than as pure sub-
stances. For such external mixtures, models that consider each particle type in-
dependently and combine their optical effects by weighting according to volume
or mass fractions provide a more accurate representation. Adopting this method
could potentially yield better fits for the real part of the refractive index compared
to the Lorentz oscillator approach.

3.4 Specific contribution of key components

As discussed earlier, the Gobi Desert particles represent a natural sample, with
morphological and chemical characterization revealing a highly diverse compo-
sition. In the following sections of this chapter, we will focus on different pure
compounds to better understand the optical response of the Gobi particles.

3.4.1 Illite

3.4.1.1 Elementary composition and morphology

Illite is typically classified as an octahedral aluminous mineral belonging to the
potassium mica family. However, its chemical structure can vary due to substi-
tutions in the tetrahedral, octahedral, and interlayer sites [127]. The chemical
composition of illite reported in previous studies, which identifies illite/smectite
layers (47.1% Si, 35.4% Al, 12.8% K, 2.4% Mg, and 0.7% Fe), aligns with the compo-
sition provided by the Clay Mineral Society for the purchased sample [128].



3.4. SPECIFIC CONTRIBUTION OF KEY COMPONENTS 83

In this study, a comprehensive SEM-EDX analysis was conducted on 533 resus-
pended and collected particles. The sample was categorized into 12 distinct clus-
ters, with 89.12% of the particles identified as illite. This was followed by quartz,
which constituted 6.38% of the sample, and Fe-rich Al-Si particles, accounting for
1.88%. The remaining clusters, which included P-rich Al-Si, Ca-rich Al-Si, and Ti-
rich Al-Si, comprised less than 1% of the total sample and represented fewer than
four particles out of the 533 analyzed, rendering their contributions negligible.
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Figure 3.13: EDX spectrum of resuspended and collected illite particles that were collected on
a polycarbonate filter with 0.2 um pores. This spectrum corresponds to the illite cluster of the
particles that accounts for 89.12% of the analyzed 533 particles. C and O are excluded from the
analysis.

The illite cluster identified through the SEM-EDX analysis shows a composi-
tion of 47.8% Si, 22.6% Al, 13.9% K, 11.3% Fe, 2.6% Mg, with other trace elements
such as Ca and Cl contributing less than 0.5%. The EDX spectrum for this cluster
is shown in Figure 3.13. Interestingly, the Montana illite sample analyzed here
contains a higher-than-expected Fe content, classifying it as Fe-illite. This Fe en-
richment is likely due to external inputs of K, as well as seasonal wetting and
drying cycles that cause soil particles to aggregate, promoting the accumulation
of elements like Ca, Mg, and Fe [129].

Micrographs of the resuspended illite particles were captured using BSE detec-
tor for chemical contrast and the SE detector for topographical contrast, as shown
in Figure 3.14. The background corresponds to the Nucleopore™ filter with 0.2
pm pores.

Illite is known for its unique structure, where the charge between its layers
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Figure 3.14: BSE (a) and SE (b) micrographs of resuspended and collected illite particles.

is primarily balanced by potassium ions. These K-rich minerals often exhibit a
crystalline structure similar to mica, forming stacks of extremely thin, cleavage-
separable sheets [130]. The SEM analysis revealed this characteristic sheet-like
arrangement in the illite particles.

The automatic SEM-EDX analysis provided an average particle diameter of
1.15 pm, with a standard deviation of 0.62 pm. The largest particle measured 1.58
pum in diameter, while the smallest measured 0.7 pm. The particles tend to exhibit
an elongated shape, with an average aspect ratio of 1.65, indicating that their
length is greater than their width.

3.4.1.2 Pellet measurement

For this measurement, 12 mg of illite were mixed with docosane to achieve a total
mass of 100 mg, and a pressure of 5.21 tons was applied for about 5 minutes to form
the pellet. Similar to the Gobi Desert particles, the extinction spectrum of illite
reveals two distinct bands around 3 THz, with one peak at 2.8 THz and another
at 3.2 THz. Previous studies on illite in the far-infrared region identified similar
bands at 93 cm~! (2.8 THz) and 107 cm~! (3.2 THz) [131]. Based on research
on potassium micas (K-micas), these bands have been attributed to the torsional
mode of the interlayer cations, supporting the findings of this study.

The extinction spectrum of illite closely resembles that of the Gobi Desert par-
ticles. As illustrated in Figure 3.15, The extinction of pure illite at 70% aligns well
with a portion of the extinction of Gobi Desert particles, when comparing equal
masses. However, there remains a more intense feature around 3 THz that illite
alone cannot account for. This suggests that other mineral components in the
Gobi sample contribute to the remaining extinction. This band is likely due to
the more complex mineral composition and interactions between the different
components in the Gobi sample, in contrast to the relatively pure illite spectrum.

The extinction characteristics are also influenced by the diverse morphologies
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Figure 3.15: Pelletized illite particles extinction for 12 mg in the THz range compared to that of
12 mg Gobi Desert particles, both diluted in docosane.

of the particles. Illite, a sheet-like mineral, has different scattering and absorption
properties compared to more compact or irregularly shaped minerals, which may
explain the broader and more complex extinction profile of the Gobi Desert par-
ticles. Additionally, desert dust particles, including those from the Gobi, tend to
absorb moisture from the atmosphere. The water content in these particles could
alter the THz extinction, potentially broadening or shifting absorption bands. II-
lite, known for its hydrophilic properties, may also interact with water vapor,
which can further complicate the spectral response compared to the pure illite
sample.

In conclusion, while illite plays a major role in the extinction spectrum of
Gobi Desert particles, the unique mineralogical composition and particle size dis-
tribution of the Gobi dust introduce additional complexities. Unfortunately, illite
particles could not be resuspended for direct comparison with Gobi particles due
to the limited sample availability, preventing further aerosol-based investigations
to confirm these hypotheses.

3.4.1.3 Effective complex refractive index extraction

The extracted effective complex refractive index of pelletized illite is shown in
Figure 3.16. As anticipated, its refractive index closely resembles that of the pel-
letized Gobi Desert particles. Both the real and imaginary parts of the refractive
index were successfully fitted using two Lorentz oscillators and one Boltzmann
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term, consistent with the modeling applied to the Gobi Desert particles. The
Lorentzian components capture the resonance effects, while the Boltzmann term
accounts for the broader background absorption. The similarity between the illite
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Figure 3.16: The retrieved and fitted real (a) and imaginary (b) parts of pelletized illite particles.

and Gobi Desert particles in terms of their refractive index validates our model-
ing approach, confirming the robustness of the retrieval methods used. This close
match also suggests that illite is a major contributor to the overall THz response
of Gobi Desert aerosols.

3.4.2 Calcite

3.4.2.1 Elementary composition and morphology

The calcite sample used in this study is synthetically produced, ensuring that its
chemical composition is considered pure. Calcite particles are easily identifiable
by the presence of a single prominent calcium (Ca) peak in the EDX spectrum, as
carbon (C) and oxygen (O) are excluded from the analysis.

In addition to the calcium peak, the absence of other significant elemental sig-
nals further supports the conclusion that the calcite sample is free from common
impurities such as magnesium or iron, which can often be found in naturally oc-
curring calcite. This level of control is crucial for comparative studies involving
naturally occurring dust particles, such as those from the Gobi Desert, where
chemical variability can introduce complexities in data interpretation.

The micrograph of resuspended calcite aerosols, displayed in figure 3.18, re-
veals that most particles exhibit the typical rhombohedral shape associated with
calcite.

In some instances, smaller nanometer-scale particles are seen adhering to larger
micron-sized particles, likely due to calcite’s hygroscopic properties, which cause
it to absorb moisture from the air. Alternatively, these aggregations may result
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Figure 3.17: EDX spectrum of resuspended and collected calcite particles that were collected on
a polycarbonate filter with 0.2 um pores. C and O are excluded from the analysis.
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Figure 3.18: SE micrograph of resuspended and collected calcite particles.
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from electrostatic interactions during the particle collection process. To deter-
mine the exact cause, further experiments under controlled atmospheric condi-
tions would be necessary to confirm the influence of humidity or electrostatic
forces on the aggregation behavior.

The average particle diameter is measured at 1.76 um, with sizes ranging from
0.30 um to 5.43 um. The aspect ratio of the particles, averaging 1.53 with a stan-
dard deviation of 0.30, suggests a relatively uniform shape distribution across the
sample. The relatively low variance in the aspect ratio indicates that while the
particles have slightly elongated forms, their shapes remain fairly consistent.

3.4.2.2 Pellet measurement

The optical response of a pellet containing 10 mg of calcite mixed with 140 mg
of docosane matrix revealed a broad extinction band around 3 THz. A Lorentz
oscillator fit showed that this band consists of two distinct peaks at 2.84 THz and
3.49 THz.
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Figure 3.19: Extinction of 10 mg calcite diluted in 140 mg docosane in the pelletized form. The
experimental data were fitted with the Lorentz oscillator model. Pelletized calcite exhibits two
peaks at 2.84 and 3.49 THz.

These peaks correspond to phonon modes, which are intrinsic vibrational states
of the calcite crystal structure. The calcite crystal lattice has vibrational modes
due to the stretching and bending of the carbonate ions (CO3 ™) and the movement
of calcium ions relative to the carbonate groups. Slight variations in the calcite
particle size and distribution in the matrix, lead to different local environments
and a spread in the phonon resonance frequencies and explain the broad nature
of the extinction band. The peak at 2.84 THz likely corresponds to a transverse
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optical (TO) phonon mode, while the peak at 3.49 THz could be linked to another
optical phonon mode and will be discussed during Chapter 4.

The phonon modes observed at 2.84 THz and 3.49 THz align with previous
spectroscopic studies of calcite, which have reported similar vibrational frequen-
cies associated with phonon resonances ( [132]). The precise positioning of these
peaks can offer valuable insights into structural changes or strain effects within
the calcite crystals, as even small shifts in phonon frequencies may reflect varia-
tions in crystal quality or external factors like temperature and pressure. Notably,
the pressure applied during the pelletizing process can distort the crystal struc-
ture, which may influence the phonon response. To minimize such distortions,
we limit the applied pressure to no more than 5 tons during pelletization [133].

