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Chapter 1
INTRODUCTION

Undoubtedly, people have always been exposed tousananoparticles via numerous natural
phenomena, e.g. dust storms, volcanic ash, conoloustiater evaporation, etc. At the same
time, the human body has evolved to protect itfelin potentially harmful influence of
nanoparticles. However, from the technological paihtview, for a long time we were not
able to detect, control or use nanoparticles to iadystrial application. The situation had
changed with rapidly developing technologies inlé®t decades of the 9@entury.

Nowadays, nanoparticles and aggregates of nandearaire the subject of intensive research
due to their unusual physical properties and p@keteéchnological impact. Basically, there
are two primary factors that makes nanoparticlgsicantly different comparing to the bulk
materials: surface effects and quantum effects¢Buwe al. 2007). Both of them influence any
aspects related to the nanoparticles i.e. theimated reactivity, mechanical, optical, electric
and magnetic properties. In the same way, nancfestexhibit additional interesting and
completely new properties, like strong ionic forcesusual thermal diffusion or surface
plasmons effects. They are also the subject ofrenwiental and health concerns. Figure 1.1
shows some examples of nanopatrticle aggregatesieteced in various fields.

The surface effects are related to the fractioatoms at the surface, which for nanomaterials
is thousands of times larger than for the bulk odssan example, if we consider a single
carbon microparticle with60 zm in diameter andd.3ug mass, its surface area is equal to
0.01mnt (Buzea et al. 2007). To have the same mass in caraooparticles with diameter
60nm we need to take 1 billion particles. Their surfazea is11.3mnf giving the ratio
surface area to the particles volume around 10@€egi higher than for the single
microparticle. As the particles reactivity is maned less determined by their surface, we can
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CHAPTER 1 - INTRODUCTION

clearly see that reactivity of nanoparticles insesasignificantly comparing to the ordinary
bulk materials, even at the microscale.

The quantum effects are related to the size ofgbestand appear as a sets of phenomena that
are typical for single atoms rather than for p&ticor molecules (Roduner 2006).
For instance, similarly as electrons in a singlmmtquantum dots shows quantized energy
spectra due to the electrons confinement. They dstraie also quantified changes in their
ability to accept or donate electrical charges. a®bther interesting result of the quantum
confinement effect is that magnetic moments appeaanoparticles of chemical compounds
that are non-magnetic at a macroscale, e.g. gojgdatinum (Buzea et al. 2007).

TITT
I

S |

Figure 1.1. Nanoparticles in various fields: (a@rthonuclear reactor and dust produced during the
nuclear reaction, (b) plasma reactor and nanopgwdenozzle to produce aerosols with spray drying
method and highly-ordered Buckyballs aggregatgdldthe and soot, (e) suspension and aggregation.

All the aforementioned issues cause that ultra-finepowders (nanometer-sized aggregates,
ceramics and crystals, quantum dots), nano-colloglespensions (slurries, nanofluids,
emulsions, gels) or nano-sized aerosols (vartusss, fine-droplet liquid paints, carbonaceous
aggregatesare the milestones of the future science.

As already pointed out above, nanoparticles andeggges of nanoparticles are highly
interesting from the scientific and technologicaint® of view. Nonetheless, to understand, to
monitor and to control their properties and forrmatmechanisms in various systems, it is
fundamental to access to key parameters like parsize distribution (PSD) and particle
number concentrationd,). But, this is precisely a challenge from the miefgical and

experimental points of view. Sampling and off-lia@alyses (e.g. electron microscopy,
electro-mobility, etc.) are the most widely usedtimeés to characterize properties of nano
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and microparticles (i.e. size, shape, elementary position and specific surface area).

However, for so reactive and fragile objects, weability and repeatability of such analyses
may be questionable. For instance, the samplinggoitre can be biased by the particle flow-
field dynamics or the smallest particles can rem@apped in micro roughness of the

sampling tool or the substract (like in tokamalk&g)art from that, aggregates can be broken
down due to the rolling and collapsing effects pithe sampling procedure itself. For all the
above mentioned reasons, optical particle siziogrigjues appear to be very suitable for the
in-situ and the in-line characterization of the piwilogical properties of nanoparticle

systems.

Various optical methods have been developed taactenize particle systems, e.g. (Xu 2002).
However, using them to characterize complex padits not an easy and trivial task. In the
next paragraphs, to illustrate our purposes, thar@dge and limits of four optical techniques
used to characterize nanoparticles form in combunsand plasma systems are briefly
reviewed.

- Particle Imaging VelocimetryPIV) and Particle Tracking Velocimetry(PTV)
techniques (Stanislas et al. 2004) allow to meathgevelocity of submicron particles. Both
techniques relies on the illumination of the paetitow by two intense and successive pulsed
laser sheets. The particles “image”, recorded IC&® camera localized & =90°, is just
a bright spot whose size depends only on the ppirdad function (PSF) (Goodman 1996) of
the imaging system. Using short time pulses (a f@amoseconds with a YAG laser) and
a short time delays between the two successiveepudsad images (down to few hundred
nanoseconds with a typical PIV/PTV camera) alloviré@ze particle motion and to measure
velocities up to several hundred meters per second.

The only difference between PIV and PTV relies lo@ humerical algorithm used to obtain
the velocity field. PIV estimates this field by nseang the global displacement of all
particles within small interrogation windows (iaw PIV images are meshed). Thus, based
on a local flow field continuity assumption, PIV guides an Eulerian description of
particulate media. On the other hand, PTV tracksheparticle motion, providing an
Lagrangian description of the particulate medig.(€Ouellette et al. 2006)). Therefore, PTV
appears to be more appropriate for analyzing tlatiadpdistribution of particles or particle
properties linked to their charge and dynamicstiéarimaging techniques are basically
constrained by the diffraction limit (Goodman 1996)aking it impossible to image the
surface and structure of sub-micron aggregategekhddepth of view, optical magnification
and aberrations, pixel size, particle size anchotiive index, are also fundamental parameters
that limit imaging technique capabilities.

However, imaging techniques can be used to chaiaetthe size and the velocity of larger
particles (see Figure 1.2 (a)). For this purpo$e, PTV system must be operated in
abacklight mode. In that configuration, the flow field is lBaghted by a collimated beam,
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produced by a double pulse flash lamp or a laséreM\& laser is used, a diffusion plate or a
fluorescence cell must be used to decrease th&lspaase level (Guenadou et al. 2008). The
CCD camera is equipped with high magnification optnd placed in front of the lighting
beam (i.e. #=0°). With conventional systems, the minimum partisize that can be
“measured” is= 4 um for a working distance of 4 mm and a field of view of= 400x 400mv

. These technigues have been extensively useddothé size of nanoparticles in colloids or
fusion plasmas (where the nanoparticles inter-d¢ga or velocities are connected to their
electrical charge, and then, their size) but threyret really of practical use for other systems
(see Table 1.1) (Onofri et al. 2011b).

Shadow. imag. emission
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Lamp & Spectrometer L1
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Rotative Linear
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Figure 1.2. Basic experimental optical setups &rfhadowgraph imaging, Laser Light Scattering
(LSS) and Ellipsometry techniques; (b) Light Extion Spectroscopy (LES) and Laser Induced
Incandescence (LII) techniques (Onofri et al. 2Q011b

- Laser Induced Incandescence (Lbfcurs when a laser beam encounters solid
absorbing particles (Melton 1984; Schulz et al. 20@&chelsen et al. 2007; Vander-Wal
2009). The absorbed energy causes an increase gfatticle temperature. Simultaneously,
particles lose energy via heat transfer with tseirounding. If the energy absorption rate is
sufficiently high, the temperature can reach highiels where significant incandescence
(essentially blackbody emission) and vaporizatibarpmena can occur. The inversion of the
LIl signal intensity and time-decay is done withP&D model assumption, allowing the
determination of the volume concentration and tleamsize of all single particles (referred
also as monomers) and all small aggregates witl@nmteasurement volume. It can be a local
(the detector is a photomultiplier, PM) or a 2D sw@ament (the detector is a streak camera,
with a time resolution of a few nanoseconds (Dé&dwt al. 2005; Desgroux et al. 2008)), see
Figure 1.2 (b). The LIl basic setup is then composta pulsed laser, a focusing optics, a
collection (1D) or an imaging optics. Although, ghechnique is still under development, it
has been used with success in combustion sciemcetdicharacterize soots). It is however
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fundamentally limited to extremely small absorbpayticles at low concentration (see Table
1.1).

- The Laser Light Scattering (LL$)eferred also as the Nepholometry technique)
analyzes the angular scattering patterns produged bample of particles illuminated by
focused and continuous laser beam, randomly areatly polarized (Xu 2002).

A LLS setup is generally, and basically, compose@ afet of lenses, an interference filter
centered onto the laser wavelength (to attenuateofitieal background noise), a linear
polarizer (to selecparallel or/and perpendicular polarization), a spdilter (to control the
probe volume size) and a photomultiplier, see g2 (a). Like most optical particle
characterization techniques, LLS technique is kohito optically diluted particle systems
although solutions have been proposed to correctiptaulscattering effects with optical
methods (Meyer et al. 1997; Onofri et al. 1999)data inversion (Mokhtari et al. 2005;
Tamanai et al. 2006). The main drawbacks of the bB8Sthat it cannot perform absolute
particle concentration measurements, it requiredewoptical accesses and a stationary
process (i.e. regarding the scanning time). Howether LSS has two clear advantages: like
the LII technique, it allows the detection of extiely small particles (e.g. monomers) at low
concentration and, in addition, scattering diagraames very sensitive to the morphology of
aggregates (see Table 1.1 and reference (Onditi 2011b) for additional inputs).

Table 1.1. Summary of key features of the variqutgcal techniques.

Technique Shadow-imag. LES LIl LSS Ellipsometry
lllumination Flash lamp, Stabilized continuous continuous
system pulsed laser and thermal source Pulsed laser, wave laser, wave laser,
flurosc. cell, 50w 50-700mJcnt
0.1-100mJ 0.5-5W 0.5-5W
Detection Rotat. system, .
system CCD camera Spectrometer PM or streak PM and PM W'th. rotat.
camera . polarizer
polarizer
Size range ~4umtocm 10nm—2um 2nm-0.5um 10nm-2mm 10nm—2um
Concentration Relative Absolute Relative Relative elaive
Probe volume | Slab, Fomnt — Cylinder, Cubic or Slab, Cubic, Cubic,
107 cn? cnt—10cn®  10%°mnf—cn? 10°mni-cn?  10%mn? —cn?
Main Flow pattern  Limited access, Low . Fraptal Morphology,
advantage . . . . dimension, low low
size-velocity long distance  concentration . .
concentration  concentration
Main Only large par. Particle material Only monomers  Wide optical Stationary flow
drawbacks depth of view, spectrum and dilute access needed, y '
. : Local meas.
speckle noise needed aggregates  Stationary flow

- Ellipsometryinfers the properties of particles from their apilto modify the
polarization state of the scattered light. For fhugpose a continuous wave (CW) laser is used
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to produce a focused and polarized beam (i.e. laguor linearly) that illuminates the
particles within a small probe volume, see Figur2 (h). Like the LSS, and for the same
reasons, the collection optics is composed of ak&tnses, an interference filter, a spatial
filter and a photomultiplier. Ellipsometry collegti optics is ordinarily set &#=90°, and it
integrates a computer controlled polarizing opfeeg. a linear polarizer fixed on a motorized
goniometer, or a liquid crystal linear polarizel). most studies, the latter component is
simply used to analyze the light polarization phasgley and amplitude\ (e.g. (Hong and
Winter 2006)). Based on the Lorenz-Mie calculatjotie inversion procedure consists on
searching for the particle mean diameter and redeacindex that allow to minimize
differences observed between the theoretical andererental values ofy and A
(Mishchenko et al. 2000). Indeed, light polarizatis very sensitive to particle roughness and
heterogeneity, making polarization techniques bletéor particle morphology investigations
provided that an appropriate scattering models (e T-Matrix or the DDA ones) is used.
Among the drawbacks of this technique there iddlbethat the measurement is local and that
it requires well defined optical accesses, see eldbl (Onofri et al. 2011b). The latter
constraint make this technique totally unsuitabletiaracterize, for instance, dust in fusion
devices.

One can conclude that very few methods allow th&itinand time-resolved analysis,
with limited optical accesses, of nanoparticle syst, and if there are, they usually use too
simple light scattering model and inversion techeiqu

So that, the goal of this Ph.D. work was to contigbto the development of the two
aforementioned optical methods: the Light Extincti®pectrometry (LES) and the Laser
Light Scattering (LLS), and this, by using reatistind as accurate as possible particle and
light scattering models, by developing dedicated eisdn methods and validation
experiments. All this work has been done with tlgective to propose in fine an optical
diagnosis that can be used both to perform labgragaperiments (mainly on colloidal
suspensions) and experiments at long distance(fukvices, aerosols, combustion).

Chapter 2 introduces the particle models we hawveldped to describes the morphology of

two types of nanoparticle aggregates of interesl, with a fractal-like (plasmas, combustion

systems) and buckyballs-like (aerosols, suspensgitapes.

Chapter 3 summarize all the work done to deterrtheanorphological parameters of fractal-

like aggregates from electron microscopy images.

Chapter 4 reviews and discuss the physical andenmathcal backgrounds of all the theories

used in this work to predict the light scatteringgerties of nanoparticle and their aggregates:
Lorenz-Mie theory, Rayleigh-based approximation&[R RDG-FA) and T-Matrix method.
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Chapter 5 presents the algorithms and resultsraddedor the extraction of the morphological
parameters of fractal aggregates from their sdcagfediagrams, the influence of single
particles or the superposition of different popolias of aggregates.

Chapter 6 details the basic principles as well ragrsion techniques of extinction data
recorded for fractal-like and buckyballs-like aggaies. Various experimental systems are
considered and analyzed: aerosol of silica nanabaad tungsten aggregates, dusty plasmas
with silicone aggregates.

Chapter 7 is a general conclusion with perspectwethis work.

Chapter 8 contains references.

Chapter 9 and 10 are extended abstracts of thik,viorFrench and in Polish languages
respectively.
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Chapter 2
MODELS FOR PARTICLE AGGREGATES

2.1.Introduction

Aggregation of nanoparticles occurs in numerousianadd it has significant influence on the
overall properties of the particle systems. Fotanese, although the chemical reactions and
physical processes governing combustion systenmsty qalasmas or colloidal suspensions
may be considered as rather different, they cad keathe formation of aggregates of
nanoparticles with similar shapes. Nevertheleganfone case to another, the clusters may
exhibit highly different dimensions or morpholodigaroperties. For example, they may
contain from a few primary particles (called alsomamers) up to several thousands of them.
They may also take various shapes: from the ddbten-like formations (Kim et al. 2003),
through the typical fractal-like aggregates (Soeen2001), up to the dense and opaque
cauliflower-like structures (Sharpe et al. 2003; @inet al. 2011b). To describe very dense
and highly opaque aggregates with an overall sluégee to the spherical one, buckyballs
model (see section 2.5) (Toure 2010) may be agpphker highly ordered crystal structures
one can also use hexagonal compact particle mbiddiafid et al. 1998).

The chapter is organized as follows. Section 2@sgmts a simplified overview of the
physical background of the aggregation phenomeneditoidal suspensions according to the
DLVO model. Section 2.3 is devoted to the numeralglorithm of the Diffusion Limited
Aggregation (DLA) we have developed to reproduce therphology of fractal-like
aggregates. Section 2.4 compares DLA aggregatesiged with our tunable algorithm with
numerically generated DLCA aggregates provided hyJerome Yon. Section 2.5 describes
a mathematical and physical model to reproduce ni@phology of highly ordered
aggregates.
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2.2.Physical basis of the aggregation in colloidal suspsions
2.2.1. Aggregation regimes

To characterize particle motion in a medium, thesmmommonly used parameter is the
Knudsen number. It combines the mean free pathd the radius, of the particle:
I

Kn=—. (2.2)

o

We define also the diffusion Knudsen numberkag =1,/r,, wherel, is the persistence
length of the particle (i.e. the distance over whicparticle moves effectively in a straight
line). Depending on the values of the Knudsen numibeee different aggregation regimes
are defined (Pierce et al. 2006): the “continuumgime” (referred also as the “Stokes” or
“hydrodynamic regime”, Kn«1), the intermediate regime (called also the “skggime”,
Kn~0) and the “free molecular regimeK(>1).

Most aggregation studies have been carried ouhencontinuum regime Kn<«1), where
particles motion between collisions is diffusivénig regime refers to aggregation in colloidal
liquid suspensions or aerosols at low temperatndehegh pressure. In the continuum regime
each particle experience a drag force that, foegpal particles, can be calculated as:

f =6mm,, (2.2)

where 77 is the dynamic viscosity of the medium. The diifus constant for spherical
particles is described by the Stokes-Einstein eguatPierce et al. 2006):
__keT

6y,

(2.3)

SE

wherek, is Boltzmann’s constant andis the medium temperature.