3.4.2.3 Aerosol measurement
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Figure 3.20: Extinction for calcite aerosol for 10400 particles/cm®. The lorentz oscillator peak
shows a peak maximum at 3.43 THz.

The extinction spectrum of calcite particles resuspended in a nitrogen (Na2)
carrier gas, measured at a concentration of 10,400 particles/cm? i.e. 64 mg/m3
revealed a dominant extinction band at 3.43 THz (Figure 3.20). This represents
a shift from the peaks observed in pelletized samples, likely due to the smaller
size of resuspended particles compared to those in pelletized or deposited forms,
which significantly influences the THz response. In pelletized calcite samples,
particles are densely packed, resulting in compression and potential structural
modifications that shift the phonon modes. By contrast, resuspended particles
experience much less mechanical stress, which may explain the difference in the
extinction peaks. This highlights the importance of particle morphology and sam-
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ple state (compressed versus free-flowing) when interpreting THz spectra across
different experimental setups.

The size distribution of resuspended calcite particles, as shown in Figure 3.21,
exhibits three distinct modes at 0.31 pm, 0.45 pum, and 1.49 pm. This multi-modal
distribution is somewhat unusual for polydisperse aerosols and has been thor-
oughly analyzed.
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Figure 3.21: Corresponding size distribution of the resuspended calcite particles. The size distri-
bution shows three main modes at 0.31, 0.45 and 1.49 pm.

When comparing these results with SEM-EDX data, which showed an aver-
age particle diameter of 1.77 pm with a standard deviation of 1.16 pm, we ini-
tially believed that the larger particle sizes in SEM-EDX were due to differences
in resuspension methods. SEM-EDX employed the initial suspension setup, while
the aerosol measurements used the RBG, leading to the hypothesis that the RBG
method might generate smaller, more uniform particles, while the initial suspen-
sion setup could result in larger aggregates.

However, subsequent tests on additional samples demonstrated that this as-
sumption was incorrect. The observed variation in particle sizes between SEM-
EDX and PROMOLED is not directly linked to the resuspension method. Instead,
the most likely explanation is the rhombohedral shape of calcite particles. This
geometry significantly influences how the particles interact with light, creating
complex scattering effects that account for the observed size distribution and dis-
crepancies between different measurement techniques.

In conclusion, the rhombohedral shape of calcite particles plays a crucial role
in their optical response and size distribution, and is the key factor behind the
distinct modes seen in these size measurements. Differences in particle size data
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between SEM-EDX and PROMOLED are not due to resuspension techniques but
rather the inherent geometry of the calcite particles.

Sensibility of the set-up to calcite particles The sensitivity of the aerosol setup to
varying concentrations of resuspended calcite particles was evaluated across a
range from 3 mg/m? to 64 mg/m>.

As illustrated in Figure 3.22, the extinction spectra are clearly distinguishable
at concentrations of 10 mg/m3 and above. However, differentiating between con-
centrations of 10, 5, and 3 mg/m? proves challenging, indicating that 10 mg/m?
may be the current detection limit of the setup. The ability to distinguish lower
concentrations may improve in the future with the use of a multipass cell. Despite
these limitations, the setup remains capable of detecting calcite aerosol concen-
trations similar to those encountered during significant dust storms. For example,
during a major dust storm event in Beijing in 2002, total suspended particle con-
centrations reached 12 mg/m? [134].

0,10 1 1 1 1 1 1 1 1 1 1

64 mg/m3
0,08 - —— 46 mg/m3
—— 28 mg/m3
— 18 mg/m3

10 mg/m3
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——3 mg/m3

0,06
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Extinction of calcite aerosol

0,02

1,5 2,0 2,5 3,0 3,5 4,0
Frequency (THz)

Figure 3.22: Extinction of calcite aerosol at different concentrations (64 mg/m?, 46 mg/m?, 28
mg/m?, 18 mg/m?, 10 mg/m?, 5 mg/m? and 3 mg/m?3).

Figure 3.23 demonstrates the proportional relationship between particle vol-
ume concentration and extinction at the peak of the band (3.43 THz). This rela-
tionship underscores the linearity of the system’s response to variations in par-
ticle concentration, confirming the reliability of the setup for quantifying calcite
aerosol levels.
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Figure 3.23: Proportionality betwwen the volume concentration and the extinction of resus-
pended calcite particles at the maximum of the band (3.43 THz).

3.4.2.4 Effective complex refractive index extraction

Calcite is well-known for its strong birefringence, exhibiting different refractive
indices for light polarized in various directions. However, this characteristic is not
a concern in our study since the calcite particles are randomly oriented, whether
resuspended in the aerosol or compacted into a pellet form.
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Figure 3.24: The retrieved and fitted real (a) and imaginary (b) parts of the effective CRI of pel-
letized calcite particles.

The effective CRI of calcite pellet and aerosol was determined using the Fit@TDS
algorithm. For the pelletized calcite sample with 10 mg calcite, the retrieved real
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and imaginary parts of the CRI are depicted in Figure 3.24. The Fit@TDS model
fit yielded an effective permittivity (¢) of 2.068, with a pellet thickness of 1.911
mm. Notably, the resulting spectral shape is characteristic of polaritonic modes,
which will be explored in greater detail in Chapter 4.

For resuspended calcite particles, the retrieved and fitted real and imaginary
parts of the CRI are illustrated in figure 3.25. The results align closely with ex-
tinction measurements, further validating the characterization of the aerosol. For
the fit, the frequency mode was 3.26 THz with a linewidth of 0.80 THz.
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Figure 3.25: The retrieved and fitted real (a) and imaginary (b) parts of the CRI of resuspended
calcite particles in nitrogen flow at atmospheric pressure.

However, the real part of the CRI dips below 1, which does not reflect physical
reality. This discrepancy arises from a temporal delay that, while corrected with
Fit@TDS, has not been consistently adjusted across different samples. Efforts
are currently underway to address this issue and refine the process for future
measurements.

To ensure the validity of our findings, we also calculated the analytical er-
ror associated with the imaginary part of the refractive index. This was done
to demonstrate that the observed response is genuinely due to the resuspended
particles rather than being coincidental. Figure 3.26 compares the analytically
calculated error, as outlined in Chapter 2, with the error bars provided by the
Fit@TDS algorithm. The close agreement between these two values confirms
that the retrieved refractive index is distinguishable from the baseline. This com-
parison underscores the robustness of the Fit@TDS approach, illustrating that the
numerically derived results align with the analytical methodology.

In conclusion, the optical response of calcite particles around 3 THz is signifi-
cant, as calcite constitutes approximately 30% of the particles found in Gobi dust.
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Figure 3.26: Error bars calculated by Fit@TDS algorithm (a) and analytical error (b) for imaginary
part of effective CRI of calcite particles resuspended in nitrogen.

This suggests that the optical response attributed to calcite could potentially fill
the spectral region left vacant by illite around 3 THz. Therefore, the interactions
and contributions of calcite, alongside other mineral constituents, are crucial for
a comprehensive understanding of the optical characteristics of Gobi dust.

3.4.3 OQuartz

3.4.3.1 Elementary composition and morphology

Quartz is a crystalline mineral composed primarily of silicon and oxygen, classi-
fied within the silicate group. It ranks as the second most abundant mineral in
the Earth’s crust, following the feldspar family. The quartz utilized in this study
is a synthetic sample characterized by a homogeneous and pure chemical compo-
sition. Due to its high purity, automated elemental analysis was not performed;
instead, hand-selected particles were subjected to analysis for verification. EDX
spectra were recorded for these particles, revealing a prominent peak correspond-
ing to silicon (Si), which is sufficient for the chemical identification of quartz, as
shown in Figure 3.27. It is important to note that oxygen was excluded from the
analysis. To enhance image resolution and magnification during microscopy, the
quartz particles were coated with chromium (Cr).

At room temperature, quartz crystallizes in the trigonal crystal system, typ-
ically forming doubly terminated crystals that resemble pyramids. The micro-
graphs reveal that quartz particles have smooth, non-rough surfaces, which is
characteristic of their hardness. The particles vary in size, with larger particles
often forming clusters surrounded by smaller particles, as illustrated in Figure
3.28.
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Figure 3.27: EDX spectrum of resuspended quartz particles that were collected on a polycarbon-
ate filter with 0.2 um pores. C and O are excluded from the analysis. Particles were coated with
Cr.
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Figure 3.28: BSE (a) and SE (b) micrographs of resuspended and collected quartz particles.

3.4.3.2 Pellet measurement

Quartz, characterized as a trigonal uniaxial crystal, exhibits birefringence, which
refers to its ability to have different refractive indices depending on the direction
of light polarization. In the ordinary spectrum, the optical phonon resonance of
quartz occurs at approximately 3.855 + 0.005 THz [135].

In the pelletized state, the phonon resonance is observed to be weak due to
the random orientation of the particles, which means that neither the ordinary
nor the extraordinary optical axes are preferentially aligned. Despite this lack of
alignment, a broad absorption band can be detected beneath the 3.9 THz phonon
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Figure 3.29: Pelletized pure quartz particles extinction in the THz range, showing the 3.9 THz
phonon. 1000 averages.

resonance (Figure 3.29). The absorption and scattering of quartz are known to
increase with frequency, likely due to a strong phonon mode present at 7.95 THz
[136]. Another contributing factor to the broad absorption band may be the partial
amorphization of the particles, resulting from the pressure applied during the
pelletization process.

Although quartz was also resuspended for further analysis, the response was
too weak to detect any meaningful signal. While the weak response of resus-
pended quartz in the THz range highlights the challenges of detecting certain
materials in this state, it also opens avenues for exploring the effects of process-
ing conditions and material properties on optical performance.

Despite quartz constituting approximately 10% of the particles found in Gobi
dust, its weak optical response suggests that it is unlikely to contribute signifi-
cantly to the overall optical behavior of Gobi particles.

3.4.4 Various feldspars and minerals

Key minerals identified in dust storm particles from the Gobi Desert include clays
including various feldspars and minerals, which are prevalent in arid regions. Var-
ious feldspars and minerals together comprise nearly half of the dust composition
in the Gobi Desert [137].
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3.4.4.1 DPotassium Feldspar series : microcline

Dust particles are primarily composed of elements such as Si, Al, Fe, Mg, K, Ca,
Na, Ti, and S. Within these particles, clay and feldspar minerals are predomi-
nantly composed of silicon (Si) and aluminum (Al). The Si/Al ratio serves as a
key marker for classifying dust particles: when this ratio is approximately 3, the
particles are typically identified as feldspars. Feldspars are further divided into
potassium feldspar and plagioclase feldspar. Potassium feldspar (K[AlSi3Os]) is
distinguished by its higher potassium content.

Potassium feldspar 19 mg

Extinction (a.u)

0 g T T T T T T
1 2 3 4
Frequency (THz)

Figure 3.30: Pelletized potassium feldspar - microcline - (19 mg diluted into 81 mg of docosane)
THz extinction.

The mass percentage of potassium (K) in Gobi dust is generally low, except
a value of around 7.3% observed in the illite clusters, consistent with its chemi-
cal composition. However, while potassium feldspars are not a major component
of Gobi Desert dust, studying them provides valuable insights into the role of
feldspars in dust from other desert regions where these minerals are more abun-
dant.

Potassium feldspars display characteristic absorption bands in both the in-
frared and terahertz (THz) spectral regions, particularly below 200 cm~! (6 THz).
For example, sanidine, a less-ordered polymorph, shows broad absorption bands
around 154 cm™! (4.6 THz) and 114 cm~! (3.4 THz). In contrast, microcline, a
more ordered structure, exhibits a stronger band at 4.6 THz, with the band at 3.4
THz splitting into two sharper peaks due to its higher degree of crystallographic
order. These spectral features are linked to K-O vibrations, and the difference in
band splitting and intensity between sanidine and microcline highlights the role
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of structural ordering in shaping the optical properties of these minerals [138].
The splitting of the 3.4 THz band in microcline and the emergence of a stronger
band at 4.6 THz are shown in figure 3.30, which shows the THz extinction spec-
trum for a pellet containing 19 mg of microcline diluted in docosane, resulting in
a total mass of 100 mg.

3.4.4.2 Plagioclase feldspars series : soda and anorthic feldspars ( 4.6% of Gobi Desert
particles)

Plagioclase feldspar, in contrast to potassium feldspar, contains higher amounts
of sodium (Na) or calcium (Ca), commonly appearing in the forms Na[AlSi3Os]
(albite) or C'a[Al3Si20g] (anorthite).

The mass percentage of sodium (Na) in Gobi Desert particles is relatively low,
ranging from 0 to 1.2% in various clusters, suggesting that soda feldspars are not
abundant in this region. However, one of the clusters, composed of aluminosili-
cates rich in calcium, constitutes 4.6% (cluster 5) of the Gobi Desert dust particles.
This cluster likely corresponds to the calcium-rich form of plagioclase feldspar,
specifically anorthite.

Anorthic feldspar 18 mg
Soda feldspar 18 mg

Extinction (a.u.)
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Figure 3.31: Pelletized anorthic feldspar (18 mg diluted into 82 mg of docosane - red) and soda
feldspar (18 mg diluted into 82 mg of docosane - purple) THz extinction.

Within the plagioclase feldspar series, which spans from albite (sodium-rich)
to anorthite (calcium-rich), characteristic vibrational bands provide insights into
the mineral’s composition. Albite exhibits a strong spectral band at 187 cm™! (5.6
THz), which shifts to higher frequencies as the calcium content increases in the
plagioclase series. This shift is attributed to Na-O vibrations in albite and Ca-O
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vibrations in anorthite. As calcium, being nearly twice the size of sodium, substi-
tutes for sodium in the (Si, Al)O, tetrahedra, it causes progressive distortions in
the crystal structure, further affecting the vibrational properties.

In addition to the 187 cm~"! (5.6 THz) band, albite also shows a notable band
around 90 cm~! (2.7 THz), while anorthite exhibits a strong band near 150 cm ™!
(4.5 THz). These spectral features help differentiate between the sodium and
calcium poles of plagioclase feldspar. In nature, pure albite and anorthite are
less common, and most plagioclase feldspars exist as intermediate mixtures, with
varying sodium and calcium content. The optical response captured here helps
characterize the end-members of plagioclase feldspar.

As illustrated in Figure 3.31, the spectral response of both sodium-rich (albite)
and calcium-rich (anorthite) feldspars can be observed. In this case, 18 mg of albite
and anorthite were each diluted into 82 mg of docosane and pelletized. A peak
around 2.7 THz is clearly visible for albite, while anorthite shows a more gradual
increase in extinction up to a peak near 4.5 THz, highlighting the differences in
their spectral characteristics.

Given that Cluster 5 of the Gobi dust particles showed only 0.1% sodium by
mass, it is likely that these particles correspond more closely to the calcium-rich,
anorthitic end of the plagioclase feldspar series.

3.4.4.3 Hematite

Hematite, an iron oxide mineral, constitutes approximately 1.7% of the total com-
position of Gobi Desert dust. Represented chemically as FeaO3, hematite plays a
crucial role in the optical properties of dust aerosols due to its strong absorption
of sunlight, particularly in the visible and near-infrared regions. This absorption
gives hematite its distinctive reddish-brown color, which contributes to the over-
all coloration observed during dust storm events.

The pelletized hematite sample depicted in figure 3.32, comprising 15 mg of
hematite diluted into 85 mg of docosane, illustrates its characteristic extinction
behavior in the THz domain. Unlike many minerals, hematite exhibits a broad
absorption band rather than distinct peaks.

Notably, the majority of absorption peaks for hematite seem to appear at ap-
proximately 300 cm ™!, which corresponds to around 9 THz. However, this sample
has not been extensively studied beyond 200 cm~! (approximately 6 THz) [139].

Due to its iron content, hematite-rich dust particles have implications beyond
their optical properties. When transported over long distances, such as from the
Gobi Desert to other regions, they can deposit iron-rich material that may fertil-
ize ecosystems, especially marine environments. This is crucial because iron is a
limiting nutrient for phytoplankton growth in certain oceanic regions. The pres-
ence of hematite in dust can, therefore, indirectly influence carbon cycling and
biological productivity. Thus, the role of hematite in Gobi Desert dust extends far
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Figure 3.32: Pelletized hematite (15 mg diluted into 85 mg of docosane) THz extinction.

beyond its optical characteristics, with profound effects on radiative balance and
ecosystem health.

3.4.5 Kaolinite : in Sahara and other deserts

In addition to the components found in Gobi Desert dust, it is important to con-
sider other minerals that are typically absent from this region but prevalent in
other deserts, such as kaolinite, which is commonly encountered in the Sahara
Desert and is often associated with regions that experience significant weather-
ing and erosion processes.

3.4.5.1 Elementary composition and morphology

The chemical formula of the purchased kaolinite is AlO3 2Si022H20, which al-
lows for its identification through an equivalent intensity peaks for aluminum (Al)
and silicon (Si) in EDX spectra. A total of 301 particles were analyzed; however,
33 were excluded from the analysis due to movement during examination or lack
of detectable signal. The remaining 268 particles were classified into 11 distinct
clusters. Notably, pure kaolinite constitutes 74.25% of the analyzed particles.
The composition of the remaining particles includes 5.97% kaolinite with trace
amounts of iron (Fe), 5.97% potassium-rich aluminosilicate, 4.48% aluminum phos-
phate with minor silicon, and 2.61% quartz, among others. Additionally, four
clusters represented impurities, such as iron oxide or titanium-containing alumi-
nosilicate, each comprising less than 1% of the total particles. The EDX spectrum
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Figure 3.33: EDX spectrum of resuspended and collected kaolinite particles that were collected
on a polycarbonate filter with 0.2 um pores. This spectrum corresponds to the kaolinite cluster
that accounts for 74.25% of the analyzed 268 particles. C and O are excluded from the analysis.
Particles were coated with Cr.

corresponding to the kaolinite cluster, which represents 74.25% of the analyzed
particles, is illustrated in Figure 3.33.

Kaolinite is classified as a hydrated aluminosilicate consisting of alternating
1:1 layers. Each layer comprises a tetrahedral sheet centered on Si** and an oc-
tahedral sheet centered on AI?T, arranged alternately. These successive layers
are interconnected by hydrogen bonds, which significantly enhance the cohesive
energy between them [140].

-
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Figure 3.34: BSE (a) and SE (b) micrographs of kaolinite particles.

BSE and SE micrographs of kaolinite particles seem to reveal the characteristic
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layered structure typical of clay minerals, as shown in figure 3.34. The average
diameter of the analyzed kaolinite particles is 0.76 pm, with a standard deviation
of 0.70 um. The average aspect ratio of the particles is 1.75, indicating a tendency
for them to be elongated in shape.

3.4.5.2 Pellet measurement

Kaolinite particles were first processed into pellets, with 20 mg of kaolinite mixed
into docosane powder for a total mass of 200 mg. The measured extinction spec-
trum, presented in Figure 3.35, shows two prominent peaks, one at 2.77 THz and
another at 3.66 THz, corresponding to oscillations within the deformed Si2O5
layer. According to the literature, only a single peak at 3.6 THz is typically ob-
served [141], raising questions about the origins of the additional feature in our
measurements.
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Figure 3.35: Pelletized kaolinite THz extinction and its lorentz cumulative fit.

The peak at 2.77 THz appears as a shoulder and may have been overlooked
in prior studies due to insufficient spectral resolution. Our experimental setup,
with potentially higher resolution (8 GHz for pellet measurements), could have
revealed this finer structure that was not previously detectable. The presence of
the 2.77 THz peak might be attributed to the broad particle size distribution in
the pellet, where larger particles could induce Mie resonances, thus giving rise to
this additional spectral feature. The deviation from the single peak reported at
3.6 THz in previous studies possibly indicates that factors like lower resolution,



3.4. SPECIFIC CONTRIBUTION OF KEY COMPONENTS 103

different pellet preparation, or varying packing densities in those studies might
have masked the finer spectral details we observed.

The two peaks were further analyzed using a Lorentz oscillator model, which
provided an excellent fit to the measured extinction spectrum. The Lorentzian
fit confirms that the observed modes can be well described by resonant behav-
ior, characteristic of the vibrational modes of the kaolinite lattice. This analysis
not only supports the hypothesis of multiple resonances but also emphasizes the
potential complexity of kaolinite’s THz response, which may be richer than pre-
viously reported.