In the free molecular regimeKA>1) monomers have a similar mean free path as the
molecules of the surrounding medium and the digtdretween monomers is significantly
large. Due to the law describing the drag forcepafticles, this region is also called the
Epstein regime. In this regime, the drag force single monomer is:
1/2
f=§r”2p[Mj (1+M} (2.4)
3 m, 8

where o is the medium mass density, is the molecular mass of the particles andis the
momentum accommodation coefficient. In the freeeuolar regime monomers move either
ballistically or diffusively (Meakin 1984; Stasid al. 2002; Babu et al. 2008). Usually, the
limit between the diffusive and the ballistic matjas found for diffusion Knudsen number
smaller thankn, =1. In that case, the diffusion constant is giver(Pigrce et al. 2006):
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_ 3 (mbeT ()
DEp_Spr’f( Zﬂj (1+ Sﬁmj : (2.5)

During the ballistic motion the root mean squar®eigy of the monomers with mass can
be calculated as (Pierce et al. 2006):

v:(3|:;Tjﬂ2. (2.6)

The intermediate regime (slip regime) is observed 3.1<Kn<1C (Pierce et al. 2006).
Particles motion in this regime may be describedothicing the Cunningham correction
C(Kn) into the Stokes-Einstein equations. Thereforegiffasion constant is given as:

D = Dg.C(Kn), (2.7)
with the corresponding drag force:
e
f= P, 2.8
C(Kn) 28)

Egs. (2.1) — (2.8) refer to a single particle imieas aggregation regimes. Nevertheless, they
can be also apply to fractal aggregates. To doose, must take into account that fractal
aggregates are ramified, so to estimate the drage for the diffusion constant, we must
introduce the effective mobility radiu® . In that case, regardless of the aggregate
morphology, we can use Egs. (2.1) — (2.8) with#yanstead of the,.

2.2.2. Aggregation models (DLA, DLCA, RLCA)

In colloidal suspensions particles remain in a tamsmotion caused by the molecular
collisions. This phenomenon, studied independdntlplbert Einstein (1905) (Einstein 1956)
and Marian Smoluchowski (1906) (Smoluchowski 19@6)videly known as the Brownian
motion. Each particle experience a random walk like one simulated on Figure 2.1.
The latter figure shows 5000 steps of the motioa single monomer in 3-dimensional space.
Length scale in the presented figure is normalibgdthe step increment of the particle
(i.e. increment step is equal to 1).
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10 -40

Figure 2.1. Simulated Brownian motion: 5000 steps @ingle monomer in a 3-dimensional space
(increment step equal to 1).

According to the DLVO model, the suspension rematable against the aggregation (Lin et
al. 1989), if the repulsive energy barrier causgthle electrostatic forces is much greater than
kT (wherek, is the Boltzmann constant afldis the temperature). In that case attractive,
short-range van der Waals forces (proportionalh®1t/r°, wherer is a distance from the
particle) are much weaker than the repulsive |arge, electrostatic forces between
monomers (proportional to the/r?). To make the suspension unstable and hence trigge
aggregation phenomena, we can modify the ionicnoalaf the system by changing the pH
(neutralize the surface charges of the particldsljrg tensio-actives to reduce the range of
the electrostatic forces, etc. When the attractave der Waals forces are no more balanced —
they predominate causing aggregation. For dilutdig@ system the dynamics of this
aggregation process is fundamentally limited byah#ity of the primary particles to diffuse
within the continuous medium, so that it is usuaferenced as the Diffusion Limited
Aggregation (DLA, e.g. (Witten and Sander 1981/idnland Botet 1987)). In that case, due
to large distances between patrticles, diffusiomgdregates within a continuous medium is
negligible. It is important to notice that in thespension where repulsive energy barrier is
greater than severa,T particles are still able to stick together butngigant number of
collisions is necessary. This is the fundamentgirement for the Reaction-Limited Colloid
Aggregation (RLCA) (Lin et al. 1989). In contradat to that, for the DLA process
probability that two colliding particles stick taper is close to unity. During the aggregation
not only single monomers but also previously forragdregates may collide. The process in
which the DLA phenomena and clusterization occorusianeously is called the Diffusion-
Limited Cluster Aggregation (DLCA, e.g. (Weitz dt 4985; Tang et al. 2000; Babu et al.
2008)). Its dynamics is limited by the ability dfet previously formed clusters to diffuse
within the continuous medium.
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In the current part of this work, to generate syitheggregates, an fully adjustable (tunable)
DLA-type code has been developed rather than a Db@& The main reason for that is that
presented research requires aggregates with psedsiined parameters, strict self-similarity
and thus scale-invariant properties (Theiler 1990)s requirement is not precisely satisfied
for small aggregates produced in DLCA model (he. power law nature of Eq. (2.13) is not
satisfied) (Heinson et al. 2010). Furthermore, DLi@Adels should take into account physical
(e.g. van der Waals’, Coulomb's forces), mechanjeaj. excluded volume, entanglement)
and chemical (e.g. sintering, bonding) interacti@msl mechanisms that are not yet fully
understood. But this is not the case as most DLEAveall as DLA models described in the
literature assume only random motion of monomers amdrreversible sticking after their
collision. They do not require any initial consii@ regarding fractal dimension, fractal
prefactor or number of monomers within aggregaféisen simulation process is completed,
the fractal parameters of the generated aggregagde calculated.

The biggest advantage of the tunable DLA code dgel in the current work is that it
preserves all the fractal parameters (with a gi@ecuracy) at each step of the aggregation
process. This allows to avoid generation of mublcfal aggregates (i.e. aggregates with
different parameters at different scale or in ded#ént part of the particle) and assures
reliability and repeatability of the results. Thetailed description of the DLA software and
algorithm applied in this work can be found in s&ti2.3.

2.2.3. Scaling law for the aggregate growth rate

A complete characterization of the aggregatingesystequires to define aggregation kinetics
and the structure of the growing aggregate. Thetethgduster aggregation kinetics is
governed by Smoluchowski equation (Zift et al. 198%=or sufficiently dilute systems of
monodisperse monomers the Smoluchowski equation beagxpressed in the relatively
simple form (Sorensen et al. 1998; Stasio et al2P00

dc, _ 1

d'[ - _E chs, (29)

where K_ is the aggregation kernel, which specifies thereggfion rates, anc, is the
particle number concentration. The aggregate streds well described by the number of
monomersn , their mean radiug, and the related PSD, as well as the fractal paeme, ,

k; andR, (see Eq. (2.13) and description later on).

The aggregation kinetics may be characterized bytithe evolution of the average mass of
the aggregaten~ t*. For the DLCA in colloidal suspension, the linependency of the
aggregation kinetics was observed (Lin et al. 1989) that z=1 and m=(t/t)".
Characteristic time, is given byt, =37 /(8kBTCn,0), wheres; is the dynamic viscosity of the
fluid and C , is the initial particle concentration. The aggtegaass distribution during the
aggregation process may be found analytically ugiegSmoluchowski rate equations (Cohen

24



CHAPTER 2 - MODELS FOR PARTICLE AGGREGATES

and Benedek 1982) which, with a good approximatieads to the solution expressed by the
following exponential form:

n(m :”—f[l—%j . (2.10)
m m
wheren, =Y n(m) is the total number of aggregates and > mn( n)/ p is the mean mass of

the aggregates.

Although there are initial similarities between tth&usion-limited and the reaction-limited
cluster aggregation phenomena, both processesrajplea considerably different. The time
evolution of the average mass of the aggregatiearRLCA is defined asm~ €', where A is
a constant dependent on the sticking probabilitg @ne time between collisions of
monomers. On the other way, the solution of Smawudki equations is given as:

n(m~m’ e"™, (2.11)

where 7 is a constant evaluated analytically, numericalhgd experimentally in the range
r=1.5-1.C(Lin et al. 1989).

2.3.DLA aggregates

We define here aggregates as objects made of shaaientary particles (monomers) that are
stuck together and form a larger structure. It vsaswn that to describe and analyze
aggregated particles we can apply the fractaltilaeel (Witten and Sander 1981). Its main
concept is based on the self-similarity and strectuvariance at each scale. The fractal
theory may be applied regardless of the particalggregation phenomena and specific
conditions that have led to the cluster formatigveitz and Oliveria 1984). Following this
approach, in the fractal-like model the mass ofdhester M and its spatial dimensioh,,
may be simply related as:

M~L", (2.12)
where D is the Hausdorff or the so-called fractal dimensith is always smaller than the

Euclidian dimension. This relation describes thesibaoncept of the fractal-like aggregates
and it is the fundamental dependency applied irfulteer morphological analysis.

2.3.1. Numerical model and algorithm of DLA aggregates

To define mathematically, and by a limited numbleparameters, the morphology of particle
aggregates, the so-called fractal equation (Foraest Witten 1979; Bau et al. 2010) is
commonly used:

n =k, (EJ B (2.13)
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where n  and r, represent respectively the number and the meainsraif the primary
particles (monomers)p, and R, are the fractal dimension and the radius of gyratf the
aggregate, and, is called the fractal prefactor (or structural fbcent).

(a) 3D visualisation (b) 2D projection

Figure 2.2. Numerically generated fractal aggregate parametersn, =100, D; =1.80,k; =1.593,
R, =9.97, R, = 4.64: (a) 3D rendering with POV-Ray software, (b) 2B@jpction of the aggregate.

As an example, Figure 2.2 (a) shows a 3D visuatingicreated with the POV-Ray software
(POV-Ray 2004)) of the aggregate defined by=100 monomers, fractal dimension
D, =1.80, fractal prefactork, =1.593, radius of gyrationR, =9.97 and equivalent radius in
volume R =4.46. Figure 2.2 (b) shows a 2D projection (the imaf¢he aggregate as it is
obtained in thezy plane).

In Eq. (2.13), and more particularly in this wotke fractal dimension and the radius of
gyration are thought to be the key parameters sxrdee the morphology of aggregates.
To define the radius of gyration, the centre of snaé the aggregat¢x,,y,, z) must be
previously specified. For the group of particlesay be defined as follows:
1 Np "o Mp
(X Yar 2) = (Z XM, WM 7 mﬂ (2.14)
n=1 n=1

- n=1

2,

n=1

where(x,,y,,z,) is the vector pointing to the—th particle with massn, . If we assume that

all particles have the same unitary mass and radjuand r, respectively, we can define the
mass of then—th particle with radiusr,, as m =m . Using this assumption we can
eliminate the mass of the particles in Eq. (2.14j)e position of the centre of mass is how
defined, so we can calculate the aggregate’s radiugyyration. The latter quantity
characterize the spatial distribution of mass m diggregate. It is defined as a mean square
distance of the particles from the centre of mass:

R, =,/ninz;l(ro -, (2.15)

26



CHAPTER 2 - MODELS FOR PARTICLE AGGREGATES

where in the classical laboratory Cartesian andeBpdl Coordinate Systemi&,y, z) and
(r.6,¢), r, andr, are vectors pointing respectively tine-th particle and the centre of mass
of the aggregate with radius of gyrati&y.

2.3.1.1. Aggregation algorithm

Figure 2.3 shows a flow chart of the DLA algorithdm overview diagram of the geometry of
the DLA algorithm is shown in Figure 2.4 (a). Iretlggregation process all the primary
particles are generated successively at a largandisR, (also called appearance sphere)
from the centre of mass of the aggregating

cluster:

R,> R, (2.16) contre of coordinate systom
[ i=1;
where R~ describes the temporary radius of Somerate momomer
i e . . i a random possition on the
gyration of the growing aggregate. If during its Ppl sphere R
I+1;
v

random march the new particle moves out of
the external boundary sphere with radigs,

the particle is rejected and another particle is
generated at the distanég. The definition of
the boundary sphere with radiuB,, with N N
R.2R, (ideally R,>R)) is necessary to avoid = ag{egae - e
particle’s roaming far from the aggregate since calculate exact possifion | delete monomer [——

of monomer after collision
this will significantly increase computational R e S e
time. It is important to notice that here, the | |iged saametoe (e b
radiuses of appearance and external boundary

spheres are not fixed. These values are @
continuously optimized. To do so, they are center the aggregate

|+1

calculated as the sum of the additional Camu.atenewRandM

calculate new position of
monomer using step increment

distance

between monomer and

aggregate < step
?

constants f andb for the appearance and the
boundary spheres respectively) and multiplied P

by the radius of the minimum bounding sphere @
and by a factor called “appearance sphere @

multiplier”. This procedure provides a WldeFigure 2.3. Schematic diagram of the DLA
range of possible relations between e R,  algorithm.

and R,.. For example, it is possible to turn off
the multiplication and use only a constant diffeebetween radiuses of the defined spheres.
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Figure 2.4. (a) Schematic diagram of the Diffusiamited Aggregation (DLA) steps and parameters
and (b) Spherical Coordinate System.

Figure 2.4 (b) presents the coordinate system @fdbA code. To avoid problems related
with temporary position of the growing cluster atke step of the algorithm the centre of mass
of the aggregate is relocated at the centre ofctdmdinate system. When the aggregation
procedure is completed it is necessary to conVvertspherical coordinateg,d,¢) to the
classical laboratory Cartesian Coordinate Sysfeny, z). To do so we can use the following
mapping procedure:

X =rcosd sing

y=rsingsing, (2.17)

Z=rcosg.
The random motion of the primary particles is siatedtl by the decomposition of their
trajectories into small step increments (e2g,) with a statistically true isotropic orientation.
The latter is obtained by generating at each stagdam inclination and azimuth anglgs?
with a uniform spherical distribution (Bird 1994his procedure is not a trivial task because
the intuitive approach is incorrect. Indeed, if generate the inclination and azimuth angles
¢.0 in the range[0,7] and [0,27 respectively and transform them to the Spherical
Coordinate System using Eq. (2.17), the pointsnatedistributed uniformly. As an example,
Figure 2.5 shows 5000 points generated on the cuidé a unit sphere. It can be seen that
their spatial distribution is denser at the pol€kis problem is caused by the mapping
procedure between the spherical and the Cartesiamlioates which does not preserve area
(i.e. initial space is pinched and compressed atptiles). It is clear that random numbers
generated in this way would strongly affect aggtegaprocedure and thus generated
aggregates would be statistically elongated arehted (anisotropic).
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Figure 2.5. 5000 points generated on a surfacewfitasphere with the Uniform Distribution in the
Cartesian Coordinates mapped to the Spherical GwiedSystem: (a) 3D view, (b) top view of the
region of the “north” pole and (c) angular disttion of the points.
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Figure 2.6. 5000 points generated on a surface ainia sphere with the Uniform Spherical
Distribution: (a) 3D view, (b) top view of the regi of the “north” pole and (c) angular distributioh
the points.

To avoid orientation problem and to find equatioexessary for the generation of random
points with the Uniform Spherical Distribution,istnecessary to consider the Jacobian matrix
of the mapping procedure (Bird 1994):

gr Z¢ 3‘9 cosgdsing r cog cog -+ st sih

3. (r.4.6)= a—?’ % a—;’ =| singsing 1 sird cop 1 cad sih (2.18)
0z 0z o2 cosp -r sinp cog
|or 0¢ 06 ]

The Jacobian determinant is independent of the whirangle & but it is related with the
inclination angle¢ and radiusr . However, if we consider an unit sphere we canauiit
variabler . For the probability density function given by thecobian matrix one can find the
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cumulative distribution function. Finally, usingiinverse we can generate the inclination and
azimuth angleg, @ with uniform spherical distribution (Bird 1994):
0=2rm,

¢= 2arcsir\/32 ‘

where, 5, and J, are uniform distributions of0,1]. As an example, Figure 2.6 shows 5000
points generated on a surface of a unit spheiis.vitorth to compare the distribution of the
anglesg and @ generated with both solutions (see Figure 2.5r{d)Rigure 2.6 (c)). It can be
seen that now, the points are distributed equallythee entire surface of the given sphere
(Figure 2.6).

(2.19)

2.3.1.2. Sticking process

Figure 2.7 shows a schematic diagram of a collietwveen a randomly marching monomer
and an aggregating cluster. It should be noticetftimadrawing considerations the increment
step presented here (equalaq) is significantly larger than the one used for simulations
(see Table 2.1). If the distance between the cupesition of the monomer (a) and any of the
particles within the aggregating cluster is smallen the increment step, the possibility of
a collision must be considered. In that case, neardinates of the monomer (b) are
calculated with the typical procedure describedvabdiowever, the algorithm also verifies
whether during the current increment step (i.ewbeh positions (a) and (b)) the monomer
collides with the aggregate or not. If an intergetbccurs (see Figure 2.7), the coordinates of
the marching particle are recalculated the exaatamb position (c).

Marching \
monomer

@ .ﬂ !

i

Increment RS
~._ step i PR
SIS .