3.4.5.3 Aerosol measurement

The extinction spectrum of resuspended kaolinite exhibits a single, broad ab-
sorption band centered around 3.6 THz, further characterized by a Lorentzian
fit (Figure 3.36). However, the spectrum is noticeably disrupted by water vapor
absorption lines, likely due to the residual moisture content in the kaolinite, even
after steaming. The purchased kaolinite sample is naturally hydrated, and it is
hypothesized that mechanical collisions during the resuspension process could
have released water trapped within the kaolinite structure in gaseous form. This
released water vapor could obscure certain spectral features, such as the 2.77 THz
peak observed in the pelletized sample that possibly masked by overlapping water
vapor absorption bands in the aerosol measurement.
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Figure 3.36: Resuspended kaolinite particles THz extinction for 5000 particles.cm™3.
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Figure 3.37: Size distribution of the resuspended kaolinite particles

The particle size distribution shows that the main mode is at 0.6 pm, which
is close to the 0.76 pm stated by the automatic analysis with the SEM-EDX. The
particle sizes appear well dispersed, with a majority of particles less than 1 pm.
However, the analyzed sample also contains larger particles up to 10 pm in di-
ameter. This dispersion of sizes is also consistent with the standard deviation of
the mean diameter given by the SEM-EDX which was of the order of the mean
diameter.

The observed differences between the pelletized and aerosolized kaolinite spec-
tra suggest that the hydration level (in addition to size distribution) plays a signif-
icant role in shaping the measured optical properties. Future studies could focus
on reducing water vapor interference, either by further drying the samples or by
conducting the measurements in a low-humidity environment to better isolate
the intrinsic absorption features of kaolinite. Alternatively, subtracting the water
signal from the kaolinite spectrum via signal processing techniques would help to
isolate the kaolinite’s true spectral features [142]. Moreover, a more detailed ex-
ploration of particle size effects on the extinction spectrum, possibly through size-
selective sampling or theoretical modeling, could provide deeper insights into the
contribution of different particle populations to the overall optical response.
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3.4.5.4 Effective complex refractive index extraction

The real and imaginary components of the extracted complex refractive index
(CRI) for pelletized kaolinite particles are shown in Figure 3.38. The fitted per-
mittivity of the material is determined to be 2.46, and the thickness of the pellet
was fitted to be approximately 1.78 mm.
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Figure 3.38: The retrieved and fitted real (a) and imaginary (b) parts of the CRI of pelletized
kaolinite particles.

The characteristic peaks at 2.77 THz and 3.66 THz are clearly identifiable in
the imaginary part of the CRI (Figure 3.38b), which corresponds to the material’s
absorption behavior. These two resonances are also reflected in the real part of
the index (Figure 3.38a). At the high frequencies, there is a noticeable drop in
both the real and imaginary parts of the CRI, indicating the transitioning out of
its resonant behavior. As the system moves beyond the resonant frequencies, the
material absorbs less energy and becomes less effective at refracting light, which
explains the observed decrease.

The extraction of the CRI for resuspended kaolinite particles is currently chal-
lenging due to the significant presence of water vapor in the THz measurements.

The CRI extraction in such complex environments, especially in the presence
of both Mie scattering and overlapping spectral features from water vapor, under-
scores the importance of improving experimental setups and using refined data
analysis techniques. A multi-pass cell design or further drying of the sample could
also enhance the sensitivity and accuracy of future measurements.

3.5 Conclusion

Our findings indicate that the optical response of minerals and feldspars in the
THz domain remains inadequately understood, both experimentally and compu-
tationally, as only a limited number of studies have investigated this frequency
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range at sufficient resolution. The discrepancies observed in the optical responses
highlight the urgent need for direct measurements on resuspended micro- and
nanoparticles to effectively utilize these results for the remote sensing of atmo-
spheric aerosols.

Most samples analyzed in this study are relatively uncharacterized in the far-
infrared region, which complicates comparisons with existing literature. Never-
theless, we are confident in the reliability of our findings as we calculated the error
bars for aerosol measurements, particularly for calcite in aerosol form, demon-
strating that the analytical errors align with those obtained using our Fit@TDS
algorithm. Additionally, we extended our analysis by plotting the proportionality
between extinction and the concentration of resuspended particles. The various
measurements displayed strong alignment and proportionality.

The sensitivity of our setup was assessed using calcite particles, revealing a
detection limit of approximately 10 mg/m? for calcite. Notably, the resuspension
of Gobi Desert particles was performed at a concentration of around 1.6 mg/m?,
well below the detection limit for calcite. This suggests that the detection limit is
sample-dependent, and the capabilities of our setup may be better than initially
assumed.

In a detailed compositional analysis, we determined that the Gobi Desert par-
ticle sample consisted of approximately 40.8% illite, 29.4% calcite, 9.1% quartz, and
20.7% various clays. Chemical characterizations also indicated a tendency for ex-
ternal mixing within the particles. Approximately 70% of the extinction observed
for illite in pellet form explains nearly the entire THz extinction response of pel-
letized Gobi Desert particles for the same mass, with only a minor additional
contribution around 3 THz. Unfortunately, we were unable to suspend illite for
aerosol comparison due to supply limitations, which restricted our ability to as-
sess its behavior in aerosol form. The remaining response around 3 THz is likely
due to calcite, which constitutes about 30% of the Gobi particle composition. In
summary, the THz response of Gobi Desert particles likely results from a com-
bination of the dominant illite response, with a minor contribution from calcite.
The lack of an observable response from quartz reinforces the idea that it does not
play a significant role in the optical response of Gobi particles in the THz range,
contrary to its behavior in the infrared (IR) range [143].

In the upcoming chapter, we will shift our focus to a detailed examination of
calcite’s optical response. This will be achieved through Finite-Difference Time-
Domain (FDTD) simulations, Mie theory calculations, and the application of ef-
fective medium theories, such as Maxwell-Garnett theory. This comprehensive
approach aims to deepen our understanding of calcite’s behavior in the THz range
and its implications for aerosol studies.



Chapter 4

Single-particle simulations and
complex refractive index restitution
methodology applied to calcite

4.1 Introduction

The experimental results presented in Chapter 3 highlight the critical need for
simulations to enhance our understanding of THz-aerosol interactions at the single-
particle level. To address this, we will utilize Finite Difference Time Domain
(FDTD) simulations to explore the absorption and scattering cross sections as
functions of particle radius, with a particular focus on materials such as quartz
and calcite.

Our investigation will commence with a comparative analysis of quartz phonon
and the phonon polariton of calcite. Following this, we will delve into the size-
dependent effects on the phonon polariton of calcite. To validate the accuracy
of our simulated results, we will compare them against a custom-developed Mie
theory code and align them with experimental data [144].

In our analysis, we will calculate extinction using two distinct numerical ap-
proaches: one will incorporate the simulated extinction cross sections as inputs,
while the other will employ a Mie theory code that computes extinction using
Bessel functions.

This chapter will also provide a detailed overview of effective medium theo-
ries, including the Bruggeman and Maxwell-Garnett models, leading to our se-
lection of the extended Maxwell-Garnett theory in conjunction with Mie theory
(MGM) for a thorough analysis.

Finally, we will explore the potential implications of our findings on Earth’s
radiative balance, emphasizing their importance within the broader framework
of atmospheric science and climate dynamics.
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4.2 Finite difference time domain simulations

The Finite Difference Time Domain (FDTD) method, also known as the Yee method,
is a widely used 3D full-wave electromagnetic solver ideal for modeling the be-
havior of nanophotonic devices, materials, and processes. FDTD is particularly
advantageous for broadband simulations, as it computes the transmission, diffrac-
tion, reflection, scattering, interference, and absorption of light in a material over
a broad frequency range. Its time-domain nature allows for the extraction of
broadband results from a single simulation, functioning as a type of numerical
THz-TDS. The automated Fourier transform enables efficient frequency analysis,
enhancing the overall effectiveness of the approach. The simulations in this thesis
were carried out using Ansys Lumerical software, which solves a modified form
of Maxwell’s coupled differential equations by iteratively alternating between the
electric and magnetic fields at each spatial and temporal point in the simulation
grid [145]. The method also incorporates Gauss’s law, Faraday’s law of induction,
and Ampeére’s law to ensure physical accuracy.

FDTD is the preferred tool for simulating photonic designs such as photonic
crystals, metamaterials, and plasmonic structures due to its ability to capture com-
plex electromagnetic interactions. For instance, FDTD has been applied to study
naturalistic broadband light interactions with micro- and nano-scale living organ-
isms [146], as well as the optical properties of gold nanoparticles, investigating
the impact of particle size and interparticle spacing on local electric fields and
extinction properties [147].

4.2.1 Simulation set-up

In this work, the simulation volume was carefully constructed based on the prin-
ciple of a Yee cell. The central element is a spherical particle with an assigned
refractive index and radius, which is placed in the center of the simulation box.

Surrounding this sphere are the absorption analysis group, a Total Field Scat-
tered Field (TFSF) light source, and the scattering analysis group (see Figure 4.1).
The simulation volume was set to 100 um?, and the dimensions of the analysis
groups were defined based on the particle radius, adapting dynamically as the
radius changes.

For instance, the absorption analysis group varies in volume, ranging from 0.20
pum?® for a particle radius of 0.1 um to 50.20 pm? for a radius of 20.50 um. Similarly,
the TFSF light source spans from 0.24 pm?® at a radius of 0.1 pm to 60.24 ym? at a
radius of 20.50 um. The scattering analysis group also adjusts accordingly, ranging
from 0.28 pm?® for a radius of 0.1 pm to 70.28 um® for a radius of 20.50 um. This
careful calibration ensures accurate analysis of the particle’s optical properties
across different sizes.

The light source used in the simulations is a Total-Field Scattered-Field (TFSF)
source, which is ideal for analyzing scattering in non-periodic structures illumi-
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Figure 4.1: Perspective view of the Yee cell in the Ansys Lumerical FDTD platform. From outside
to inside : Simulation volume, scattering analysis group, TSFSF source, absorption analysis group,
material sphere.

nated by a plane wave. This source simplifies scattering analysis by separating
the scattered field from the incident field, with the incident wave propagating
along the z-axis. For these simulations, a broadband frequency range from 0.2
THz to 6.5 THz was specified, which aligns with the frequency range utilized in
our experiments and measurements.

4.2.2 Grid meshing and boundary conditions

FDTD divides the simulation domain into a discrete grid (mesh), where the elec-
tromagnetic fields are computed at each time step. The mesh size plays a critical
role in balancing simulation speed and accuracy. A finer mesh provides more ac-
curate results but at the cost of longer computation times. For this study, the mesh
size was set to the particle radius divided by 20, and a second mesh with an equiv-
alent index of 6 was implemented to enhance precision. The equivalent index is
used to determine the mesh spacing based on the refractive index of the materi-
als in the simulation, with a higher index resulting in a finer mesh for improved
accuracy in modeling light-matter interactions.

Boundary conditions are essential to avoid unwanted reflections and artifacts.
Perfectly Matched Layer (PML) boundary conditions were applied to absorb out-
going waves and prevent reflections from the simulation boundaries, thereby en-
suring the integrity of the results [148]. This technique involves smoothly tran-
sitioning between regions of different refractive indices, effectively minimizing
reflections at the boundaries.



110 CHAPTER 4. SIMULATIONS AND CRI RESTITUTION APPLIED TO CALCITE

4.2.3 Material properties and refractive indices

The optical properties of the simulated materials, specifically quartz and calcite,
are defined by their refractive indices. While Lumerical includes an extensive
library of material indices, the refractive index data for quartz and calcite in this
study were sourced from [149] and [150], respectively. These indices were fitted
using the Lorentz oscillator model, which is commonly employed to describe the
interaction between light and absorbing materials. To simulate particles in air,
the refractive index of the surrounding medium is set to 1.

Quartz has characteristic phonon at 3.9 THz. However, its optical response in
the THz range is notably weaker than that of calcite (chapter 3). This discrepancy
raises an intriguing question: why does calcite exhibit a significantly stronger
response at 3.6 THz, despite quartz’s phononic activity at a similar frequency?

4.2.4 Analysis of simulation results

In the simulation setup, monitors are used to capture and record the electromag-
netic fields in specific regions around the particle. The monitors in the scattering
analysis group are positioned around the particle to detect the electromagnetic
energy radiated away from the particle in all directions. For absorption, the mon-
itors in the absorption analysis group are placed close to the particle to record the
decrease in energy as the incident electromagnetic field interacts with the particle
and is absorbed. These cross-sections were calculated by integrating the power
across the monitors positioned in the scattering and absorption analysis groups.
The scattering cross-section was computed as:

Pgcat (W)

_seatl®) (4.1)
Iincident (W)

Oscat =

Where Pscqt(w) and Ij,ciqgent (w) are respectively the total scattered power and the
intensity of the incident source.
The absorption cross-section can be calculated according the following equa-

tion :

Pabs (w)

Oabs — Ji

incident (LU) (42)

Where P,;s(w) is the total power absorbed by the particle.

The scattered and absorbed power are expressed in W and the intensity in
W/m?.

The simulations were validated by comparing the results with those obtained
from a custom-developed Mie scattering code. Following this validation, we con-
ducted parameter sweeps using 50 values for particle radius, ranging from 0.1
microns to 2.5 microns. This approach allowed us to systematically explore how
variations in particle size influence the scattering and absorption cross sections.
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4.2.5 Field visualizations and frequency domain analysis

The FDTD simulations provide valuable insights into the electric and magnetic
field distributions around the particles. Field plots were generated for the x-
normal profile, with frequency-domain field monitors capturing the local field
enhancement. These monitors record the electric (Ex, Ey, Ez) and magnetic (Hx,
Hy, Hz) field components, as well as the Poynting vector, over the spatial domain
(figure 4.1).

By analyzing these field distributions, we gain a better understanding of the
particle’s interaction with the electromagnetic wave. For example, abrupt changes
in color in the field plots indicate the edges of the TFSF source. Inside the source,
the total field (incident + scattered) is visible, while only the scattered field is
present outside. The absence of units in these visualizations is because the col-
ors represent normalized or relative values, making it easier to visualize the field
distributions without needing to know the exact values.

4.3 Phonon-polaritons in calcite

As discussed in Chapter 3, both quartz and calcite are major components of Gobi
Desert dust, with quartz comprising around 9% and calcite nearly 30%. These
compounds are crucial in studying atmospheric particles and their impact on the
environment.
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Figure 4.2: Absorption cross sections of 1 pm radius calcite sphere (purple) and 1 pm radius quartz
sphere (orange).
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A comparison of the optical response between a 100 mg pure quartz pellet and
a calcite pellet diluted to 10 mg reveals that calcite’s extinction is approximately
30 times stronger than that of quartz for the same mass. Interestingly, during
resuspension of quartz particles using the aerosol setup, no significant response
was observed, underscoring the need to focus on calcite’s behavior. Consequently,
the absorption and scattering properties of calcite and quartz were investigated
at the single-particle scale, focusing on particles with a radius of 1 pm.

Figure 4.2 compares the absorption cross sections of a 1 um calcite sphere and
a 1 pm quartz sphere. The selected particle sizes align with those measured by
the PROMOLED during resuspension, representing typical sizes of atmospheric
aerosols. This comparison clearly illustrates the markedly lower optical response
of quartz, with its phonon at 3.9 THz essentially vanishing when juxtaposed with
calcite’s much stronger phonon at 3.6 THz. The discrepancy in optical behavior
is stark, highlighting the dominance of calcite in terms of both absorption and
scattering cross sections.

4.3.1 Electric field plots and light-matter interaction

To gain deeper insights into the strength of phonon-polariton coupling in calcite
compared to quartz, we analyzed the electric field distribution plots for both ma-
terials. In Figure 4.3, the electric field distribution for a 1 pm calcite particle at 3.6
THz displays a uniformly high intensity across the entire particle, represented in
red. This strong uniformity signifies that the interaction between the THz beam
and calcite is exceptionally robust, indicating effective light-matter coupling. The
red regions throughout the figure illustrate the significant enhancement of the
electric field, which is characteristic of calcite’s pronounced phonon-polariton
resonance at this frequency.
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Figure 4.3: Electrical field distribution plots for calcite particle of 1 um radius at 3.6 THz.
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In contrast, Figure 4.4 depicts the electric field distribution for a 1 um quartz
particle at 3.9 THz. Here, while the spherical shape of the particle is clearly rec-
ognizable, the electric field distribution is markedly weaker compared to calcite.
The lower intensity levels suggest that the interaction between the THz beam and
quartz is limited, reinforcing the notion that quartz exhibits negligible phonon in-
fluence at this frequency. The absence of pronounced electric field enhancements
indicates a weaker light-matter coupling, in line with the expected behavior of
quartz’s phonon modes.

0.889

I 0.752

0.616

0.479

z{m) (x107™-B)

0.343

0.206

-5 -10 0% 00 05 10 15

0.0699
y(m) (x107-6)

Figure 4.4: Electrical field distribution plots for quartz particle of 1 um radius at 3.9 Thz.

Overall, the analysis of these figures highlights the distinct differences in phonon-
polariton coupling between calcite and quartz. The intense electric field response
in calcite contrasts with the relatively lower intensity observed in quartz, un-
derscoring the different light-matter interaction behaviors exhibited by the two
materials.

4.3.2 Dispersion relation and phonon-polariton excitation

In addition to the electric field distribution plots, the resonance characteristics of
calcite and quartz can be further analyzed by examining their respective permit-
tivity and dispersion curves. A key indicator of a material’s interaction with an
incident electromagnetic field is its dispersion relation, which characterizes how
waves propagate within the material. The dispersion relation for calcite, shown
in Figure 4.5, is described by the equation:

21w

w(k) = — (4.3)

nc

With :

« w the angular frequency in rad/s.
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« n the real part of the material’s CRI.

« cis the speed of light in m/s.
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Figure 4.5: Plot of the dispersion relation as a function of the angular wavenumber. The purple
line represents the value calculated with the real part of CRI of calcite and the black line the value
for a real part that is equal to 1.

The purple line in Figure 4.5 represents the dispersion relation for calcite, cal-
culated using its real part of the CRI, while the black line corresponds to a scenario
where the real part of the CRI is equal to 1. This graph provides insight into the
wave propagation behavior in calcite: when the real part of the CRI exceeds the
black line, the wave is propagative in the bulk; below this line, the wave becomes
non-propagative.

The dispersion relation indicates a strong coupling excitation at 3.6 THz, sig-
nifying the existence of a phonon-polariton mode in calcite. This notable feature
closely corresponds with the frequencies of the transverse and longitudinal opti-
cal modes, as demonstrated in prior studies of phonon-polaritons across various
materials [151-153]. The pronounced phonon-polariton coupling in calcite arises
from its crystal anisotropy, which facilitates enhanced light-matter interactions
at THz frequencies.

Calcite’s uniaxial crystal structure adds complexity to its interaction with elec-
tromagnetic waves. The different refractive indices for the ordinary and extraor-
dinary axes (for x, y, and z directions, respectively) can further influence the
phonon-polariton behavior, depending on the polarization of the incident light.
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The results presented focus primarily on a single polarization, but future work
could explore how varying polarization impacts both the scattering and absorp-
tion cross-sections. Given that calcite’s optical response is sensitive to polariza-
tion, the exploration of such effects could yield richer insights into its light-matter
coupling mechanisms.

4.4 Particle size effects on polariton mode

As previously mentioned, calcite’s real part of the complex refractive index (CRI)
significantly impacts its behavior, particularly due to the presence of polaritons.
When examining the effect of particle size on polariton modes, this influence be-
comes increasingly complex, as size-dependent changes introduce higher-order
electromagnetic interactions. According to Mie theory, for nanoparticles much
smaller than the incident wavelength, only dipole effects dominate. However, as
the particle size increases into the micro-scale range, these interactions evolve,
and higher-order multipole effects appear, altering the particle’s electromagnetic
field distribution and optical properties [154].

This section investigates how particle size influences the optical properties
and electric field distribution of calcite. Particles with radii of 5, 10, and 15 pm are
used as examples to illustrate these size effects.