Aggregating
cluster

Figure 2.7. Schematic diagram of a collision betwaeandomly marching monomer and aggregating
cluster: (a) current position of the monomer, (lBwnposition of the monomer without collision,
(c) position of the monomer at the collision point.

The procedure described above does not fulfilredjuirements for the aggregation process.
In fact, the collision and sticking between a singhonomer and an aggregate mf-1
particles, is only effective when the following qelity is satisfied:

{R’;J N S[MJ , (2.20)
Ryt
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whereg is an accuracy parameter on the fractal dimendiothe DLA software this value
may be adjusted on demand. Nevertheless, in treeprestudy it was fixed at =107 as
smaller values greatly increase computational twwithout noticeable improvements in
morphological characteristics of the aggregatesneébing important to understand is that
Eq. (2.20) allows ensuring at each aggregationtsigpEq. (2.13) is nearly verified and thus,
that the scaling properties of all aggregates anserved at all scales.

During the aggregation process we assume thatleartstick together like hard spheres in
contact, i.e. exactly in one point and any additiotigsplacement after their collision is
impossible. From a macroscopic point of view batbBuanptions, especially the latter, seem to
be incorrect. It is obvious that velocity of a fasbving object after a collision with a larger
one decreases significantly but due to the priecgdlinertia and the law of conservation of
the linear momentum, the colliding particle shoimdnost cases remains in motion. This is
not necessarily the case of nanoparticles whichnaostly sensitive to adhesion and short
range forces (e.g. Van der Waals forces). Nevarsiselit is common to simplify this problem
and ignore patrticle displacement after collisiont{gév and Sander 1981; Babu et al. 2008).

2.3.1.3. Overlapping factor

In some particle systems, due to additional praseés.g. melting, polymerization, deposition
or collision impact), primary particles may be emi®d by more than a single point of

contact, and they can also significantly overlamr Fexample, overlapping may be

encountered when aggregation process occurs atdngperature (e.g. during combustion or
in a plasma system), so it may be necessary toita@ccount and model this phenomenon.
Figure 2.8 shows a schematic diagram of the oveirigpof 2 particles with radiuses,, r,,

and their centers of mass distant each othet’by

d][]

K

Figure 2.8. Schematic diagram of the three dimeradimverlapping factorCﬁKD for 2 spherical
particles with radiuses,, , r,, and their centers of mass distant each othe’By

To quantify overlapping effect, it is convenientdefine a 3D overlapping factor based on the
true Euclidian inter-distance®™ between the particles' centers of mass (Brasil. 61999):

Cy = (s *1ye) 20 , (2.21)

I’p'1 + rpyz
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where C0 <0 for monomers that are not in conta€’ =0 for hard spheres in contact and
Ce> 0(0, for partially to fully overlapped spheres. If we eafer only monodisperse
particles within an aggregate, Eq. (2.21) may bepéfied to:

cP =(2r, -d*)/2r,. (2.22)

As an example, for diesel soot aggregates, depgratirthe sampling and storage protocols,
Wentzel et al. (Wentzel et al. 2003) have found aerlapping factor in the range
CX =0.10- 0.2¢, while Ouf et al. (Ouf et al. 2010) report&}’ =0.16- 0.3(. We have found
similar value C° =0.20+ 0.0%) for the experimental sample of diesel soot pesi¢Yon et

al. 2011) during the TEM-based analysis (see ch&@)teEstimated overlapping factor was
also applied to model artificial fractal-like aggeges.

In what follows, to numerically account for oventapg (Brasil et al. 1999), we first generate
an aggregate of hard spheres in contact. Next, ave take into account foC> by
progressively increasing the radiuses of monométsman aggregate while maintaining the
position of their centers. At the same time ités@ssary to perform a scaling down procedure
to keep the initial value of the particle radiugddribed steps are depicted in Figure 2.9.

(a) hard spheres in contact (b) expansion procedure (c) scaling down procedure

Figure 2.9. Numerical procedure for overlapping:ala aggregate with hard spheres in contact, €) th
aggregate with expanded radiuses of monomerdhé@dgregate after scaling down procedure.

Figure 2.10 compares radius of gyration of the eggtres with fractal dimension equal to
1.80 and various number of monomers for different cygping factors (from 0 to 0.5). It can
be seen that the overlapping factor has a linelran€e on the radius of gyration.
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Figure 2.10. Radius of gyration as a function & tlumber of monomers in the aggregate with fractal
dimension equal to 1.80, for various overlappingdes.

2.3.1.4. Fractal prefactor

Another important parameter in the DLA model is fin@ctal prefactork, appearing in
Eq. (2.13). The physical meaning and values of ¢bisstant has been extensively discussed
in the literature. Even for the same particle sysies value differ significantly between
various authors. As an example, for soot aggregates vary from 1.23 to 3.5 (e.g. (Puri et
al. 1993; Cai et al. 1995; Koylu et al. 1995; Ouék 2010)). As already mentioned, there are
many attempts to explain this spreading (Brasdlefi999; Sorensen 2001; Bau et al. 2010).
The most common idea is that it accounts for monerogerlapping, as well as their shape
which can also differ significantly from the sploaiione (Puri et al. 1993).

In this work, like some authors (Sorensen and RebE®97; Brasil et al. 1999; Bau et al.

2010) did before, this parameter was set constatit,a value corresponding to the one found
for an infinitely large hexagonal close packed @wonal compact, HC) aggregate of

monodisperse hard spheres in contact. The undgrlgiea being that this aggregate has the
highest possible compactness in a 3D space. Sorazisal. (Sorensen and Roberts 1997)
proposed a correlation betwekp and D, :

D, +2\**
ki = p(d)( ’ j . (2.23)
Df
where p(d) is a compactness factor (called also sphere padiantion):
p(dl) = e, (2.24)

VPR

wherev,, andv,,, are volumes of the elementary spatial object aridnve of the particles
contained in this object respectively. For monodispehexagonal compact aggregate
p(d):ﬂ/(Sx/E)=74%. Thus using Eq. (2.24) in Eq. (2.23) the fractakfactor for

a monodisperse hexagonal compact aggregate is tequal
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ki =(7/3v2)(5/9™ = 1.593 (2.25)

The same argument has been found by Lapuerta @tagluerta et al. 2010) and also similar
value was previously supported by Sorensen eBalefisen and Roberts 1997).

The overall procedure described in this sectioovwal to generate synthetic aggregates
(i.e. sets of spheres coordinates) for a largegardractal dimensions, radiuses of gyration
and number of primary particles only limited by ttemputational time.

2.3.1.5. Particle Size Distribution

The size distribution of a large variety of pagidystems can be approximated by analytical
particle size distribution (PSD) like the Gaussiag-normal, power, Gamma ones. For most
results presented in the current work we have asduimt we have monodisperse patrticles.
We did it since in a lot of systems (e.g. aerosohanoparticles, plasma) the radius of
particles has a low standard deviation. Nevertlselessome cases it may be also interesting
to consider polydisperse particles. To do so, is Work, we use the log-normal distribution
which depends on two parameterss (Xu 2002):

1 1(Inr, - Y’
=1 o A _ 2.26
) rsmexp[ 2[ s j] (2:20)

p

The parametels, s, the mean radiug, and the related standard deviatign are given by:

s=1/In(0p2/n2)+1, M= 1InF, —s* /2 (2.27)

T, =explu+s’ 12|, o} =Tp2[ exps?) - } (2.28)

Looking at Figure 2.14 and Figure 2.16, where agmpes with a high polydispersity
(o,=0.5) are presented, one may have the impression ttet tare too many large
monomers and the given size distribution is nos@need. This is pure subjective effect — the
observer is more sensitive to the larger objects tha smaller ones. To verify the correctness
of the generated distribution, we have performatiadded simulations. Figure 2.11 shows the
particles size distribution estimated for 100 cwust of 1000 polydisperse monomers
(i.e. 100 000 particles) with the log-normal distiion and the initial standard deviation
equal to (a)o, =0.10 and (b)o, =0.30. Clearly, estimated values are in a perfect agee¢m
with the initial ones.
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Figure 2.11. Particle Size Distribution (PSD) of momers for 100 aggregates of 1000 polydisperse
monomers with initial standard deviation @) =0.10 and (b)o, =0.30.

2.3.1.6. Diffusion Limited Aggregation Software

A screen copy of the DLA software developed acewydo the algorithm described above is
shown in Figure 2.12. In the main window six sef@naanels may be found. The most
important is panel (a), which allows to specify gaameters of aggregation (e.g. number and
radius of monomers, radius of gyration, radius mearance and external boundary spheres,
etc.). Panel (b) is used to rotate the aggregatelemand according to the laboratory
coordinate system, while panel (c) enables to perfgerial calculations (loop over,, D;,

R,, k). Panel (d) is a progress bar. All the coordinafethe aggregating monomers and the
parameters of the forming cluster are displayethepreview window (e). Finally, panel (f)
gathers together general control buttons and esableexport and import data to various
format files. Particularly, it is possible to geatr output files that can be directly used with
the POV-Ray 3D rendering software (POV-Ray 2004) also text files that may be post-
processed and used as the input files for lightestag codes.
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Figure 2.12. Screen copy of the DLA software maib:t(a) aggregation parameters, (b) cluster
rotation panel, (c) serial simulation panel, (dgress bar, (e) preview window and (f) general rabnt
buttons.

2.3.2. Numerical results of the DLA aggregation — examples
2.3.2.1. Aggregates with a 3D rendering view

Figure 2.13 - Figure 2.19 show typical synthetiactal-like aggregates generated with the
DLA software. These aggregates were simulated farnadisperse monomers with
dimensionless radius set tp=1 as well as polydisperse monomers with mean ragies
and various fractal parameters (fractal dimensimdius of gyration, etc.). Their 3D
renderings were generated with the POV-Ray soft{R@/-Ray 2004).

Fractal aggregates presented in Figure 2.13 (a)Fagure 2.13 (b) have different fractal
dimensions D, =1.50 and D, =1.75 respectively) and radiuses of gyratioR, €32.85 and

R, =19.95) although they contain the same number of monedsgmonomersn( =300)
and thus they have the same radius in voluRje rpg/n7p=6.69. Figure 2.14 shows
aggregates with the same parameters as in FigLBeb2t with a significant polydispersity in
radius of monomers (log-normal distribution witlarsflard deviationo, =0.50). The 2D
images obtained for the 3 main projection plangs,(xz and yz) are also shown. The large
disk sheathes the radius of gyration while the EBnahe corresponds to the radius in volume.
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(a) (b)
Figure 2.13. Fractal aggregates of 300 monodispamseomers with the same radius in volume
R, =6.69 but various fractal dimensions and radiuses ofawyn: (a) D, =1.50, R, =32.85,
(b) D; =1.75, R, =19.95.

(a) (b)

Figure 2.14. Fractal aggregates of 300 polydispereaomers (log-normal distributiong, =0.5)
with the same radius in volumB, =6.69 but various fractal dimensions and radiuses o#tyyn:
(@) D; =1.50,R, =32.85, (b) D; =1.75, R, =19.95.

Fractal aggregates presented in Figure 2.15 (a)Fagure 2.15 (b) have different fractal
dimensions D, =2.00 and D, =2.25 respectively) and radiuses of gyratioR, £12.87 and

R, =17.71) but they have the same number of monodisperse mensm, =500 and thus the
same equivalent radius in voluni® = rpg/n7p =7.94. Figure 2.16 shows aggregates with the
same parameters as Figure 2.15 but the PSD of mamom polydisperse (log-normal
distribution with standard deviatiom, =0.50).
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plane projection

(a) (b)
Figure 2.15. Fractal aggregates of 500 monodisperseomers with the same radius in volume
R, =7.94 but various fractal dimensions and radiuses ofayn: (a)D; =2.00, R, =17.7],
(b) Dy =2.25 R, =12.87.

S

plane projection

(a) (b)
Figure 2.16. Fractal aggregates of 500 polydispereaomers (log-normal distributiong, =0.5)

with the same radius in volumR, =7.94 but various fractal dimensions and radiuses ofitiyn:
(@) Dy =2.00, R, =17.71, (b) D; =2.25, R, =12.87.
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Figure 2.17. Fractal aggregates of 500 monodisperseomers with the same radius in volume

R, =7.94 but various fractal dimensions and radiuses ofatyyn: (a)D,; =2.50, R, =9.98,
(b) D, =2.75, R, =8.10.
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In the same way, fractal aggregates presentedguaré-i2.17 (a) and Figure 2.17 (b) have
different fractal dimensions equal, =2.50 and D, =2.75 respectively, different radiuses of

gyration R, =9.98 and R, =8.10 but the same number of monodisperse primary pestic

n, =500 and the same equivalent radius in voluR)e= 1, 3n, =7.94.

Figure 2.18 and Figure 2.19 present aggregates avithuch more significant number of
monomers (, =10 00C), the same equivalent radius in volunfezrpg/?p=21.54 but
different fractal dimensions and radiuses of ggratiFigure 2.18 presents aggregates with
(@) D, =1.75, R, =147.97 and (b) D, =2.00, R, =79.22. Figure 2.19 presents aggregates with
(a) D, =2.25, R, =48.73and (b)D, =2.50, R, =33.06.

(a) (b)
Figure 2.18. Fractal aggregates of 10 000 monodispmonomers with the same equivalent radius in
volume R, =21.54 but various fractal dimensions and radiuses ofatyn: (a) D, =1.75,
R, =147.97, (b) D; =2.00, R, =79.22.

(a) (b)
Figure 2.19. Fractal aggregates of 10 000 monodispmonomers with the same equivalent radius in
volume R, =21.54 but various fractal dimensions and radiuses digyn: (a) D; =2.25, R, =48.73,
(b) D; =2.50, R, =33.06.
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2.3.2.2. Morphological parameters

Working with fractal aggregates one must be awhat aggregates with the same number
of monomers, but various fractal dimensions mayehavally different radiuses of gyration.
Figure 2.20 shows the evolution of the radius afaggn (normalized by the mean radius of
monomers) of aggregates versus the number of masorResults presented here were
obtained for the aggregates of monodisperse pestigith hard spheres in contact and a wide
range of fractal dimensions (from 1.20 to 2.80). iRstance, it can be seen that for two 1000-
monomer aggregates with a fractal dimensions egual20 and 2.8C respectively, the ratio
between the radiuses of gyration is higher than 20.
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Figure 2.20. Radius of gyration as a function @f ttumber of monomers in the aggregate for various
fractal dimensions and monodisperse monomers wsthgle point of contact.

To describe the characteristic size of a fractgragate the radius of gyration is widely used.
Nevertheless, it is not the only one characterigtigth that can be used for this purposes.
To do so, we can calculate the radius in volurn€(i.e. the radius of a sphere with a volume
equivalent to the volume of all the monomers withimaggregate), the radius of the minimum
bounding spherer, (i.e. the sphere with the minimum radius which teors entire
aggregate) or the maximum length of the aggregatée 3-dimensional spade®. Figure
2.21 shows a comparison between the aforementionadhcteristic lengths as a function of
the fractal dimension for aggregates with iga100 and (b)n, =500 monomers.
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Moreover, the ratio between the presented charsiitelengths is not constant. Figure 2.22
shows that the values df” /(2R,) and R,/ R, are changing as a function of the fractal
dimension. Numerical simulations comparing thealéht solutions of the presented problem
and the results obtained for the various lighttecaity models are presented and discussed in

chapter 4 of the current work.

2.3.2.3. Accuracy on aggregation parameters

Created in this research DLA code is called fulljjuatable (or tunable) because in
contradiction to the ordinary DLA solutions it peeges fractal parameters at each step of the
aggregation. As an example, Figure 2.23 (a) andr€i@.23 (b) show the evolution of the
fractal dimension during the aggregation process rfpr100 monomers andD; equal
1.80+ 0.0: and 2.50+ 0.07 respectively. We can ensure that the generaterbgaigs are not
multi-fractals and that they have true auto-sintygoroperties.

41



CHAPTER 2 - MODELS FOR PARTICLE AGGREGATES

1.810 T T T T T T T T T 2.510

1.8054 . D, = 1.8000.002 1 25051 D, = 2.499:0.003
o o
s =
% \’ -, \1-’]; '% 1 1
$ 1.800 W\ \ $ 2.500 - .
E u\( ANPGRS A \
=] k=l
ke 8
Q Q
o o
L 1.795 LL 2.495

1.790 T T T T T T T T T 2.490 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Number of monomers, n, Number of monomers, n,
(@ (b)

Figure 2.23. Accuracy of the fractal dimension theg following aggregation steps for clusters of 100
monodisperse monomers with imposed valuesD(@y 1.80+ 0.0Jand (b) D, =2.50+ 0.0..