4.4.1 5 pm radius particle: emergence of dipolar Mie mode

For a calcite particle with a radius of 5 pm, the phonon-polariton mode is recov-
ered at 3.6 THz. However, a dipolar Mie mode also begins to appear at 2.8 THz, as
indicated by the electric field distribution shown in Figure 4.7. At this size, both
the absorption and scattering cross sections are comparable at 3.6 THz.
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Figure 4.6: Absorption (a) and scattering (b) cross sections of calcite particle of 5 um radius.
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The electric field distribution at 2.8 THz (Figure 4.7) demonstrates the onset of
the dipolar Mie mode, while the distribution at 3.6 THz (Figure 4.7) continues to

highlight the phonon-polariton resonance.
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Figure 4.7: Electrical field distribution plots for calcite particle of 5 pm radius, at 2.8 THz (a) and
3.6 THz (b).

4.4.2 10 pm radius particle: broadened peaks and new modes

For a calcite particle with a 10 pm radius, both the absorption and scattering
peaks broaden and shift to lower frequencies. Additionally, new features begin
to emerge, particularly a bulk mode absorption. A second Mie mode appears at
5.5 THz, while a quadrupole mode arises at 6.3 THz. These new modes reflect the
particle’s increased ability to support more complex modes as its size grows.
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Figure 4.8: Absorption (a) and scattering (b) cross sections of calcite particle of 10 pm radius.

The electric field distributions at various frequencies (Figure 4.9) illustrate the
evolution of higher-order modes. At 2.7 THz (Figure 4.9), the dipolar Mie reso-
nance is still discernible. However, at 5.5 THz (Figure 4.9), another dipolar mode
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emerges. The quadrupole mode at 6.3 THz (Figure 4.9) exhibits an increasingly
intricate interaction between the particle and the incident field.
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Figure 4.9: Electrical field distribution plots for calcite particle of 10 um radius, at 2.7 THz (a), 3.5
THz (b), 5.5 THz (c) and 6.3 THz (d).

4.4.3 15 pm radius particle: emergence of additional multipolar modes
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Figure 4.10: Absorption (a) and scattering (b) cross sections of calcite particle of 15 pm radius.

For particles with even larger radii, such as 15 pm, bulk absorption continues
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to increase, and additional multipolar modes emerge. Figure 4.10 shows the ab-
sorption and scattering cross sections, where more complex modes dominate the

particle’s optical response.

The corresponding electric field distributions presented in Figure 4.11 high-
light the occurrence of increasingly complex interactions. Notably, at 5 THz, a
quadrupolar mode becomes evident, while at 5.8 THz, a hexapolar mode mani-

fests.
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Figure 4.11: Electrical field distribution plots for calcite particle of 15 um radius, at 2.3 THz (a),
2.75 THz (b), 3.4 THz (c), 4.2 THz (d), 5 THz (e) and 5.8 THz (f).
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4.4.4 Comparison of experimental and simulated cross sections

Finally, a comparison between experimental and simulated results highlights the
significant role particle size plays in the extinction cross section. Figure 4.12 com-
pares the experimentally derived absorption cross sections of calcite aerosols and
pelletized samples with simulated cross sections for calcite spheres of 2.65 pym and
12.35 pm radii. The experimental results confirm that smaller particles, as found
in aerosols, show a single peak corresponding to the polariton resonance, while
larger particles exhibit additional Mie dipolar modes, as seen in the pelletized
samples.

3,0 Calcite aerosol -
== = = Calcite pellet
FDTD simulation for 2,65 um radius sphere
25 = = - FDTD simulation for 12,35 pm radius sphere (divided by 100)| |

Absorption cross section (10'm?)

Frequency (THz)

Figure 4.12: Calculated effective cross section of calcite aerosol (purple) and calcite pellet (dotted
purple) compared to simulated absorption cross section of a single calcite sphere of 2.65 pm radius
(black) and of 12.35 pm radius (dotted black) in the 0.2-5 THz range. The cross section of 12.35
pm has been scaled by dividing by 100.

In conclusion, larger calcite particles exhibit stronger absorption and scatter-
ing cross sections due to their ability to support multiple Mie and polariton modes.
Coarse particles (larger than 10 pm), which constitute about a quarter of atmo-
spheric aerosols, have absorption and scattering cross sections up to 100 times
greater than smaller particles. Despite being fewer in number, their enhanced
optical properties give them a disproportionately large influence on the radiative
properties of atmospheric particles, contributing significantly to atmospheric en-
ergy balance and radiative forcing. This makes their study essential for under-
standing aerosol-climate interactions.
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4.5 Numerical methods for extinction and effective medium ap-
proximations

4.5.1 Extinction calculations

To compare the extinction cross-sections, two Python codes were developed. The
first code calculates extinction cross-sections using simulated absorption and scat-
tering data, while the second relies on Mie theory combined with spherical Bessel
functions.

Both codes take as input the lognormal fit of the experimentally measured size
distribution. This distribution corresponds to a calcite aerosol concentration of
64 mg/m?®, with a mean particle diameter of 385 nm and a standard deviation of 2
pm, as shown in Figure 4.13.
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Figure 4.13: Lognormal fit of the size distribution for a concentration of 64 mg/m? for a mean
diameter of 385 nm and a standard deviation of 2.

4.5.1.1 Method 1: simulated extinction calculation

The first method involves calculating the extinction cross-section as the sum of
absorption and scattering cross-sections obtained from FDTD (Finite-Difference
Time-Domain) simulations. The input particle diameters range from 0.2 ym to 9.2
pm, incremented by 1 pm for each size. For each size, the extinction cross-section
is computed and multiplied by the corresponding weight in the size distribution,
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determined using linear interpolation. The total extinction is then normalized by
the total size distribution weight.

4.5.1.2 Method 2: Mie theory extinction calculation

The second method uses Mie theory, where extinction is derived by calculating
the Mie coefficients, a,, and b, for each particle size. These coeflicients are so-
lutions to Maxwell’s equations for spherical particles and depend on the refrac-
tive index and size parameter of the particles. The Mie coefficients a,, and b,, are
derived using spherical Bessel functions and the Riccati-Bessel function, which
incorporates the complex refractive index.

()i (@) = da(e)iy ()
" ()€ (x) — En(2) 0 (72)
_ (i)l () — b () (22)
()8 () — it () 1 ()

(4.4)

bn

(4.5)
With :

« 1 the complex refractive index.

« x the size parameter.

« ¢ (x) the spherical Bessel function of the first kind.

« Y, () spherical Bessel function of the second kind.

o &(2) = Yy () — iY,(x) the Riccati-Bessel function.

The extinction efficiency factor, Q¢.:, is computed as follows:

2 o0
Qext = 2 ;(271 + 1)R(an + by) (4.6)

Where n,,4. is the maximum number of terms included, which is based on the
size of the particle and wavelength of the light.

The factor % normalizes the result based on the size parameter to give the
extinction cross-section relative to the geometrical cross-section of the particle.
It comes from the ratio of the Mie extinction cross-section to the geometric cross-
section of the particle, ensuring that the extinction efficiency is properly scaled
and dimensionless.

The imaginary part of the Mie coefficients does not represent a loss of energy
from the incident wave but rather a temporary storage of energy that is returned
to the electromagnetic field. By taking only the real part, the formula accounts
for the energy that is permanently removed from the incident wave. The extinc-
tion cross-sections are weighted according to the particle size distribution and
summed to obtain the total extinction spectrum.
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4.5.1.3 Comparison of results

Figure 4.14 shows the extinction spectrum derived from the FDTD simulation and
the Mie theory-based method.
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Figure 4.14: Extinction spectrum calculated from the simulations outputs (i.e. absorption and
scattering cross sections at different particle radii) in purple, compared to the extinction spectrum
calculated with the Mie coefficients code in black.

The simulated extinction spectrum and the one that is calculated from Mie
theory overlap well. The similarity between these two extinction spectra obtained
using two different calculation methods for the same input indices demonstrates
that the cross sections obtained during the FDTD simulations are reliable. The
extinction calculated with the simulated cross sections averages only the data for
10 sizes, which may explain the slight difference between the two extinctions.

A final observation is that the simulated extinction spectra are finer than those
measured experimentally, suggesting that the particle size distribution may in-
deed include larger particles. Consequently, the THz beam is likely capable of
detecting a broader range of particle sizes. However, larger particles may sedi-
ment more rapidly and could impact the experimental cell, preventing them from
being captured by the PROMOLED particle counter. This highlights the need for a
comprehensive understanding of the entire particle size distribution to accurately
interpret the optical responses observed in the experiments.
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4.5.2 Effective Medium Theory (EMT)

Effective Medium Theory (EMT) is a powerful tool used to predict the macro-
scopic properties of composite materials based on their microscopic structure. It
allows for the treatment of heterogeneous mixtures as homogeneous media by
averaging the properties of individual components.

4.5.2.1 Local field correction in EMT

The local field correction, often referred to as the Lorentz local field correction,
plays a crucial role in effective medium theories like the Clausius-Mossotti re-
lation. This correction accounts for the fact that, in a material, the local field
experienced by an individual particle is not the same as the macroscopic external
field applied to the entire material. Instead, it is influenced by the nearby particles
and the surrounding medium.

In the context of the Clausius-Mossotti relation, this correction assumes that
the long-range interactions between particles are isotropic, particularly for sys-
tems composed of spherical particles. Isotropy here implies that the particles in-
teract with each other in a uniform way, regardless of direction. This assumption
greatly simplifies the modeling of how these particles collectively influence the
macroscopic properties of the material. For spherical particles, the assumption of
isotropy holds well because the shape symmetry ensures that the local interac-
tions average out uniformly in all directions. However, for non-spherical parti-
cles, the local field correction becomes more complicated, as anisotropy must be
accounted for.

The Clausius-Mossotti relation itself'is a classical equation that links the macro-
scopic dielectric constant (or permittivity) of a material to the polarizability of its
individual particles. It is derived by considering the balance between the applied
electric field and the local electric field experienced by each particle, including
the effect of nearby particles via the Lorentz local field correction.

o 3 e—1

- - 4.7

v e+ 2 (4.7)
= 4.8

@ EZ‘—I—QT ( )

With :
« r sphere radius in m.

« « the polarisability of each particle.

N

- v the specific volume, 7,

volume.

N being the number of particles and V the total
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The volume fraction for spherical particles is :

A3 N

fi = G (4.9)
Agrr3

fi= » (4.10)

In summary, the Lorentz local field correction in the Clausius-Mossotti rela-
tion and similar effective medium theories serves to bridge the gap between mi-
croscopic particle interactions and the observable macroscopic properties of com-
posite materials. This approach is particularly powerful when dealing with sys-
tems where long-range interactions are isotropic, such as those involving spher-
ical particles, leading to reliable predictions of material properties.

4.5.2.2 Bruggeman and Inverse Bruggeman approximations

In addition to the Clausius-Mossotti relation, Bruggeman theory is another im-
portant effective medium theory (EMT) that extends the approach to mixtures of
different materials. While the Clausius-Mossotti relation applies to systems where
one phase is embedded in a continuous matrix (such as a suspension of particles
in a fluid), the Bruggeman theory is more general and symmetric. It treats the
different phases on equal footing, making it particularly useful for describing ma-
terials where multiple phases are distributed randomly, such as in composites or
porous media. The key difference in Bruggeman'’s approach is that no component
is assumed to dominate or act as a host matrix. Instead, all phases are considered
symmetrically, and the effective property of the medium is derived by averaging
the contributions of all components. For a two-component system, Bruggeman
theory uses a self-consistent equation that relates the volume fractions and prop-
erties of each phase to the overall effective property of the mixture [155, 156].
For example, in the case of electrical permittivity, the Bruggeman equation for a
binary mixture of materials with permittivities and volume fractions is given by:

. _ .BG BG

€ — €, €m — €,
fim—=LE + fm o =

= 4.11
€ + 266” €Em + ZEEﬁ ( )

With :
« €. the effective permittivity of the mixture.
* e, and ¢;, permittivity of the medium and the inclusions, respectively.
e fm and f;, volume fractions of the medium and the inclusions.

The inverse Bruggeman equation for a two-phase system where one phase is
dominant can be written as:

— BG
6 = EBf?z (fi = 2fm)em + 2€eff
I fnlem — effcjc) + filem — 265[6;)

(4.12)



4.5. NUMERICAL METHODS FOR EXTINCTION AND EFFECTIVE MEDIUM APPROXIMATIONS125

In the terahertz frequency range, the Bruggeman theory is particularly useful
for modeling aerosols with higher concentrations of particles, non-spherical par-
ticles or irregularly shaped particles, which are more common in natural aerosols.
It can also suit to mixed-phase aerosols, such as water droplets combined with
solid particles, where the phases have comparable volume fractions and interac-
tions between particles cannot be neglected.

4.5.2.3 Maxwell-Garnett and Inverse Maxwell-Garnett approximations

Maxwell Garnett theory, however, is specifically suited for cases where a mate-
rial consists of small inclusions of one phase embedded within a continuous host
medium (or matrix). This approach assumes that the inclusions are much smaller
than the wavelength of any incident electromagnetic field, and that the interac-
tions between inclusions are weak.

For a composite with spherical inclusions of dielectric constant embedded in a
matrix with dielectric constant and a volume fraction of inclusions, the effective
permittivity is given by the Maxwell Garnett formula:

MG € + 2€m + 2fi(€i — €m)
Ceff = Em—_ >
€z+26m_fz<€z_€m)

This formula assumes that :

(4.13)

« The inclusions are small compared to the wavelength of any electromagnetic
field, meaning they do not disturb the field too much.

« Inclusions do not strongly interact with each other; their effects on the macro-
scopic properties are largely independent.

« The volume fraction of inclusions is generally small, so the host medium is
the dominant component of the composite.

Inverse Maxwell Garnett theory, on the other hand, works in reverse. It is
used to retrieve the permittivity of the inclusions based on known values for the
effective permittivity of the composite, the permittivity of the host medium, and
the volume fraction of inclusions :

MG (fi +2) = 2fmem
m€m<2fi + 1) - eé\;t[?fm

;= (4.14)

At THz frequencies, many aerosol particles are typically smaller than the wave-
length, which makes the Maxwell Garnett assumption of weakly interacting in-
clusions valid.

However, it is crucial to recognize the numerical limitations associated with
these methods, which necessitate a more analytical approach. The challenges in-
herent in the Inverse Maxwell-Garnett theory stem from several factors related
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to its foundational assumptions. For instance, the numerical implementation of
these models can experience instabilities, particularly when calculating permit-
tivity at extreme volume fractions. Additionally, strong interactions among inclu-
sions can lead to significant deviations from the predicted effective permittivity,
complicating the numerical analysis further.

Initially, I attempted to implement the inverse formulas directly; however, I
discovered that utilizing optimization codes for minimization yielded more reli-
able results. Currently, I am focused on integrating this methodology into Fit@TDS,
which will enable the extraction of the material’s refractive index independently
of the inclusion volume fraction. This approach promises to enhance the accuracy
and robustness of our analyses.

4.5.3 Maxwell-Garnett Mie theory (MGM)

The Maxwell Garnett theory is based on the assumption that aerosol particles are
much smaller than the wavelength of the electromagnetic waves interacting with
them. In this scenario, the particles are treated as dipoles and their interactions
with the electromagnetic field are described by Rayleigh scattering. When the
particle size becomes comparable to the THz wavelength, simple Rayleigh scat-
tering breaks down, and Mie scattering must be used to accurately describe the
interaction of electromagnetic waves with particles.

The Modified Maxwell-Garnett with Mie correction is an extension of the clas-
sical Maxwell-Garnett effective medium theory. It accounts for the scattering and
absorption effects that occur when light interacts with particles whose size is
comparable to the wavelength of light. This is achieved by incorporating the Mie
theory, which describes how spherical particles scatter electromagnetic waves.

The Mie correction is derived from the Mie coeflicients and accounts for the
scattering efficiencies:

n'"L(L(L'
Mie correction = Z (|an|2 + |bn|2) (4.15)

n=1

Where a,, and b,, are the electric and magnetic Mie coefficients for different scat-
tering modes, and n,,,; is the maximum order of the Mie modes (determined by
the size of the particle and the wavelength of light).

The Mie correction modifies the original Maxwell-Garnett formula to account
for the additional scattering and absorption effects. The modified formula be-
comes:

€cf feorrected = €cf f + Mie correction X €pariz X f (4.16)

The Mie correction is applied to the permittivity of the matrix in the Modified
Maxwell-Garnett formula because the correction reflects how the scattering and
absorption effects modify the electromagnetic response of the host medium when
light interacts with the dispersed particles. The scattering and absorption effects
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represented by the Mie correction describe how the presence of particles modifies
the wave propagation in the surrounding medium, which is the matrix. The cor-
rection is also multiplied by the volume fraction of of the particles, because the
scattering and absorption effects only affect a portion of the matrix depending on
the concentration of particles.

This modification adds a term proportional to the scattering efficiency to the
effective permittivity, thereby capturing the additional optical effects caused by
the interaction of light with the particles. Each size has its own Mie correction,
and the total effective permittivity is computed by weighting the corrected per-
mittivities according to the particle size distribution.

The code applies the Maxwell-Garnett theory modified with Mie coefficients,
to determine the effective permittivity of the matrix containing the particles. For
each frequency, it calculates Mie coefficients for each particle size in the distribu-
tion and weights the contribution of each size to the effective permittivity. The
effective refractive index is then computed from the effective permittivity for each
frequency [157].
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Figure 4.15: The imaginary part of the effective CRI of the calcite aerosols’ Lorentz oscillator fit
in purple compared to the imaginary part of the effective CRI calculated from de MGM code in
black.

The results indicate that the real and imaginary parts of the effective index de-
rived from the FIT@TDS software are broader compared to those from the MGM
code (figures 4.15, 4.16). Additionally, there is a noticeable shift to higher frequen-
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cies with the MGM code, showing values of 3.4 THz for MGM compared to 3.2
THz for FIT@TDS. This discrepancy suggests that the size distribution provided
by the optical particle sizer does not accurately represent the particles interacting
with the THz beam. The effective CRI from the MGM code was calculated for a
volume fraction of 2 x 1079 which is consistent with the experiment.
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Figure 4.16: The real part of the effective CRI of the calcite aerosols’ Lorentz oscillator fit in
purple compared to the real part of the effective CRI calculated from de MGM code in black.

In conclusion, developing a dedicated code to infer the particle size distribution
from the effective index of the suspended calcite particles, along with the expected
index values, would provide valuable insights into the interaction between THz
radiation and aerosol particles. As previously mentioned, the experimental gran-
ulometric distribution may not fully capture the range of particle sizes that the
THz beam interacts with. It is plausible that particles with diameters around 10
pum are present and interact with the beam, significantly influencing the effective
index recorded in our experiments.

To address this discrepancy, a subsequent step would involve performing an
inverse Maxwell-Garnett (MGM) analysis. This process would utilize the granu-
lometric distribution along with the measured effective index to directly deduce
the refractive index of the suspended calcite particles.

Furthermore, this approach not only aims to enhance our understanding of
the optical properties of calcite aerosols but also seeks to refine the predictive
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models used in aerosol science. By correlating the effective index with the ac-
tual size distribution, we can improve the accuracy of our theoretical predictions,
which is essential for applications in atmospheric science, remote sensing, and
environmental monitoring,.

The development of these two codes—one for extracting the particle size dis-
tribution from the effective index and the other for performing the inverse MGM
analysis—is currently underway. Preliminary results and findings from these
analyses may be presented during the thesis defense, showcasing the potential
for advancing our understanding of THz interactions with aerosol particles.

4.6 Conclusion

In this chapter, we explored numerical methods for calculating extinction cross
sections and discussed EMT for characterizing the complex behavior of calcite
aerosols in the THz frequency range. The comparison of extinction spectra us-
ing two different approaches —simulated absorption and scattering cross sec-
tions from FDTD simulations and Mie theory—demonstrated strong agreement
between the methods, validating the reliability of both approaches. While minor
differences were noted, these are attributed to the discrete particle sizes consid-
ered in the simulations and the inherent limitations of numerical averaging.