However, for very low or very high fractal dimens# (e.g. D, =1.20 or D, =2.80) the
aggregation parameters cannot be preserved aktjieriing of the aggregation. This comes
directly from the fact that for so extreme parameteactal equation (2.13) is not satisfied for
a few monomers. In such case, the aggregation gganay be stucked. The only way to deal
with this problem is to decrease the accuracy iregcs the beginning of the aggregation
process. This option allows to start aggregatioth i lower (or higher)D, than the initial
one, afterwards, the code converges rapidly tontipmsed value. As an example, Figure 2.24
shows the evolution of the fractal dimension of aggregation of 100 monodisperse
monomers withD, =2.80+ 0.0J when aforementioned option was used.
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Figure 2.24. Accuracy of the fractal dimension thee following aggregation steps for cluster of 100
monodisperse monomers with, =2.80+ 0.0

In some way we could say that this aggregate igi+frattal for n, <25. However, it makes
no sense to use (or apply) a fractal dimensiorafoobject which do not contain more than
tens of monomers.
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2.3.2.4. Computational time of DLA algorithm

Another important issue related to the DLA is tenputational time. DLA algorithm is very
time-consuming, especially if we use extreme patarae(i.e. very high or low fractal
dimension, significant number of monomers, etc.)fave impose a high accuracy of these
parameters. As an example, Figure 2.25 shows thee@afipn time of aggregates (a) with
different fractal dimensions versus the number ohamers and (b) for a given number of
monomers versus the fractal dimension.
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Figure 2.25. Computational time of the DLA softwa@ aggregates with different fractal dimensions
versus the number of monomers, (b) aggregatesdiffdrent numbers of monomers versus the fractal
dimension.

The calculations were performed with an up-to dagesonal computer (dual core CPU
2x2.8GHz and 4 GB of RAM memory) for the parameters shown in Tahle Figure 2.25

(a) shows a power-law relation between the numberamomers and the computational time.
This behavior of the DLA algorithm is partly due tee fact that the radius of appearance
sphere R, is calculated as a multiple value of the radiusggfation. In that case a fast
increase of the radius of gyration versus the nurabemonomers (see Figure 2.20) causes the
power-law growth of the volume fraction that may éelored by the randomly marching
new monomer. Obviously, it significantly extendsngutational time.

Figure 2.25 (b) shows the computational time ofraggtes versus the fractal dimension.
It should be noticed that an aggregate with a leacthl dimension has a large radius of
gyration, which is growing fast for increasing numh® monomers (see Figure 2.20).
As a consequence it increases the radiuses of gpheaeance and the external boundary
spheres. Moreover, a dilute aggregate occupiesanniyall fraction of the volume defined by
the external boundary sphere so the probabilitya afollision with a randomly marching
monomer is extremely low. Because of the aforemeetl issues, computational time of the
DLA algorithm might be significantly extended. Téi€uation is opposite for aggregates with
high fractal dimension. In that case, the extebmlndary sphere is several times smaller so
numerous collisions between free monomers and areggig may occur. Nevertheless, due
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to the high compactness of the aggregate only ingp@sitions of particle satisfy equation

(2.20), so most of the colliding monomers are tejgcThis effect also extend aggregation
time (see Figure 2.25). However, as mentioned ptsly, high precision of the fractal

dimension or the other parameters does not cagadicant improvements of morphological

characteristics. Therefore, accuracy imposed dutivg extensive simulations should be
a compromise between morphological requirementsalgadithm execution time.

Table 2.1 shows typical parameters used for theegaggion with our DLA code. Beside all
the parameters that have already been explaineadditional field called “No restriction” is

depicted. When checked, our code works as typicbA Boftware which during the

aggregation process does not impose any constragésding the fractal dimension, fractal
prefactor or radius of gyration. Inthat case, eaohision between randomly walking
monomer and aggregate results in a irreversibleexiiom.

Table 2.1. Typical parameters for the aggregationlsitions.

Dy accuracy +0.01 Radius of appearance sphgjé ( 5.0
Ry accuracy +0.01 Radius of boundary sphebg*¢ 5.0
fractal prefactoks 1.593 Monomer step increment 2.0
Multiple value of max distance for Yes Force accurate value D Yes
appearance and boundary spheres Verify radius of gyration Yes
Appearance sphere multiplienglt)* 2.0 No restrictions No

* radius of appearance sphere is calculate®Ras multx B + , where R, is the radius of boundary sphere,
multis the “appearance sphere multiplier” gnig the input parameter.

** radius of external boundary sphere is calculas®, = R, + b, whereb is the input parameter.

2.4.A Comparison between DLA and DLCA aggregates

Numerous computer simulations (e.g. (Meakin 198&it¥Vet al. 1985; Chakrabarty et al.
2007)) have shown that the fractal dimension of BL@ggregates is in the range
D, =1.70- 1.8(. Similar values have been found experimentally.aAsxample, the TEM-
based analysis (Koylu et al. 1995; Chakrabarty.e2G07; Ouf et al. 2010), depending on the
sampling and storage protocol, repoft, =1.65-1.8t. Investigations with static light
scattering (Sorensen et al. 1992a; Wang and Sarerlg#9; Sorensen 2001) and small angle
X-ray scattering (SAXS) (Rieker et al. 2000; Bo#ftaal. 2009) techniques have also reported
similar values.

2.4.1. Numerical test sample of the DLCA aggregates

In this paragraph we analyze numerical test sawipiee DLCA aggregates (Yon et al. 2008)
provided by Dr. Jérbme Yon. The parameters of faigple correspond to those of real
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aggregates produced by a diesel flame. The agg®gat composed of polydisperse
monomers having a log-normal distribution with meadius of monomers, =17.10nm and

its standard deviation otr, =3.43nm. The test sample contains 7240 various aggregates
(i.e. sets of coordinates of the monomers) witlumlmer of monomers within aggregates from

1 to 6725 and radius of gyration froR, =0.18r, to R, =92r . Figure 2.26 shows the
distribution of (a) the number of monomers andtfi® normalized radius of gyration for the
given population of aggregates. Looking at botlurfes, it can be seen that the test sample
contains a significant number of very small aggtegdwithn <10 and R, <2r).
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Figure 2.26. Distribution of (a) the number of moras and (b) the normalized radius of gyration of
the numerical test sample of DLCA aggregates.

2.4.2. Estimation of the “global” fractal dimension

The test sample of DLCA aggregates was generateidgdtine spontaneous aggregation
without any initial constraints regarding the fiadatlimension and fractal prefactor. The only
initially fixed parameters describe the size dmition of monomers (log-normal distribution
with T, =17.10nm and o, =3.43nm). Therefore, the fractal dimension and fractalfgetor
are unknown and must be estimatdd. can be evaluated from the slope of alinear
regression, in log-log scale, of the number of moei@m versus the rati®, / T,

In(np) =Ink, + D, In{@j. (2.29)
p

With Eq. (2.29) we can only access to an averadglobal” fractal dimension for the entire

sample and it is not necessary to deternkipdo obtainD, . However, the fractal prefactor is

simply estimated as an intersection point of tlggession line anady - axis.

Figure 2.27 shows the number of monomers versusaied radius of gyration for the

numerical test sample of the DLCA aggregates inlagdog scale. It is clear that the curve
shown in Figure 2.27 exhibits two different slopeis Iog(Rg /Tp) <0.4 (referred to as region

“A” latter on) or Iog(Rg /Tp) > 0.4 (referred as region “B”). It should be noticedtttze first
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range corresponds to the aggregates ViR, /T,)< 0.4 (i.e. R, /T,<2.512). In this range,
aggregates are very small (approximately with<8), so they do not exhibit true fractal
properties. Thus, due to their size we cannot defirem as self-similar objects, so it is
doubtful to estimate their fractal properties.
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Figure 2.27. Number of monomers versus normaliaeéls of gyration for the numerical test sample
of the DLCA aggregates (Yon et al. 2008) in thellog scale.

This sample is not homogenous. The first slope baynterpreted as the first stage of the
aggregation, where mainly DLA process occurs. Téeosd slope could be attributed to
aggregates produced simultaneously by DLA and DL@wnomena. The “global” fractal
dimension estimated in the region “A” is equal o =1.10+ 0.01 with the fractal prefactor
k, =2.370. Figure 2.28 shows the estimation of the fractaleshsion for the selected 2654
aggregates of the DLCA sample from the region “Bhe “global” fractal dimension
estimated for these aggregates is significantigeathan for the previous case, it is equal to
D, =1.75+ 0.01 with the fractal prefactok, =1.386.
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Figure 2.28. Estimation of the fractal dimension $gnthetic aggregates: raw data points and linear
regression (the log-log scale) of the number of onoers versus th&, /T, ratio.
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An alternative way to determinie is to use the slope of a linear regression fittingversus
the (Rg /Tp)Df . Figure 2.29 shows estimation of the fractal ptefafor the previous sample
of aggregates. It can be seen that in this casegstimation procedure is strongly biased by
the strong non-linearity in the distribution of thewv data points. Thus, the fractal prefactor
evaluated in this method equalktp=1.518 is mainly determined by the largest aggregates.
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Figure 2.29. An alternative methods for estimatdrthe fractal prefactor: (b) raw data points and
linear regressions of the plot of the number of amers versus th /‘rp) '

2.4.3. Non-homogeneity of the fractal dimension

Looking at the high dispersion of the raw data fwipresented in Figure 2.28 one may
conclude that the fractal dimension of the sampl@®fDLCA aggregates is not homogenous.
Indeed, to fully characterize the aggregates, rathen a “global” fractal dimension, various
D, for each aggregate must be evaluated. To do sdixe@ k, to 1.38¢ and use it in the
fractal equation (2.13) for each aggregate sedgrdgure 2.30 shows the histogram of the
fractal dimensions evaluated for 2654 aggregates the region “B” of the sample of DLCA
aggregates. A similar histogram is obtained for thkk aggregates (from both regions)
satisfying the fractal equation (i.e. with) >3), see Figure 2.31.

Analyzing Figure 2.30 and Figure 2.31 it can baasat that the fractal dimension of DLCA
aggregates is highly polydisperse. The averageevahkaluated for the aggregates with
R, >2.51Z is equal toD, =1.754 and it is in a perfect agreement with previousyneated
the “global” value D, =1.75+ 0.01. The average value of the fractal dimension fortiz
aggregates withn, >3 is significantly larger: D, =1.915. Nevertheless, as mentioned
previously, self-similarity properties of small aggates are questionable.
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Figure 2.31. Distribution of the fractal dimensiointhe DLCA aggregates with, > 3.

2.4.4. Sticking DLA aggregates

The most intuitive way to generate DLCA aggreg#es stick together two (or more) DLA
aggregates. Using this procedure (not so rigoroas fthe physical point of view), it is
possible to generate DLCA aggregates and comparghological differences between DLA
and DLCA aggregates regarding their parametersarAexample, we stick together pairs of
aggregates witm_ =100 monomers and various fractal dimensiomg €1.25, 1.50, 1.75,
2.00, 2.25, 2.50 and 2.75). For each fractal dimension we us&@ different pairs of
aggregates and stick them 00 random orientations in 3-dimensional space. [igtron

of the resulting fractal dimension is shown in Fega.32.

Looking at the distributions of the fractal dimemsipresented in Figure 2.32 we conclude
that collision between two aggregates with the sé&metal dimension leads to the lower
average value oD, for aggregates with medium or high fractal dimens{D, >1.50). For
dilute aggregates; <1.50) the average fractal dimension after collisiosnsaller than the
initial one. At the same time, the standard desratf the D, is significantly decreasing
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when fractal dimension increases. It is a directseguence of the fact, that dilute aggregates

may stick together in much more different confidiumas than the opaque ones.
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orientations of each of them. Initial fractal dirse@n of aggregates: (

(c) D, =1.75, (d) D, =2.00, (€) D, =2.50, (f) D, =2.75.

np=

As an example of the sticking procedure descridsa@, Figure 2.33 - Figure 2.35 show
some of the generated aggregates. All of them gomia=200 monomers and have the same
equivalent radius in volum® =5.85 but different fractal dimensions. They were getezta

by sticking the aggregates with various fractal@hisions and radiuses of gyrations.
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(b)
Figure 2.34. Fractal aggregates with the total remaih n, =200 monomers and the same equivalent
radius in volumeR, =5.85 but various fractal dimensions and radiuses oatygn: (a) D, =1.866,
R,=13.32 and (b) D; =1.977, R, =11.52 generated by sticking two aggregates rgf=100
monomers with: (&P, =2.00, R, =7.92 and (b)D, =2.25, R, =6.30.

(b)

Figure 2.35. Fractal aggregates with the total remah n, =200 monomers and the same equivalent
radius in volumeR, =5.85 but various fractal dimensions and radiuses o&fiyyn: (a) D, =2.192,

R, =9.07 and (b) D, =2.233, R, =7.94 generated by sticking two aggregates mf=100
monomers with: (aD; =2.50, R, =5.23 and (b)D; =2.75, R, =4.51.
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2.5. Buckyballs aggregates
2.5.1. Introduction

The regular aggregates of silica nanobeads fornyethd spray drying method (see Figure
2.36) show strong, if not astonishing, similarity the morphology of the "fullerene" or
"buckyballs" molecules: (i.e. Carboc(, C,,,), Bore (B,,, B,,), etc.).

Figure 2.36. Aggregates of silica nanobeads witBuekyball shape (size: from few tens of
nanometers to one or two micrometers).

Each of the latter molecules is formed by a settoins localized at the vertices of a close and
regular (but not fully) polyhedron having pentag@ml hexagons faced( 6, 8,10), see
Figure 2.37. On the other hand, it is known fronteEs Theorem ("12 pentagons rule") that
anyregular and close polyhedron must contailid pentagonal faces, whereas it can contains
any number of hexagonal faces (i.e. the number xddmn may follow other constraints like
the overall sphericity of the polyhedron). Based tbe clear evidence that the silica
nanobeads observed are also organized in a pealagod hexagonal lattice, we naturally
came to the idea that a geodesic dome model istdst suitable to describe the morphology
of buckyballs of silica nanobeads that we weretiélly) observed experimentally (Toure
2010; Barbosa et al. 2012; Onofri et al. 2012a).

If the geodesic dome model is commonly used to predyeodesic surfaces that fit rather
well the spherical (or other convex) surfaces,garicularity and novelty of our model is that
we place silica nanobeads almast contact at the vertices of the regular and convex
polyhedron generated with this method (Toure 2010).

2 )\

Figure 2.37. From left to right: fulleren€(,, C,,,) - Geodesic Domes (Eden, Germany) (Toure
2010).
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2.5.2. Geodesic domeodel to describe Buckyballs morphlogy

To generate a geode, we t need to select a regular polyhet. Among the five platoni

solids (¢egular polyhedre tetraledron, octahedron, hexahedroncosahedron and
dodecahedron), we have cer theicosahedron, since it better fit thpherical shape. Tt

icosahedron is composed af, .. = 20 identical equilateral triangular fes,n.,, =30 edges
andn,, =12 vertices. By plcing a monomeat each of its vertices, weotain abuckyball of
n, =12 identical monomerdt should be noticethat these monomers wbe at the same tim
at the center of the faces the dual polyhedron of thicosahedror(i.e. the dodecahedrc
with n_,. =12, ng, =30 and n,, =20). Basically, our model to deribe largebuckyballs
(i.e. n,212) is composed ofour steps (Toure 2010): (glescription of ariousproperties of
the icosahedron and the re:d buckyballs (i) decomposition of each fe of the icosahedrc
into smaller regular triangs (iii) projection of the related new vices on the sphel
circumscribed to the icosahron anc(iv) optimization d the radius of thrmonomers that wi
be localized atach projecte vertex positior

N
Zﬁ

Figure 2.38lllustration of some parameters of the icosahn.

2.5.2.1. Some important relations in the icosahedro

We first calculate the coomates of the vertices of the icosahedroredge lengthl. The
radius of the sphere circuicribed that passes through all vertices 1e icosahedron (s
Figure 2.38) is equal to:

R,. = Isina =| sin%”. (2.30)

To find thecoordinates of th vertices of the icosahedron, located at ienter of th (x,y, 2)
Cartesian system (sddgure 2.38), we first calculate the imteection plein of the sphere
circumscribed to the icobadron and the sphere of radil centerec on the vertices ¢
It should be noticedhat all sertices 1, 2 3, 4 and 5 pertain to this rsection plan whic
equation may be deded fron:
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{Xz + y2 + 22 = I?erl.’ (2 31)

(x=0)* +(y -0y +(z- R, )* = F.
The equation of the intersection plain and thedthoordinate of the vertices 1-5 are:
222, = Ry~ (2R, = I[ sina { 25im) | (2.32)

With Egs. (2.30) and (2.32), and with the equatbthe circumscribed sphere, we obtained
for the radius of the circle passing by the veHiteb:

Ms =I\/1+1(4c0§a' - ]) (2.33)

Finally, the coordinates of the vertices 1, 2, 354re(X,Y, Z) = (r_scosfa ),r,_;sin(a),
z5) withn=0, 1, 2, 3, 4respectively. By symmetry, the coordinates ofwaeex7 are equal
to (0,0,-R,,) and those of vertice8, 9, 10, 11and12 to (r_scosha +),r_ sin(a + ),
~z,_;) respectively.
By placing monomers at the icosahedron vertices] #&r,, we obtain for the radius of the
circumscribed sphere passing by the center of atlomers:

Rier =21, sin, (2.34)

and the circumscribed sphere touching the buckylfai| =12 external diameter:
R = I’p(ZSina +1). (2.35)

It may also be useful to derive the radius of thenamers from the external radius of the
buckyball:

— . -1
r, =(2sina + )" R.. (2.36)
S,
ﬂ =0 n,, =12 n, =20;n, =0;n,=12
New vertex of the edge ¢ / \
N 3 )
New internal vertex z A n=kn,, =12, =200, =0, 0, =42
7/ \s,
e = n n=2n,, =1% n,, =200, =kn,=92
wa s,
/‘ n =3, =12 ng, =200 n,, =3 n,=162
S /c) / @)\ ..
n = ps ﬁ\ . =4 n,, =12 n.,=20;n., =6;n,=252
/

] \
\ / £\
4 M~ \ 0 =51, =12 n, =200, =10; 1, =362
L £ A

Figure 2.39 Geodesic dome model: decompositiorhefitosahedron elementary faces into smaller
regular triangular faces.

2.5.2.2. Building large and regular polyhedron

To build larger buckyballs with the geodesic domedel, each edge of the icosahedron is
divided inton +1 line segments of equal length (see Figure 2.3Bgremn >0 is an integer
number corresponding to the number of new vertine®duced along each nominal edge
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(noteda, b, cin Figure 2.39). By drawing line segments of edeagth, passing through these
new vertices and being at the same time paralldid¢cedges of the face of the icosahedron,
we produce new regular triangles. These smallangies are defined by the vertices located
on the edges of the face of the icosahedron facetpk ones that are inside the corresponding
icosahedron face. So that for each face of thealwedron we obtaim? smaller identical
equilateral triangular faces and a total numbevetices equal ton,. As a first step, we
evaluate empirically the relation betweanand n, with n, =12, 42, 92, 162, 252, 362. for
n=0,1 2 3 4,5, respectively (see Figure 2.39). It is easy to sitioat the values oh
evolve as:

np,r]:O = n\/ert.'

np,q >0 = Myert + nFac{% + nc,q j’ (2.37)
where the coefficienB/ 2 accounts for the fact that the vertices on theesdd the triangular
faces of the icosahedron are common to two ofdjac@nt faces (green symbols in Figure
2.37 (a)). n., stands for the number of vertices inside the cmred icosahedron face
(i.e. ball symbols in Figure 2.39) with, ;=0, 1, 3, 6, 15, 21, whenn =0, 1, 2, 3, 4, 5,.
respectively. The number of the internal verticesys the arithmetic progression:

2n._—-n

n c,n>0 = c,n cn-1

=0; n

c,n=0

+1:@ | (2.38)

Finally, the total number of vertices of the bucalibis:
ni = ()7 np = rlleri
, (2.39)
n > 0; r1p = Ny 4-JjL£_[l_j%£§)_[E§ESL_

Later on, it will be useful to have an expressielying n >1 to n:

n = 1+2{”p_%j -1, (2.40)
Face
The edge length of a buckyball of = f(n) monomers can be derived from its
approximated edge length (in Figure 2.37 (a)):
I =(2n +1r,. (2.412)

Thus we finally obtain for the external radius loé touckyball ofn, particles:

M:[z[ 1+ 2(—np _n’erJ —1}+1] sin2—7T+ 1 (2.42)
r n 5

Face

The coordinates of the new vertices, are more qudatily those located on the edged, c:
S., S, S (see Figure 2.39), can be derived with simplealinmelations from the coordinates

1t is only an approximation since the monomer Wélnot fully monodisperse (see later on).
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of the icosahedron vertices. As an example, forethgea, the coordinates of the vertices are,
with i =0, 1, ...,n,, given by:

X_:X1+

al

X)X EYA (Y 2= e (2- 3 49)

r]+1 ﬂ+1

A similar procedure can be used to deduce the coateliof the vertices inside each face of
the icosahedron (Toure 2010; Onofri et al. 2012a).

2.5.2.3. Projection of the circumscribed sphere

To obtain large buckyballs with a spherical shdbpe vertices of all small equilateral triangles
are projected onto the circumscribed sphere. Thissimply done with a homothetic
transformation of centef0,0,0 and similitude ratioy (see Figure 2.40 (a)). We found for
the coordinates<’, Y and Z' of the projected vertices:

X'=yX ;Y=yY; X =yZ, withy= R,/ X+ Y+ Z (2.44)

Figure 2.40 (a) shows the vertices on the reguléyhedron (in black) and their projected
image onto the circumscribed sphere. At all of éhe®jected vertices a monomer will be set.
However, due to the projection onto the circumsdrilphere, the edges of the projected
triangles are curved and they have slightly diffiédengths (i.e. in Figure 2.40 (a) the length
noted¢ and¢+ are clearly different). For molecules this impltbat the interaction forces are
slightly different between each atom. For buckyhalthis distortion implies that the
monomers are necessary slightly polydisperse amdtdiully in contact (5 or 6 points).

B ( ircumscribed
f sphere

N
Icosahcdron
Edl,e \

(a)

Figure 2.40 Projection of the vertices on the amsaribed sphere (Toure 2010; Onofri et al.
2012a).

2.5.2.4. Optimization of the radius of each monomer

As the buckyball of12 monomers is directly build from the icosahedranjsi easy to
conclude that all monomers are in contact with rtHeie neighbors and that they are
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monodisperse whem =R, . For larger buckyballs, one additional step is ne@gs to
minimize gaps and overlapping between the monomBrsdo so, keeping constant the
position of each monomer, the size of each monamadjusted iteratively until we obtain
each monomer is in contact with at least another(@me monomer size distribution remains
narrow, see Figure 2.44). With this procedure,nfaximum contact point is only ensured for
the monomers that are at the center of the pentagoa. 5 contacts). The fact that all
monomers are not strictly in contact could be &j@m to simulate the scattering properties
of metallic aggregates (i.e. plasmon resonancesyveder, for buckyballs of dielectric
spheres, this accuracy is thought to be far enough.

2.5.2.5. Filling Buckyballs

Even if there are some experimental evidencesabgtegates of silica nanobeads may be
empty (like those produced with the geodesic dorodet), the great majority of them seem
to be filled with nanobeads. Unfortunately, we do Imave any information about the internal
packing structure. Then, as a first step and toenth& things simple, we have developed two
filling procedures using (i) hexagonal compact (H@ypregate and (ii) fractal aggregate with
the maximum compactness achievable with our DLAec@@. D, =2.88) imposed before the
filling procedure. These two solutions, allow to aht buckyballs with a volume fraction
about 50%. For the HC case, the Buckyballs wif=12, 42, 92, 162, 252, 362 contain
finally n,,. =13, 44, 111, 24¢509, 749,.. nanoparticles. For the filling procedure with talc
aggregates, the buckyballs contairmpny =13, 44, 111, 234, 434, 709 nanoparticles
respectively.

2.5.3. Numerical examples

All the aforementioned algorithms, for the modeliofysmall to large buckyballs that are
empty (shell) or filled, were implemented under MAAB environment. Figure 2.41 shows
3D-rendering views (with POV-Ray (POV-Ray 2004)) shell-buckyballs containing
n, =12, 42, ..., 100 monomers (normalized radiuses). All monomers watiius r, <1 are
pointed out in black. One can remark that the dattienomers are localized at the center of
the pentagons whatever, for the largest buckyhiakés, spread out all around the pentagons.

56



CHAPTER 2 - MODELS FOR PARTICLE AGGREGATES

Figure 2.41. 3D-rendering of buckyballs with in@ieg number of monomers; .

Figure 2.42 shows a compact and dilatetl.§) buckyball withn, =92. The bonds between
each monomer and its closest neighbors are ailsirdted. Figure 2.43 shows synthetic TEM
images of a buckyball which is emptyn (=162) or filled with hexagonal compact
(n,..c =162+ 87) or fractal (N, ,, =162+ 72) aggregates. Figure 2.44 shows all inter-distances
and the related statistics, between the monometseobuckyballs ofn, =42 and n, =362
monomers. For both cases, the standard deviatidheomonomers inter-distances is below
7.2% with a standard deviation of the radiuses of tkas 11% and 8% respectively.

Figure 2.42. Buckyball ofn, =92 monomers: dilated and compact forms with an itatsin of
monomers “bonds”.

(a) (b) (c)
Figure 2.43. Synthetic TEM images generated forsiume geodesic dome parameters. Buckyballs:
(a) empty (nr =162, volume fraction32%) or filled with (b) an hexagonal compact,(,. =162+ 87

spheres, volume fractios2%) or (c) a fractal aggregate(, =162+ 72 spherespD, =2.88, volume
fraction 49%).
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Figure 2.44. Normalized monomers inter-distancesefopty buckyballs ofn, =42 and n, =362
monomers.

2.6.Conclusion

In this chapter we have introduced two particle etedo describe the morphology of

nanoparticle aggregates. The first of them, thetditdike model, is based on the self-

similarity concept or structure invariance at eacélle. Its basic assumptions are well known
and widely used in the literature to describe DDACA or RLCA aggregates. However, we

have developed a tunable DLA algorithm and codecllieliberately avoid any complex

physical, mechanical or chemical dependencies However a universal and well-defined

model, which provides reproducible results. Thistipe model is used throughout this

manuscript to test the developed algorithms, tbatke the morphological analysis obtained
by electron microscopy (Chapter 3), to test thatlgcattering models (Chapter 4) as well to
inverse experimental data (Chapter 6). The secoodemreferenced hare as the Buckyballs
model, allows to produce highly symmetrical aggtegathat have been observed
experimentally. This model is used to inverse expental light extinction spectra obtained

for aerosol of silica nanobeads aggregates (Chéjpter
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Chapter 3

TEM-BASED METHODS FOR THE ANALYSIS
OF FRACTAL-LIKE AGGREGATES

3.1.Introduction

In this work the two privileged experimental appio@s to investigate aggregates of
nanoparticles are used: the light extinction arel gmall angle scattering techniques. They
provide an on-line and in-situ analysis of varigasticle systems. However, up to now for
most scientists, the Transmission Electron MicrogcqpEM) and X-ray scattering
techniques remain the reference methods to chamectoot aggregates (e.g., (Hessler et al.
2002; Braun et al. 2004; Mitchell et al. 2009))doist formed in plasma systems (e.g. (Sharpe
et al. 2003; Arnas et al. 2005; Glenzer and Red2068)). Indeed, even though TEM-based
analyses are known to be partly biased due to sagh@hd storage procedures (e.g. (Koylu et
al. 1995; Chakrabarty et al. 2009; Ouf et al. 2D1logy offer fundamental advantages over
optical techniques. For instance, they allow adlimeasurement of the two-dimensional
(2D) projected image of each collected aggregat avhuge size range, while being at the
same time only slightly sensitive to the propert@sprimary particle material. All the
aforementioned issues explain why over the lastdies a huge effort has been devoted to
develop global Transmission Electron Microscopy NjEbased method for estimating the
size distribution and average fractal dimensiorcafected samples. However, this global
approach is not suitable for aggregate samples dbanot have homogeneous fractal
dimension.

As an example, Figure 3.1 (\Mwak et al. 2012a; Wamiak et al. 2012b) shows TEM-based
analyses of 543 soot aggregates produced by d flease (Yon et al. 2011). Several results,
which will be detailed and discussed throughous tthapter, are presented in this figure:
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(i) the number distribution of the normalized ragliof gyration; (ii) typical binarized TEM
images of soot aggregates with their fractal dinengstimated by the proposed Modified
Box-Counting method (MBC, see below) and (iii) frectal dimension of the whole sample
estimated with the conventional Minimum Boundingciegle method (MBR, see below).
With the MBR method we found a rather typical vafaethe average fractal dimension of
diesel soot:D, =1.88+ 0.0 (e.g. (Yon et al. 2011)). Nonetheless, from a kjwiew of TEM
images, one may Iintuit that the smallest aggreghtee a significantly greater fractal
dimension than the largest ones. If such a coroslaxists (i.e. the experimental sample is
multi-fractal), this could have major implicatiof@ our understanding of aggregation and
growing mechanisms. To clarify this point, one mustable to estimate the fractal dimension
at different size scales (i.e. as we did with thB@/Mmethod) and to quantify the error made.

3.5

Fractalldimensié)n with: I
3.0 MBC: D,
MBR: Dy

D,=1.47

D,=3.00 E
D,:1.34 3160
T

% % %% %j% %oj% R : o

0.2 0.4 0.
log (R /r.)

N
o
Number of aggregates

Figure 3.1. TEM-based analyses of an experimeatapte of diesel soot: number distribution of their
normalized radius of gyration and estimated fragtadension. The fractal dimension is obtained with
the conventional Minimum Bounding Rectangle metfgidgle value, in bold) and the Modified Box-
Counting method (for each aggregate, in italic) gwak et al. 2012b).

Thus, in this chapter we present the work done soudis and develop two approaches for
detecting correlations between the fractal dimensind the radius of gyration of a limited
sample of fractal-like nanoparticle aggregates fiiak et al. 2012a; Wmiak et al. 2012b).
The chapter is organized as follows. Section 3exqmts the model developed to simulate
synthetic TEM images of fractal aggregates, as a&lthe pre-processing schemes used to
filter out TEM images and extract the overlappiagtbr of particle image pairs. Section 3.3
details the principle of and improvements on twdhods used to estimate the morphological
properties of aggregates on the basis of their TiaRges. Section 3.4 presents and discusses
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the results obtained with these methods when appgbeexperimental and synthetic test
samples. Section 3.5 is an overall conclusion.

It should be noticed that, this chapter mostly enés analysis of the experimental diesel soot
aggregates (Yon et al. 2011) as well as synthetitdamples generated with our DLA-TEM
software. However we analyze also silicon carbBi€) nanoaggregates provided by CILAS
company, which have, indeed, rather similar progethan diesel soot.

3.2. Modeling and images pre-processing schemes
3.2.1. Modeling of TEM images

To obtain synthetic TEM images, a simple macroscopodel for electron absorption was
used. Assuming a single scattering regime and dmooip primary particles, electron
propagation and absorption were described by gatly model and the Beer-Lambert law.
It was further assumed here that TEM optical cosieerand imaging systems are linear.

Figure 3.2 outlines the modeling procedure, wheng and Xy are respectively the default
emission and imaging planes, parallel to each ptiwérle electrons (i.e. rays) propagate
alongz. L is the inter-distance between the planes that atk Hiscretized intoNxM
elements, withi =1,...N and j=1,..M . With |, being the initial intensity of an incident
electron beam and, the intensity of the corresponding transmittednietine transmission
rateT for the bean(i, ) is given by:

. |L(i,j) (i) m(i, })
T.(i,§)= =exp K, > 1 KoYl (3.1)
n=1

I 0 g=1

wherel, ., 1.4, p(i.j), m(i, j), K, and K, respectively represent the electron path lengths
within the n—th primary particle and within thg —th external medium gap, the number of
primary particles and external medium gaps crobsettie ray(i,j), and the primary particle
and external medium absorption constants. All i pengthsl , 1, , were determined by
calculating the geometric intersection points betweach incident ray and the surface of all
primary particles within the aggregates. TEM imagese simulated by transforming the
transmission matrix into a gray-level image:

lrem (i1j)=gTL(i’j)_5TEM’ (3.2)
where g is the overall gain of the optical conversion andging system, and,.,, the mean
background noise and offset of the TEM image. lgiealith an 8-bit camera and an infinite
signal-to-noise ratio, we find thaj =255 and 4&,.,, =0. This simple model and the related
Windows-based DLA-TEM code can also take into act@amameters such as the contrast,
brightness or gamma factor of the imaging systeegarding the difficulty to find tabulated
data forK,, we just estimate its value from experimental TiEMiges. For nearly spherical
primary particles, by measuring their radius and th&imum gray levels of their
experimental TEM image, we find that:
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Ky = =In| (Min{ 11y (1,1 )} * Gren) 1910 |11 (3.3)

Figure 3.2 shows a typical synthetic aggregateandl Ispheres in contact (3D-rendering with
POV-Ray software (POV-Ray 2004)) and its associdiedl image (produced with the
algorithm described above, with, =1.50, n, =25, R, /r,=6.27, N=M=1024, K =1,
K,=0).

Initial plane (x,,Y,)

d2D

LK

Projection plane (x,y)

Figure 3.2. 3D rendering with the POV-Ray softwared 2D TEM image (with our model) of
a synthetic aggregate witl?; =1.50, n, =25, R/ r, =6.27.