The effective medium approximations provided a deeper understanding of
how the macroscopic electromagnetic properties of a composite material, such
as aerosols, can be derived from its microscopic structure. Classical models like
the Clausius-Mossotti relation, Bruggeman theory, and Maxwell-Garnett theory,
along with their inverse counterparts, were examined. These models offer valu-
able insights into the behavior of particles in different concentration regimes and
their interactions with the surrounding matrix.

To bridge the gap between Rayleigh scattering for small particles and Mie
scattering for larger ones, we introduced the Modified Maxwell-Garnett Theory
with Mie corrections. This approach allows for a more accurate representation of
light-particle interactions, particularly when particle sizes are comparable to the
THz wavelength. By incorporating Mie coefficients, the method accounts for both
scattering and absorption effects, providing a refined calculation of the effective
complex refractive index (CRI).

The results of the MGM code were compared with experimental data from
the FIT@TDS software, revealing discrepancies in both the broadening and fre-
quency shifts of the effective CRIL. These differences highlight the limitations of
the optical particle sizer in capturing the full range of particle sizes that interact
with the THz beam. Overall, this work underscores the importance of combin-
ing various theoretical and numerical approaches to better understand aerosol
behavior in the THz region and improve the accuracy of extinction and effective
medium predictions.
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Future work could focus on refining particle size distributions based on mea-
sured extinction spectra or developing reverse-engineering techniques to gener-
ate size distributions from effective CRI data, offering further opportunities to
enhance the precision of aerosol characterization in complex environments. Fu-
ture work could also involve conducting simulations with more complex particle
shapes. Having established that Mie effects play a significant role in the THz
range for the analysis of suspended atmospheric particles using spherical mod-
els, exploring non-spherical geometries could provide deeper insights into the
interactions and behaviors of aerosols in real-world conditions. This approach
would enhance our understanding of how variations in particle morphology in-
fluence scattering and absorption characteristics, potentially leading to more ac-
curate predictions of aerosol impacts on climate and atmospheric processes.

In summary, this chapter emphasizes the critical need for integrating various
theoretical and numerical approaches to advance our understanding of aerosol
behavior in the terahertz (THz) range, with particular focus on phonon-polariton
aerosols and their multifaceted role in climate dynamics. These aerosols exhibit a
high efficiency in absorbing infrared radiation, which can lead to localized warm-
ing and intensify the greenhouse effect, particularly in regions of elevated aerosol
concentration. However, the significance of this absorption effect compared to
that of infrared and ultraviolet-visible (UV-vis) radiation remains uncertain and
requires further investigation. While there is a possibility that phonon-polariton
aerosols could play a role in climate dynamics, their overall impact is not yet well
understood, necessitating additional research to explore their interactions and
contributions to atmospheric processes.

Beyond their thermal and radiative impacts, phonon-polariton aerosols have
potential implications for atmospheric chemistry and photochemical reactions
[158]. The unique electromagnetic properties of these aerosols could influence
reaction kinetics on particle surfaces, affecting the formation or breakdown of
certain atmospheric compounds. Their interactions with solar radiation, espe-
cially in the THz to infrared range, might also catalyze or inhibit photochemical
reactions that impact atmospheric composition, ozone dynamics, and pollutant
lifetimes.

Calculations are necessary to quantify the effects of polaritons, particularly
through radiative transfer computations, as current understanding remains spec-
ulative. Altogether, understanding these unique thermal, optical, and chemical
influences of phonon-polariton aerosols is crucial for accurately predicting their
broader implications in climate and atmospheric chemistry and for developing
effective mitigation strategies in response to their complex environmental inter-
actions.



General conclusion

This thesis presents a pioneering approach to investigating atmospheric aerosols
in the THz frequency range, filling significant gaps in understanding their optical
properties and environmental impacts. Leveraging a custom-developed measure-
ment system based on THz-TDS, this research offers new insights into aerosol
interactions in the THz domain (0.2-5 THz) and covers particle diameters rang-
ing from 0.1 to 10 pm. By capturing THz absorption and scattering phenomena
across both natural and synthetic aerosols, including Gobi Desert dust, calcite, and
kaolinite, the study establishes a framework for interpreting aerosol properties
that influence climate dynamics, especially in radiative forcing and atmospheric
composition.

A key innovation of this work is the development and validation of a THz-
TDS aerosol measurement bench, characterized by its sensitivity, signal stability,
and uncertainties in THz signal interaction. This setup enables high-precision
measurements of resuspended particles, achieving detection thresholds as low as
1.6 mg/m?® for Gobi Desert dust and 10 mg/m?® for calcite. During moderate dust
events, atmospheric concentrations in the troposphere can typically range from
20 to 50 pg/m?® while in severe dust storms, concentrations may soar to as high
as 1,000 pg/m?® [159,160]. By referencing the Gobi concentration and considering
an enhancement in sensitivity ranging from 1.5 for severe storms to 30 times for
moderate events, our system could potentially facilitate real-time monitoring of
these atmospheric dust concentrations in the troposphere.

The resulting THz extinction spectra show a proportional relationship to par-
ticle concentration in the cell, confirming the system’s reliability and consistency.
By rigorously examining uncertainties, particularly in the imaginary component
of the effective complex refractive index, it was confirmed that observed signals
indeed reflect particle interactions rather than instrumental artifacts. Notably,
the spectral region around 3 THz emerged as significant for studying aerosols,
revealing unique absorption features that enhance sensitivity to particle compo-
sition and morphology within this band.

In addition to optical measurements, this research incorporated comprehen-
sive material characterizations using SEM-EDX and XRD. These analyses pro-
vided a detailed picture of the chemical composition, structural morphology, and
crystalline phases of the aerosol samples. It allowed for precise identification of el-

131



132 CHAPTER 4. SIMULATIONS AND CRI RESTITUTION APPLIED TO CALCITE

emental composition and particle morphology at high resolution, which is essen-
tial for correlating physical and chemical characteristics with optical responses
in the THz range.

An automated analysis performed on Gobi Desert particles showed that the
sample was composed of approximately 40.8% illite, 29.4% calcite, 9.1% quartz,
and 20.7% other clays, with chemical compositions suggesting external mixing
tendencies. This compositional analysis demonstrated that, when scaled to 70%
of illite’s extinction, illite’s response accounts for a substantial portion of the Gobi
Desert sample’s behavior for the same mass. Calcite likely contributes to the
remaining response around 3 THz, while quartz, though prominent in the infrared
range, has negligible influence in the THz domain.

Furthermore, differences in responses were observed between pellets and sus-
pensions of the same powder, underscoring the importance of conducting exper-
iments directly on atmospheric aerosols in suspension. These discrepancies are
primarily attributed to size effects; larger particles found in pellets do not re-
suspend easily. Ideally, the powder should be sieved to ensure that the particle
size distribution in the pellets is representative of that in the suspensions. This
would allow for a clearer understanding of whether any remaining effects arise
from changes in the environment surrounding the particles, such as the contrast
between a docosane matrix and gaseous nitrogen. In addition to these consid-
erations, the investigation of powders in pellet form allowed for an exploration
of complex natural compounds, including feldspar. Remarkably, the results re-
vealed that THz-TDS could effectively differentiate between the various poles of
plagioclase feldspars, providing a novel approach for identifying mineralogical
variations in desert sands, which is essential for atmospheric dust characteriza-
tion.

The effective indices of various compounds were extracted using custom de-
veloped algorithms, Correct@TDS and Fit@TDS. Particular attention was paid to
extracting uncertainties associated with transmission as well as with the complex
refractive indices, which is essential for bolstering confidence in the robustness
of our data. The integration of Lorentz oscillator models for fitting not only im-
proved the accuracy of the adjustments but also allowed for a better capture of
the dispersive behaviors of the studied materials. This approach provided a solid
foundation for validating experimental results and contributed to a deeper under-
standing of optical interactions in the THz domain. Moreover, the optimization
of the algorithms facilitated data analysis, making the extraction process more
efficient and reproducible, while also paving the way for future studies on other
complex compounds.

Building on this methodological framework, I explored numerical methods
for calculating extinction cross sections and Effective Medium Theory to char-
acterize calcite aerosols in the THz frequency range, finding strong agreement
between Finite Difference Time Domain simulations and Mie theory, which val-
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idated their reliability. Classical models like Clausius-Mossotti, Bruggeman, and
Maxwell-Garnett provided insights into the relationship between macroscopic
electromagnetic properties and microscopic structures, highlighting particle in-
teractions across varying concentration regimes. The Modified Maxwell-Garnett
Theory, enhanced with Mie corrections, improved the modeling of light-particle
interactions, particularly for THz wavelengths. However, discrepancies between
the MGM code results and FIT@TDS data revealed limitations in capturing the
full range of particle sizes affecting the effective CRI.

This work establishes a foundational framework for future research on aerosols
in the THz domain, with opportunities to advance aerosol-cell design aimed at
improving experimental precision. Subsequent studies may investigate THz in-
teractions with liquid aerosols, explore atmospheric reaction kinetics, and assess
aerosol responses to emerging 5G frequencies. The potential for outdoor mea-
surements using this type of spectrometer appears promising, particularly with
ongoing miniaturization efforts and anticipated enhancements in sensitivity.

Furthermore, advancements in photoconductive antennas, which operate at
higher frequencies and provide improved dynamic range, are expected to signif-
icantly boost the capabilities of our measurement system. The exploration of a
multipass cell setup could also lead to remarkable improvements in detection lim-
its and expand the range of aerosol analyses.

In addition, refining particle size distributions obtained from extinction spec-
tra and examining non-spherical geometries will enhance our understanding of
aerosol behavior, particularly within the context of Finite Difference Time Do-
main simulations. Collaborations with climatologists are strongly encouraged to
quantify the climatic effects of polaritonic particles and integrate these findings
into climate models, thereby advancing our understanding of radiative forcing
and aerosol-cloud interactions on a global scale.

Overall, this thesis not only advances atmospheric science and terahertz spec-
troscopy but also addresses pressing environmental and climate-related ques-
tions. By providing tools and data to better understand aerosol impacts on ra-
diative balance and atmospheric chemistry, this research is positioned to inform
future climate strategies, enhance environmental monitoring, and contribute to
global efforts to mitigate climate change.
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