This algorithm has been implemented in the DLA wafe, tab “TEM” (see Figure 3.3).
The TEM tab of the software is composed of six spapanels. The most important is panel
(a), that allows to specify the parameters of TEMrging (e.g. resolution, grayscale levels,
values forK , K, etc.). Panel (b) is a progress bar, while paciesiiows a preview of the
TEM image. Panel (d) provides the information alibetresolution of the final image. Panel
(e) gathers together general control buttons andlesmao import data (text files with
coordinates of spheres produced in the DLA tabhefdoftware) and export synthetic TEM
images. Finally, panel (f) may be used to perfoenas calculations for a set of input files
(coordinates of monomers in each aggregate).

Figure 3.4 shows example synthetic TEM images &tous projection planes (columns) of
the simulated aggregates nf =200 monomers withr, =1 and different fractal dimensions

(rows): (a) D, =1.60, (b) D, =1.80, (c) D, =2.00. It can be seen that the morphological
parameters of the presented aggregates vary sigmily for different rotation angles (and

thus the projection planes). The latter remark &xrgl why to analyze aggregates from TEM
images it is necessary to proceed a large numbsaroples.
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Figure 3.3. Screen copy of the TEM software: (appeeters of the TEM imaging, (b) progress bar,
(c) preview window, (d) image resolution, (e) gedt@ontrol buttons, (f) serial simulation panel.

4 P

(b)

Figure 3.4. Synthetic TEM images for various progact planes (columns) of DLA aggregates with
n,=200 with r,=1 and different fractal dimensions (rows): (&); =1.60, (b) D; =1.80,
(c) D, =2.00.
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3.2.2. Overlapping factor and projection errors

The zoom in Figure 3.2 highlights the fact that ThHivages of neighbor particles and «,
°® overlap with a two-dimensional

K

with a radius r and a Euclidian inter-distanc
overlapping factor:

cz? = (2r, -d2)/ 2r,. (3.4)

This overlapping may be attributed to physical oeasi.e. 3-dimensional overlapping of
particles discussed previously in section 2.3.vek as 3D to 2D projection bias. In fact, for
aggregates of spherical particles with statisycattndom orientations, the average 2D
overlapping factor of all pairév,x) of neighboring hard spheres in contact does npémle
on the fractal dimension. It is a pure geometraz@fficient that can be derived by averaging
the inter-distanced> with the help of Eq. (2.19) and the proper bouwdaalues y, =0
andy, =1:

1 Vg

Y2
0= [ q2o(a) =T, (3.5)
2 1y

Using Egs. (2.22) and (3.5) we find that for twachapheres in contact:

Czo =(2r,-d2°)/2r, = 0.215 (3.6)
The same procedure can be used for partially qwertg spheres. From numerical
simulations performed oA000 pairs (v,x) of spheres with random orientations and with

various overlapping factor€X® =0, 0.05, ..., , we find that the relation between the two
overlapping factors is nearly linear:

Cor =4.G¢ = (3.7)
where ¢, and ¢, are linear regression constants, with=1.27+ 0.01 and ¢, =0.27+ 0.01.
The latter values are comparable with those foynBrasil et al. (Brasil et al. 1999).

It now remains to find how we can estimaf® from TEM images. Image processing
algorithms and blob analysis techniques fail tcedietll primary particles within the TEM
images of a fractal aggregate, especially wheiffratstal dimension approaches, and all the
more when itexceeds2. Consequently, all authors, including ourselvegtd estimate this
inter-distance "manually”. This is done by selegtinfew branches of the fractal aggregate
which are as far as possible both elongated arallglato the TEM image projection plane.
Obviously this is a totally subjective approachwéweer, in order to obtain a rough estimate
of the degree of error, let us consider that weehaanaged to select branches that are not
tiited more thant30® in respect to the projection plane. In that céseC2® =0 and by using
Eq. (3.5) with the appropriate boundary valugs=0.25 and y,=0.75, we find that
CZ® =0.042. The error made is onl$.3%.
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Figure 3.5. Sketch of aggregates contact modelsif@le-contact point or (b) multi-contact points
(with lengthsl, =1, for the 1D-projection).

The aggregate of Figure 3.2 seems to be stuck tbetprojection plane by a single contact
point. For particles which are sensitive to thecéoof gravity, this position would clearly be
unstable as it does not minimize the aggregatenpatesnergy. This is not necessarily the
case for nano- and small micro-aggregates thatrargtly sensitive to adhesion and short
rangeforces(e.g. Van der Waals forces when soot aggregatedegresited on a TEM grid).
Thus, depending on the sampling procedure usedolect aggregates, the balance of
adhesion forces and collapsing or rolling effegte may be confronted with the two cases
outlined in Figure 3.5. The single contact poinsecas a direct result of the DLA & TEM
algorithms: aggregates are randomly oriented irtes@and consequently with regard to the
projection plane (i.e. on the simulated TEM Gri@he multi-contact point case can be
modeled roughly by iterating on all possible oraitins of the aggregate until the distance
H (between its center of mass and the projectiong)laeaches a minimum. It is obvious
that the latter assumption leads to the greategegiron length and surface area. Comparison
between projected lengths for randomly orientedreggtes and for aggregates with the
multi-contact point scheme is shown in Figure ¥6r eachD, the results were averaged
over 50 different clusters. Something importamdtice is also that aggregates with the same
parameters may exhibit different projection lengttasd surface areas. It is a direct
consequence of their random orientation onto TEM. ddf course, this effect is much less
noticeable if the multi-contact point case is tak&on account. So it is not surprising that, the
standard deviation for the randomly oriented agapesg) is significantly higher than for
aggregates with the multi-contact points caseait be also seen from Figure 3.6 that the
differences between both approaches decreaseyayhein increasind, so that with a good
accuracy we can neglect this issue for aggregatds w fractal dimension higher
than D, =2.0.
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Figure 3.6. Comparison between maximum projecimgth averaged over 50 synthetic aggregates as
a function of the fractal dimension for randomljeoted aggregates and for aggregates with the-multi
contact point scheme: clusters with (8)=100 and (b)n, =400 monomers.

Similar questioning regarding influence of the ap#ing or rolling effects to the estimation
procedure have been discussed by Oh and Sorenkean(DSorensen 1997) and by Brasil et
al. (Brasil et al. 1999). Brasil et al. assumed #raaggregate after touching the collecting
surface rolls until 2 and finally 3 contact poirsiee reached. If these effect is not properly
considered, the number of primary particlegs and the fractal prefactok, may be
overestimated up td0-15% (Brasil et al. 1999). Due to the lack of infornaattion aggregate
deposition mechanisms, all results presented lesieept those of Figure 3.25) were obtained
with the single-contact point model.

100 nm

)

100 nm

(a)

(b)

Figure 3.7. Example of large (1) and small (2-3sei soot aggregates (Yon et al., 2011): (a) raw
TEM image (the contrast was enhanced for the permdspublication); (b) pre-processed image
showing the morphological parameters estimatethitargest aggregate.

3.2.3. Pre-processing of TEM images

Prior to perform a morphological analysis, each r&a&M image was pre-processed
(i.e. spatially filtered out to remove backgroundise and low-frequency gradients) and
binarized, see Figure 3.7. Next, the mean radius @rerlapping factor of the primary
particles were estimated “manually” by measuringesal dozen of single, and pair, of
particle images. Thus, for each aggregate, we kbdke its bounding rectangle with a
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minimal surface. Each minimum bounding rectangls defined by its length*®, its width

W?* and its orientation within the original raw TEM age. Finally, each embedded TEM
image was rotated to obtain conventional rectameggliaped and oriented images (these steps
are depicted in Figure 3.8 (a) and (b)).

(b) "

Figure 3.8. Chart of some of the pre-processing modphological steps: (a) raw image; (b) pre-
processed image (filtered, rectangle bounded araded); (c) random sampling scheme of the MBC
method; (d) image with additional bounders (hatctiesh); (e) classical box-counting algorithm with
regular mesh.

3.3. Methods for estimating the morphological parameters
3.3.1. Minimum Bounding Rectangle (MBR) method

Although the first method discussed here is thetmadely used (e.g., (Samson et al. 1987,
Megaridis and Dobbins 1990; Koylu and Faeth 19%;ef al. 1995; Chakrabarty et al. 2009;
Ouf et al. 2010)), its name is not well establishEaus, for the sake of convenience and in
view of the fact that it is fundamentally basedtba determination of the properties of the
smallest rectangle containing each aggregate, Waefer to it as the "Minimum Bounding
Rectangle (MBR)" method. Example images of the emgregates (left column) and after
binarization with visualization of the minimum boumgl rectangles (right column) have been
shown in Figure 3.9.
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200 nem

Figure 3.9. Example of SiC aggregates: raw imadeft) (and images after binarization with
visualization of the minimum bounding rectanglegh().

3.3.1.1. Radius of gyration

The radius of gyration of a fractal aggregate carstimated from its characteristic lengths in
a two-dimensional space, and more particularly lémgth L*° of its minimum bounding
rectangle. The value of the ratit®®/(2R,) is generally considered to be a constant
nevertheless its value varies betwde#9 and 1.78 from one author to another (Puri et al.
1993; Koylu et al. 1995; Brasil et al. 1999). Irctfaour simulations reported in Figure 3.10
show that for small aggregates (i.e. like thosEigure 3.1) withD, =1.40 to 2.80, the ratio

L?° /(2R,) varies from1.26 to 1.53 with the mean value of* /(2R, ) =1.43+ 0.0¢.

1%5+——7—T— 77— 777

1507 | --0-- n =50 1

1.454

=
& 140

~

[a}
135 L™/(2R ) = 1.43+0.02 for D=1.88

L*/(2R ) = 1.41 £ 0.02 for D=1.70
1.30 ¢

125 +——T7—— 77 T T T T T
12 1.4 16 18 2.0 2.2 2.4 2.6 2.8

Fractal dimension, Df

Figure 3.10. Numerical estimation of the dependesfci/® /(ZRQ) versus the fractal dimension and
for various values of the number of primary paeticWithin the aggregate.

The radius of gyration can also be estimated frooharacteristic length derived from the
surface area of the minimum bounding rectangles Tdharacteristic length/L**w?* is
commonly used to relate the morphological paramseiereach other thanks to an equation
which is formally identical to the fractal equatigg. (Koylu and Faeth 1992; Chakrabarty
et al. 2009):

i

, = ko [— . (3.8)
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where k,, is a 2D structural factor playing the same rolentka in Eq. (2.13). Using Egs.
(2.13) and (3.8), it comes that the radius of ggratan be estimated with:

R =YLWE (3.9)
B

where ,Bz(kf /kLW) . The value of the latter parameter was estimateddylu et al.
(Koylu et al. 1995) to be equal t¢=2.34 for rather large soot particleD( =1.70 and
n, 2100...100(). However, it should be mentioned that although is explicitly fractal
dimension dependent, a large number of authors bagd this value of3=2.34 for their
own problems, forgetting that it was estimated dpecific aggregates. Unfortunately, our
simulations show that althougg is indeed fractal dimension dependent, it alsoeddp
slightly on the number of primary particles withime aggregates, see Figure 3.11). This is
why, in what follows, we distinguish between thesesin whichg is either variable (as it
needs to be and as it is ensured by using therattib curves shown in Figure 3.11) or
constant (only for comparison with the literature).

1/D;

2.8
2.6
2 24
L 22 74 B =249+0.05 for D=1.88
o
L 20] AN
I f3=2.29£0.06 for D=1.70 —=-n = 10
= 18 —e-n =50
P
1.6 k- n= 100 |1
—— n_=400
1.4] p ]

14 16 18 20 22 24 26 28
Fractal dimension, D,

Figure 3.11. Numerical estimation of the dependeoicys versus the fractal dimension and for
various values of the number of primary particlethiv the aggregate.

Figure 3.12 compares the radius of gyration esa@chawith two different characteristic
lengths. To evaluater, for the synthetic aggregates of (a) =100 and (b) n, =400
monomers the ratios of*® /(2x1.49 and vL*°W? /2.34 were used. The results have been
compared with the initial values of the radius gfagion. It can be seen that in both methods
the standard deviation is quite significant for Briractal dimension and it decreases rapidly
for increasing value oD, . Projection errors caused by random orientatiothefaggregates
during TEM imaging are responsible for these effect
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Figure 3.12. Comparison between the radius of gyragstimated with two different characteristic
lengths (°/(2x1.49 and (L"W?)"?/2.34) for synthetic aggregates with (a), =100 and
(b) n, =400 monomers versus fractal dimension.

3.3.1.2. Number of primary particles

The number of primary particles within an aggregeds estimated from the measurement of
its projected surface area, and thatA, of the primary particles, and also by using an
equation which is formally identical to the fracémjuation:

- ia, 3.10
" kﬂm (3.10

where o« and k, are parameters that have been evaluated expedliye(iViegaridis and
Dobbins 1990; Koylu et al. 1995) or numerically (&id Sorensen 1997; Brasil et al. 1999).
Depending on the work and combustion systems ceresild the values of these parameters
are in the rangesa=1.07-1.1( and k, =1.10- 1.3C. For all results presented below, to be
consistent with other authors, we use the valyesl.155 and a =1.09< derived by Koylu et

al. (Koylu et al. 1995) since this work was fourmdlte the most convincing. Nonetheless,
according to the numerical results presented irureid3.13 the parameter significantly
varies with the fractal dimension and the numbemohomers. The average values evaluated
from Figure 3.13 forD, =1.70 and D, =1.88 are equal tal.091+ 0.00¢ and 1.104+ 0.00
respectively. Estimations for these parametersimra good agreement with the results
supported by the aforementioned authors. This elgains why to be consistent with the
literature, the parameter was set tar =1.09¢.
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Figure 3.13. Numerical estimation of the dependexidfe exponentr versus the fractal dimension,
for various values of the number of monomers withmaggregate.

3.3.1.3. Fractal dimension

The fractal dimension can be estimated by posiegetjuality between Egs. (3.8) and (3.10)
and by measuring the properties A, A, and ""W* of many aggregates:
a 2D 2D
In[ka(%j }: Inn, =Ink,, + Dfln(i}. (3.11)

o

With Eq. (3.11) we can only access to an averadglobal” fractal dimension for the entire
sample, sinceD, is simply derived from the slope of a linear regien (see (Koylu et al.
1995) and like it is done in Figure 3.1). It is mEcessary to determing,, to obtain D, .
However, with a view to the main aim of this wovke found it more meaningful in Figure
3.1 (as in all other Figures) to display along xkaxis the values of the normalized radius of
gyration R,/ r, rather than the quantity L>°W*" /. To do so, our procedure consists in
obtaining D, directly from the slope given Eq. (3.11), and theruse Eq. (3.9) (with3
constant or variable) to obtaR, / r,. r, is deduced, likeA,, A, L*® andW?, by means of

a classical "blob" analysis performed in MATLAB @onment.

3.3.2. Modified Box-Counting (MBC) method

The Box-Counting method is a well-established mettuocestimating the fractal dimension
(Minkowski dimension) of infinite mathematical obje (such as the well-known Cantor and
Sierpinski sets, and also strange attractors) (@hé&R90). To do so, the 2D image of the
object is successively binarized and covered waiiase boxes (i.e. interrogating windows)
with a scale ofL_, wheres=1,...,S refers to the analyzing scale. At each scaleN, boxes
contain a fragment of the fractal object (at le@ms¢ dark pixel) Thus, the basic underlying
idea is that the evolution af, versusL_ expresses the self-similarity properties of tlzetal
aggregate over the considered scales, which imihisggcompare also with Eq. (2.12)):
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N, ~ L, (3.12)
or, more formally (Theiler 1990), that
. InN
D, =-I s, 3.13
Ay L (3.13)

One major feature of this method is that it alloovee to estimate the fractal dimension of
single objects, making it very suitable for detegta correlation between the morphological
properties of all aggregates within a small samigtavever, with real particle aggregates and
their TEM images, we have to deal with their sized aesolution limits. As a direct
consequence, the limit of Eq. (3.13) (which is take ensure invariance over smooth
coordinate changes) cannot be reached. Additionallynost cases the images of fractal
aggregates cannot be decomposed at all scalesamtimteger number of square boxes.
Therefore the total surface area of the analyzingbas not the same at all scales. To solve
these problems, we developed a Modified Box-Cogn{MBC) algorithm which provides
several major improvements. First, the minimum labog rectangle method is used to reject
any surrounding parts of the TEM image that contanfractal elements but which could
strongly influence the box-counting analysis (seangple aggregate with surrounding parts
and regular Cartesian meshes of boxes in Figuréd})8Second, to overcome the problem
related to multiple subwindows and blank zones)yaireg boxes are not generated along
regular Cartesian meshes (like shown in Figure(8)8 but are distributed randomly with
uniform distribution within the TEM image (this ptés depicted in Figure 3.8 (c)). Thirdly, at
each scale, the number of non empty boxes is n@eaaby the total surface area of all boxes
generated at the corresponding scale. Finally, fthetal dimension of uniform fractal
aggregates (i.e. which are not multi-fractal) (Térell990) ) is no longer estimated from the
limit given in Eq. (3.13) but from the slope (Foramtpour et al. 1999) of the linear regression
performed on the raw data points obtained at allesc

In[ N, J:—Df In(L,) +Inb, (3.14)

2L
whereb is an arbitrary constant.

For the conventional box counting method (Theile®@9%aye 1994; Foroutan-pour et al.
1999) as for the newly introduced one, the choic¢éhefset of analyzing boxes, and more
particularly the minimum and maximum box sizesaigetermining factor. For the sake of
convenience, and since we are looking for selfiginty properties, we can use the dimension
of one pixel as the unitary scale. For the mininor size, the choice is guided by the need
to maintain a reasonable signal-to-noise ratiothedcapacity of the method to probe the low
scale "porosity" of the aggregate image. The lattandition is particularly important for
aggregates with a high fractal dimension (&g=2). On the basis of the above remarks and
also a stability analysis performed with the DLAMElgorithms, the smallest analyzing box
size was set ta, =2 pixels. To set the maximum box size, we can fusserve that the
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maximum dimension of fractal aggregate images yaelceeds a few hundred pixels.
We also came to the conclusion, as did Foroutam-gioal. (Foroutan-pour et al. 1999) tbe
conventional box-counting method, that problem&daohto the maximum box scale can be
ignored if the maximum box dimension does not egce@5% of the maximum length scale
of the aggregate image. In this work therefore,ttaximum box scale was limited o/ 4.
After several test with various sets of boxes amel t the form of Eq. (3.14) we finally chose
to build a set ofS=17 boxes which were nearly logarithmically distribditeith L _=[2, 3,

4, 5, 6, 8, 10, 13, 16, 20, 25, 32, AW, 63, 79, 10C. As an illustration, Figure 3.14 shows the
pre-processed image of a soot aggregate, togetiter the raw data points and the
corresponding linear regression obtained with ti&Ovmethod. The uniformity at all scales
of this aggregate is clear. However, when procgssgnthetic aggregates, we found
a systematic shift between the nominal fractal disnen and that deduced from the slope of
the linear regression. This shift, which depend$ lom D, andn_, is attributed to the finite
dimension of the aggregates considered here (Relr, <20 for all synthetic and
experimental aggregates). Consequently, in ordesbtain an accurate estimation of the
fractal dimension we were obliged to use, as we fdidthe MBR method, numerical
calibration curves. The latter were derived from #imalysis of the TEM images of thousands
of synthetic aggregates with different fractal disiens ©, =1.2, 1.3, ..., 2.) and numbers
of primary particles §, =5, 10, 20, 30, 50, 100, 4).

15 o (a) Raw slope:
R D=1.763+0.018
4 '0\
-2.07 ~a (b) Estimated fractal dimension:
! o, D=1.701£0.016
-2.5] e
] o
L~ O~
Z 30/ o . (a)
Le] 1 "o
-3.5] ; .
I L2 I o
1 “o.
-4.01 o "
1 2D
| w -]
-4.5] l ©
02 04 06 08 10 12 14 16 18 20
log (L)

Figure 3.14. MBC method: raw data points and linegression on the box count versus the box
length scale of the boxes for a large diesel s@@t:raw slope; (b) calibrated slope (i.e. fractal
dimension); (c) corresponding pre-processed TEMyama

Figure 3.15 (a) shows examples of these calibratiowes. It can be seen that for reasonably
large aggregates (i.e. for, 2100) the calibration curves of the MBC method ares lasd
less dependent on the size of aggregates (as it baugor objects with auto-similarity
properties). For smaller aggregates, MBC calibraticarves just tell us that we are not
dealing with true fractal objects. It is the reasshy, we have to use various calibration
curves. Figure 3.15 (b) compares the calibratimves of the optimal set 05=17 boxes for
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n, =100 monomers with some other possible solutions therevalso tested. It is worth to
notice that we set an almost constant sensitivity wide range of the raw sloge (up to the
initial fractal dimension equal td, =2.40).

Due to this overall procedure, the deviation betwde mean estimated fractal dimension
and the nominal one is typically less than 1% famatical aggregates witR, /r,>2.5 (see
for instance Figure 3.21). It should be noticed,thath the MBC method there is no specific
way to determine either the number of primary phes or the radius of gyration. Therefore,
below, like with the MBR method, these morphologiparameters are deduced using Egs.
(3.9) and (3.10).
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Figure 3.15. (a) Some of the numerical calibratiomnves of the MBC method and (b) comparison
between the numerical calibration curves for défersets of boxes . .

3.4. Results and Discussion

All the previous models and methods were testecarmrexperimental test sample of 543
images of soot aggregates produced by a diesekf(afon et al. 2011) (see Figure 3.1 and
Figure 3.7) and silicon dioxide particles (CILASngoany, e.g. see Figure 3.9) as well as
synthetic aggregates generated with the DLA-TEMiatlgm. The morphological properties
of the synthetic aggregates were chosen to baraksas possible to those obtained with the
experimental soot sample: normalized radius of tgyma (R,/r,=1, ..., 17.2 with

r, =8.2nm); number of primary particlegn, =1, ..., 334; size distribution in number (see
Figure 3.1); a constant overlapping fact@’{ =0.20+ 0.0%); a fractal dimension which is
either constant®, =1.88, as we found with the classical MBR techniqueFigure 3.1), or
variable (to cross-check the sensitivity of the MBt&thod). For both experimental and
synthetic TEM images, the equivalent diameter ofpiti@ary particles was about 20 pixels.

3.4.1. The Minimum Bounding Rectangle (MBR) method

For small variations of the fractal dimension, ara assume thaf is nearly constant.
In that case, the most direct way to detect cdicgla using the MBR technique is to calculate
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the derivative of Eq. (3.11) with respectll‘(‘\/ L2PW?P / rp) . Thus, we can estimate the fractal

dimension with:
D, =d In[(%} ] /d[m—“LZDWZDJ. (3.15)

o

Figure 3.16 shows the evolution of this derivatige the raw experimental data points (see
Figure 3.1) that have been re-sampled and smodisiedehand (i.e. adjacent-averaging with
a bandwidthlog(Rg / rp) =10.2). These results suggest that the fractal dimerdi@aggregates
with a small to intermediate siz(elaog(Rg /rp): 0...0.@ decreases as their size increases. For
the largest aggregate(mg(Rg /rp)z 0.8), the statistics are too poor to draw any reas@enabl
conclusion on the evolution of the derivative. Foe smallest aggregateémg(Rg Ir,)s 0),
which are statistically the most common in this ekpental sample, the results seem to be
biased too. This may be related to a classic déarig problem or more probably to the fact
that the smallest aggregates do not have a fratatture. To our opinion, the derivative
method is not of great help for analyzing such sangpice this method is very sensitive to
the statistical noise (a larger sample would befepable) and it does not contain any
calibration method which could take into accour tloubtful auto-similarity of the smallest
aggregates.
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Figure 3.16. MBR with the derivative method: estiathfractal dimension versus the normalized
radius of gyration of the experimental aggregatdse (corresponding number-weighted size
distribution is shown at the bottom).

With the MBR method, a second way to detect a icglahip betweenD, and R, is to
perform low-pass and high-pass analyses, i.e.itlead regression is performed on limited
aggregate size ranges. Figure 3.17 shows the sesbtained for the following ranges:
R/r,>2, R/r,>4, R/r>6, R/r<8, R/r<6 andR /r,<3. In Figure 3.17 (a) the
parameterf is set constant with3 =2.34 for the mean fractal dimensiob, =1.88+ 0.0,
whereas in Figure 3.17 (bp is variable (i.e. full calibration curves are usede Figure
3.11). From Figure 3.17 (a) it appears that, agastgd by the derivative method, the largest
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aggregates have a lower fractal dimension thansthallest ones, witlD, =1.68+ 0.0¢ for
R,/r,>6 and D, =1.95+ 0.0z for R, /r, <3 respectively. However, this trend is much weaker
when g is variable.
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Figure 3.17. MBR with the low- and high-pass methothw data points and linear regressions
obtained for the experimental test samples of tHssa when (a)8 is constant or (b)3 is variable.
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Figure 3.18. MBR with the low- and high-pass methochw data points and linear regressions
obtained for synthetic aggregates with the samedralimension D, =1.88 as in Figure 3.17 (a)),
when (a) £ is constant or (b)3 is variable.

To clarify this point, Figure 3.18 (a) and (b) shtve results obtained for similar synthetic
aggregates withD, =1.88. Surprisingly, we also find here that the largaggregates have
a larger fractal dimension than the smallest oresour opinion, the most convincing
explanation for these rather destabilizing residtshat the experimental sample is not
homogeneous. From Figure 3.1 it was already passibinfer that, unlike large aggregates,
small aggregates do not exhibit any self-similaoityscaling properties. In the same way, it is
easy to show that fractal equation (Eq. (2.13))ds verified forn, =1 and 2. What we put
forward with the latter arguments is that it is miegless to look for a fractal dimension for
the small aggregates considered here, or for amagwefractal dimension for anon-
homogeneous sample (which is however typical fart saggregates (Yon et al. 2011)).
In other words, the results of Figure 3.18 are lamsfusing than we thought at first; they
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simply rely on a set of parameters that are nosistent with our particle model (i.e. Eq.
(2.13) is not satisfied over all the aggregates sange).

Figure 3.19 shows the MBR analysis preformed for élperimental samples of silicon
carbide (SiC) provided by CILAS company. In FigB€el9 (a) the parametep is set
constant withg =2.34 for the mean fractal dimensiob, =1.82+ 0.0¢, while in Figure 3.19
(b) B is variable for the mean fractal dimension eqoabt =1.83+ 0.0¢. The high standard
deviation of the values found foD, should be attributed to the small number of the
experimental samples (only 48 aggregates!) anaddh®w range of their radiuses of gyration
(0.7< Iog(Rg /rp)<1.2), compare with Figure 3.17). The problem is trest,a multi-scale
analysis, the MBR method requires a large numbexggiregates with a wide range of size
(i.e. like those in Figure 3.17 and Figure 3.18)tHose requirements are not satisfied,
accuracy of the estimation significantly decreas®alyzing Figure 3.19 (a) and Figure 3.19
(b) it can be also noticed that regardless of tfferdnt assumptions for the parameijgr, the
estimations of the fractal dimensions are closes Thdue to the fact that those aggregates are
large enough (number of monomer of each clustdrigher thann, =30) to exhibit self-
similarity and scaling properties.
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Figure 3.19. MBR: raw data points and linear regjoess obtained for the experimental test samples of
SiC aggregates when (# is constant or (b)3 is variable.

A third alternative to detect correlations with thNHBBR method is to perform a band-pass
analysis, i.e. to analyze sub-samples with the sanath. Figure 3.20 shows, for the
experimental sample, the results obtained withred lveidth of Iog(Rg / rp) =+0.2when g is
either constant or variabl®, evolves roughly like a stair-stepped function. Emariables

and very small-sized aggregatQSg(Rg/rp)zo.z) the average fractal dimension is about
D, =2.0; whereas for intermediate-sized(log(Rg /t,)=0.4- 0.@ and large-sized
(log(R, /1,)>0.8) aggregates it is aboub, =1.73 and D, =1.69 respectively. Although in
the latter region the results are quite noisy thiesather well with those presented in Figure
3.16 and Figure 3.17. The error bars are largethistis the price to pay to obtain a local
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estimation of the fractal dimension and thus to @évemoothing and boundary effects
observed with the derivative and the low-pass/ipghs methods.

3.4.2. The Modified Box-Counting (MBC) method

Figure 3.20 also shows statistical results founth whie MBC method when applied to the
experimental soot sample. The local median, mearesaand related standard deviations of
D, were calculated for the sub-samples with a bardthof Iog(Rg / rp) =+0.05. For mean
values, two cases were considered depending orherhatl data points were used for the
statistics or only those witlb, <3 (i.e. other data points are considered as arsifattthe
MBC method). Note that for drawing consideratiotiege raw data points are not shown in
Figure 3.20 but they are visible in Figure 3.25.
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Figure 3.20. MBC and MBR band-pass methods appptigtie experimental test sample: comparison
of the evolution of the fractal dimension versus #ggregates normalized radius of gyration.

Several important remarks can be drawn from Fighi20. First of all, for rather small
aggregates(log(Rg / rp)so.4) the mean fractal dimension increasesRasr, decreases. For
Iog(R] / rp) =0 we obtainD, =2.05 and D, =2.55 when, respectively, either all data points are
considered for the statistics or only those with<3. A similar tendency was also brought to
light with the MBR method. But since the minimumadyzing scale (, =2 pixels) in this
region is no longer totally negligible comparedthe diameter of the primary particles, the
results obtained with the MBC method must be viewét caution. One additional problem
with this region is that the pre-processing proceduay also introduce a certain amount of
bias by artificially decreasing the internal potgsor by increasing the roughness, of TEM
images. On the other hand, for intermediate- angelaized aggregates, Figure 3.20 shows
that the MBC method seems to predict a fairly camstalue for the fractal dimension (based
on either the two mean values or the median valie)about D, =1.66+ 0.04 for

Iog(Rg / rp)z 0.4.
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In order to determine whether or not we can beident in the capacity of the MBC method
to detect such small evolutions, we analyzed tww sets of synthetic aggregates with
a slightly increasing and a slightly decreasing (hemweighted) fractal dimension, see
Figure 3.21. The latter figure shows clearly thepatalities of the MBC method.
The discrepancy observed for intermediate-sizedeggges in Figure 3.20ould also be
attributed to a statistical weighting problem. bctf with the MBC method the statistical
values correspond to the moments of the numberildiion of all estimated fractal
dimensions. On the other side, with the MBR methloe ,nature of the statistical values is not
so trivial since the fractal dimension is obtairiexin the slope of a linear regression applied
to different aggregates. Additionally, these aggteg are ordered according to
a characteristic length which is derived from aate area. One clear advantage of the MBC
method is that the number-weighted distributionDpfcan be easily converted to a volume-
weighted distribution (or mass-weighted, i.e. diseconnected to the number of primarily
particles within the aggregate). Thus, Figure 3sk@ws the number- and the volume-
weighted histograms for (a) all the analyzed sam@ed (b) for the aggregates with
R, >2.5r,. Both figures confirm that the largest aggregatesesanaller fractal dimensions.
The average volume-weighted fractal dimension isaétp D, =1.74 for all the aggregates
and equal taD, =1.65 for the aggregates bigger than>2.5r, .
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Figure 3.21. MBC methods applied to synthetic aggres whose fractal dimension slightly increases,
or slightly decreases, with the normalized radiugywoation.

Similar histograms were also prepared for the syitldEM images of the aggregates with
D, =1.88 (see Figure 3.23). The average and the averageneeleighted fractal dimensions
are equal toD, =2.03 and D, =1.83 respectively. Those values seem to be in a cantiawl
with the initial fractal dimensioD, =1.88. Nevertheless, to evaluate the results we must tak
into account the limitations of the MBC method. Asentioned previously, it might be
doubtful to estimate fractal dimension of the aggtes that do not satisfy fractal equation
(Eq. (2.13)). We should also keep in mind that MBC analysis of the “aggregates”
consisting of only one particle is meaningless asda result provides fractal dimension
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D, 23.00. Therefore, to interpret Figure 3.23 we shouldstder results of the estimation
equal toD, =3.00 or greater as artifacts of the MBC method and@ause them for statistics.
In that case the average and the average volunghteel values are equal ©, =1.88 and
D, =1.86 respectively, and they are in a perfect agreemghtthe initial fractal dimension.
It should be also noticed that a wide spreadingh@ fractal dimensions shown in the
histograms is mainly caused by the fact that aggesgwith the sam®, may have very
different projected images (as shown clearly iruFeg3.4).
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Figure 3.22. MBC method: comparison of the numbeigivted and volume-weighted distributions of
the fractal dimension for (a) all the experimergaimples of diesel soot aggregates and (b) for the
aggregates withR; >2.5r .
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Figure 3.23. MBC method: comparison of the numbeigived and volume-weighted distributions of
the fractal dimension for the synthetic aggregates.

Figure 3.24 shows the number- and the volume-wedltistograms for the experimental
samples of silicon carbide. The average fractakdision equal t@, =1.81is in a very good
agreement with the previously evaluated with theRviBethod results equal ©, =1.82 and

D, =1.83 for the constant and variabl@ case respectively. The average volume-weighted
fractal dimension is estimated &8s =1.89.
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Figure 3.24. MBC method: comparison of the numbeigivted and volume-weighted distributions of
the fractal dimension for the SiC samples.
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Figure 3.25. MBC method: influence of the singledamt and multiple-contact models on the
estimation of the fractal dimension of experimeaggregates.

The differences observed in Figure 3.20, betweenpitedictions of the MBR and MBC
methods may also be related to the "problem” aflsheontact or multi-contact points. Both
methods require calibration curves derived fromgher analysis of synthetic TEM images,
but we have then choose whether to generate thbetimaggregates with a single-contact or
with a multi-contact point model. Figure 3.25 exaas the influence of this choice on the
fractal dimension estimated with the MBC method drae value, as in Figure 3.20). As we
intuited early on, we systematically obtain a highractal dimension with the multi-contact
point model. But the most interesting thing herdhat for this experimental sample, the
differences are only significant for intermediaizesl aggregates, witld, =1.66+ 0.04 and

D, =1.71+ 0.0z respectively. This indicates once more that there point defining a global
fractal dimension for this sample. The differenbserved in Figure 3.25 could be considered
as an indication that, depending on their size, #gygregates are not all deposited
(i.e. collected and attached) in the same way tr@d'EM grid. The latter remark could have
considerable physical implications; however, for thement we do not have any physical
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criteria with which to choose whether the singletach point model or the multi-contact
point model is the more appropriate.

3.5. Conclusion

In this chapter we have developed various modets rammerical tools to evaluate more
accurately the morphological parameters of fralttal-aggregates from TEM images. This is
important for the general scientific community asllwvto get necessary comparisons with
optical methods. We have investigated and testadiassical method (called the “MBR

method”) and we have introduced a new one, namegiCivhethod”.

We found that, the classical MBR method is fundamgntinappropriate for detecting
correlations between the morphological parameteifsactal-like particle aggregates as it is
based on the analysis of their self-similarity gndj@s over a large size range. To overcome
this limitation of the MBR method we investigatealugions which are simple to implement,
such as the calculation of a local derivative @& tise of high-pass, low-pass or band-pass
filters. However, the results obtained were fouadbé quite noisy and even questionable.
In order to obtain a better resolution we introdutee MBC method, which estimates the
fractal dimension of each aggregate from its owhssmilarity properties. MBC validity was
tested successfully on synthetic aggregates whies#alf dimension was independent of
(constant) or correlated with (linear increase ecrdase) aggregate size. For the experimental
sample, the predictions of the MBC method were fot;mmébe much more convincing than
those obtained with the MBR-based methods, andnow shat the average fractal dimension
of the soot samples is much lower (with =1.66+ 0.0z for small to large aggregates and a
single-contact point model) than that found with ¢hessical MBR method[, =1.88+ 0.07).
Nevertheless, the analysis of the silicon carbidm@es shows that for aggregates large
enough both methods provide very similar results £1.82+ 0.0¢ and D, =1.81+ 0.0: for

the MBR and MBC methods respectively).
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Chapter 4
LIGHT SCATTERING THEORIES AND MODELS

4.1.Introduction

In this chapter we review and discuss the physarel mathematical backgrounds of all
theories used in this work to predict the lighttssrang properties of nanoparticles and their
aggregates: Lorenz-Mie theory, Rayleigh-based apmations (RGD, RDG-FA) and
T-Matrix method.

4.2.Lorenz-Mie theory 8

Since it was introduced in the year 1908 by “ A €,
Gustav Mie (Mie 1908), the theory referred here 4 8.8
as the “Lorenz-Mie theory” (LMT), is the most \G‘é ”
important and widely used theory for the A, Ké pane NG
description of the light scattering and absorptior ©:4 4

properties of small particles (e.g. (Bohren anc PARTICLE i 5
Huffman 1998)). The LMT describes in an exac R g 3 > "y
manner  the interaction between ar &

monochromatic electromagnetic plane wave an x (pA /

a homogeneous, isotropic, nonmagnetic an Ci \é
spherical particle defined by its diametr and T T T T T T T "

its complex refractive indexn,. It solves the INCIDENT WAVE

Maxwell's wave equations using the method 0?(:igure 4.1. Light scattering by an arbitrary
separation of variables, in the sphericaparticle (Bohren and Huffman 1998)
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coordinates with appropriate boundary conditiongefhal medium must be nonabsorbing.
The LMT is used as areference case for nearlypaiticle light scattering techniques
(e.g. (Xu 2002)). Figure 4.1 shows the geometry@uatdinate system of the problem solved
LMT (Bohren and Huffman 1998). The plane wave pgatas in thez-axis direction. The
center of the particle is considered as the orgpmt O of the Cartesian as well as the
Spherical Coordinate Systems. The orthonormal hesitorsé , g, g are in the directions of
the positiveX, Y and z axes. The scattering plane is determined by dest®j directiong
and the forward directiorg, . It might be also defined in the spherical cooatis by the
azimuthal anglep. In the next paragraphs, we summarize the bastbematics and results
of this theory.

4.2.1. Solutions to the vector wave equations

The time harmonic electromagnetic fiefe,H) in a linear, isotropic, homogenous medium
must satisfy simultaneously two wave equationsttierelectricE and magnetidd fields):

0°E+ k°E= O,
(4.1)

O?H+ k?H= 0.

where k* =af&u is the wave vectorw the wave pulsations and , the medium electrical

permittivity and permeability respectively. Thisoptem can be solved by considering the

scalar wave equation:

D Kyr 0, (4.2)
wherey is a function related to the spherical harmonics (r¢x M andN=(x M)/k.
The scalar wave equation may be expressed in tiexispl coordinate system as:

2
Ei(rZa_wj+ 5 1 i(sin a_wj-i- > 1 0 l/j +kl//2 =0. (43)
ror\ o ) r?sindoé 06) r?sinfog

The key idea of the Lorenz-Mie theory is to usespasation variable method (SVM) to find
particular solutions of the equation (4.3):

w(r,H,go):R(r)G)(@d)((z). (4.4)
Using Eqg. (4.4) in Eqg. (4.3) three separated eqnatiare derived (wheren and n are
separation constants):

G " O (3
ﬁ%(sineg)+[n(n+g—sge} =0, (b (4.5)
%(rzg—?j+[kzr2—n(n+1)]R:o_ ()

The linearly independent solutions of Eq. (4.5)de9 of the following type:
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{q’e =cosmp) (4.6)

P, =sin(mg).
where subscripte and o denote even and odd respectively.

The solutions of Eq. (4.5)-(b) that are finite &=0 and &= are the Legendre’s
polynomials P"(cosf) and the associated Legendre’s functions. Totfiedsolutions of Eq.
(4.5)-(c) the dimensionless variabje=kr and the functioa = R/p are introduced. Thus,
Eq. (4.5)-(c) can then be rewritten as:

d( dz , 1Y
—| p==|+| P -|n-=| |Z=0. 4.7
pdp(pdpj {p (n 2” @9
The linearly independent solutions of Eq. (4.7) awmbinations of spherical Bessel’s
functions of the first and second kingl, y,, k®, k'?. Thus, the solutions of Eq. (4.5) that

satisfy the scalar wave equation in spherical doatds are of the following form (Bohren
and Huffman 1998):

4.8
Wom =Sin(M@) P c0s8) 7 ki) . (4.8)

4.2.2. The internal and scattered fields

In the linear optics the scattergd,,H ;) and internal fields(g,,H,) are simply proportional
to incident field. They can be expanded in infirseries of vector spherical harmonics with
complex coefficients:
EP = Z En (C”M (jl)n - IdN (;)n) Es = Z En(ianN(i)n_ brIVI (i)r)
n=1 n=1
_kp

wi,

(4.9)

H, = Z:En(an‘;’n—icL\l%)n) HS:wLﬂéEn(ibnNﬁ’n—aM(j)q)

whereE, =i"Ey(2n+1) /n(n+1).
In Eq. (4.9) the coefficients ,b, are referred as the “external scattering coefiitsieor “Mie

coefficients”. c_,d_ are the “internal scattering coefficients”. Tanggncomponents of the

n? n

electromagnetic fields have to fulfill boundary ditions onto the particle surface:

E_(X)-E.(X) |xA =0,
[£,(9)-E.(x)] 10
[Hp(X)-H(X) ] =0,
which gives:
EiH+E59:Ep6 Ew+ ng qu; (411)
Hgt+tHe=H, [H,+tH,,=H,
Introducing the Ricatti-Bessel functions defined a
Ua(P)=pin(x,).  &(x)=p(x,) (4.12)

85



CHAPTER 4 - LIGHT SCATTERING THEORIES AND MODELS

the following relations are derived for the extérisaattering coefficients (Bohren and
Huffman 1998):

(4.13)

The coefficientsa, b, can be computed efficiently by using the logarithaerivatives of the
Riccati-Bessel functions:

a =D® mpDr(ll)(Xp)_Dﬁl)(mp)%)'
3075, o) ",
0k m ()
T D (%) -m, D (m, %)
where
) :‘/’In(z) (2) zfln(z) 3) J"n(j
D (2) o2 D?( 2 £ () (2 £ (4.15)

4.2.3. Expressions for the phase functions and extinctiooross sections

In the far field, the relations between the incidand scattered electrical fields can be
expressed for the two main polarization componémasallel | and perpendiculaf! to the
scattering plane (see Figure 4.1)) as:

(5)-22(s §5) @16
ESD —ikr S4 S EiD

For a spherical particle we hage= 5 =0 and S, S, are given by:

S:i(2n+1)(q”n + an)'

i n(n+1) (4.17)
5=y (o 4 )
Sn(n+1)t " "
where:
1
U (4.18)
sing sing

Using the Poynting vector it is possible to derilie relations for the scattering intensities
iy~ |52|2 andi, ~|Sl|2 .

On the other way, the total scattering, extinctemmd absorption cross sections can be
calculated as:
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Comn=az 2 @n+1|af 4bf) (@

2 00
Cpex =k—7f 2 (2n+1)Rg a, + b} (b (4.19)

C,..=C C

p,abs o] ext p sca (‘

Numerically, the infinite expansion series are tated for

Nyop = X, +4X° +2, (4.20)

stop

where x, =7d,/ A and A are the size parameter and the wavelength ofritident beam.
Note that, according to the localization principkan der Hulst 1957), the expansion temm
may be interpreted as rays that impinge onto thiécpasurface at distance, from the axis:
1) A

R, =(n+§j§f (4.21)
It is important to notice that since it was introdd, the Lorenz-Mie theory has been widely
extended (see Gouesbet’s review (Gouesbet 2006)yatlays, this method may be used also
for the scattering of an arbitrary beam by a homeges sphere (Barton et al. 1988;
Gouesbet et al. 1988), a multilayered or heterogesnsphere (Onofri et al. 1995), a circular
cylinder or a spheroid (Ren et al. 1997). Numemmuaputer codes and applications using the
LMT have been developed (see e.g. (Wriedt 2009)).

4.3.Rayleigh theory and Rayleigh-Gans-Debye (RGD) thegr

If we deal with particles with a complex shape, ligutis impossible to solve the scattering
problem in an exact manner (i.e. a SVM is not g®esi Thus, one strategy is to find an
approximate method that provides results with sfeatory degree of accuracy. Usually, this
kind of approximation is valid only for certain piates (e.g. small compared to the
wavelength) and some specific conditions (e.g. Emgange, refractive index close to unity,
etc.). These limits are part of the price to paygt a simple and numerically stable
(approximate) solution. An example of such an appnakon is the Rayleigh-Gans-Debye
(RGD) theory, which is widely used to analyze faekdike aggregates of nanoparticles.

4.3.1. Rayleigh theory

If we consider a particle much smaller than the el@vwgth, each part of the particle
experiences almost the same homogeneous eleaht (fjuasistatic field approximation).

Therefore, the light scattered by this particlethe same as if it was scattered from an
oscillating dipole radiating in nearly all direati® This scattering is called Rayleigh
scattering. Its basic underlying assumptions arergby the following equations (Bohren and
Huffman 1998; Xu 2002):
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X, <1
‘rﬁ)‘ )$<<1.

where x, =27, / A is the size parameter ami, is the complex refractive index of particles.
The amplitude functions are described as:

[3- $J=W%<£l 0 } (4.23)
S, S L0 co¥

If the incident light is linearly polarized the angr distribution of the scattered light depends
on the polarization:

o) _ I 167 °

L) 0 et

wherer is the observation distance. For unpolarized intitight we have:

1 8rfr®
| :§(|H +,) = e yTAS (m,)- (4.25)

(4.22)

~2_
mg 1
=2

mp+2

(10
(0 co§9J' (4.24)

For latter convenience, the following optical fastare commonly introduced:

72 -1 it -1
E(m)=I 0 , F({m =l——o 4.26
(m,) m[miJer (W ‘ﬁﬁ+2 (4.26)
So that we get for the two main polarizations:
I (8)=K*r’F (m a
P:D( ) p ( P) ( ) (427)
1,,(8)=1,.(6)cos & (b
and the cross sections:
Cpabs = 4ﬂkrfJE( mp) (@
8 - .
CMW:EHW@F( ) (b (4.28)
Cp,ext = Cnabs+ C p sca (C:

From Eqg. (4.28) it can be seen that according toRhgleigh theory the scattering cross
section is proportional te?, while the absorption cross section is proportidgaa *. Thus,
for absorbing particles that are much smaller tin@nwavelength it is common to neglect the
scattering cross section when calculating the etitin (C, .= C, ... As an example, Figure
4.2 shows the cross sections of a single partmlEnpmer) of soot (complex refractive index
m, =1.57+ 0.56 (Dalzell and Sarofim 1969)) versus its radiuscdh be seen that, for the
Rayleigh calculations the ratig, ../ C, . is larger thanlOC for the particle withr, <22nm
(x,<0.26) and larger tharl0O for r,<47nm (x, <0.56). Figure 4.2 compares also Rayleigh
to T-Matrix calculations, which are considered ® dxact for this case (see section 4.5).
Clearly, there is almost a perfect agreement betvbe¢h theories for radius of particle up to

several dozens of nanometers.
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Figure 4.2. Comparison between the extinction, gdtkm and scattering cross sections of spherical
particle of soot (n, =1.57+ 0.56) versus its radius and for the incident wavelendts 532nm -
Rayleigh and T-Matrix calculations.

The Rayleigh differential scattering cross sectiba spherical particle (wher@ stands for

a solid angle) (Kerker 1969) is given as:

dC sca _ .
d?) —k“rF?F(mp). (4.29)

4.3.2. Rayleigh-Gans-Debye (RGD) theory

The Rayleigh-Gans-Debye (RGD) theory is used fortiggas small compared to the

wavelength and suspended in a medium with simifarcal properties. Its applicability is

limited to particle and media satisfy the followiagsumptions (Bohren and Huffman 1998):
\mp —ﬂ <1,
kdp‘m)—ﬂ« 1.

where d is the particle diameter. The basic assumptioth@fRGD theory is that a particle
initially too large to be treated as a single dgpobhn be decomposed into an assembly of
single structureless scattering elements. Eachevhtseparately satisfies the Rayleigh theory
and thus may be successfully analyzed. Due torttedl size of the particle we can neglect
the phase shift corresponding to any element asdnaes that the phase difference between
elements is determined only by their position. e framework of the RGD theory, the
amplitude functions are given by:
.
[5 S}Mf(w)(l 0 } (4.31)
S S 2 0 co¥
where f (6,¢) is referred as a “form factor” that depends on shape of the particle of
volumeV:

(4.30)

£(6,9) =V1 [ e°av. (4.32)
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For a spherical particle, the volume integral giBnEq. (4.32) simplifies to a convenient
analytical form:

f (6) :u—i(sinu—ucow) (4.33)

where u=2xsinf#/2. Using Egs. (4.31) and (4.33) we can derive theeddency for the
scattering matrix elements. For the perpendiculad parallel polarization we get the
following expressions for the scattered intensities

SS :{%(sin U LCOS I)IT (¢
y i (4.3)
S S :L—Ba(sin U LCoS 1)1} cosd (I

Figure 4.3 shows the intensity scattered for theéapendicular and (b) parallel polarization,
by a spherical particle with, =200nm for an incident wavelengtil =200nm according to
the RGD theory. It should be noticed that a loggogle is used to show the evolution of the
scattering intensities versus the magnitude ostadtering wave vectdy:

q=2ksin(gj. (4.35)

It is worth to notice, that for the perpendiculaigrization we have a decay of the scattered
intensity I (q)~q™.

L
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£ w
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-
m
o

-
m
o

!

@) (b)

Figure 4.3. Scattering of a spherical particle agdiog to the RGD theory: (a) perpendicular and
(b) parallel polarization.

ar qr

In the RGD framework, it is possible to estimatatsring properties of an aggregate of
spherical particlésthat are small compared to the wavelength. Toajdtss necessary to
consider that multiple scattering effects and setéractions between the particles are
negligible, so that the scattering intensity carcdleulated as (Bohren and Huffman 1998):
l.,(8)=n2l, (9), (4.36)

PPy

2 These particles are referred as “monomers” irother chapters of this manuscript.
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wherey= | or O and1, (g) is the scattering intensity of the single partidalculated with
the Rayleigh theory, see Eq. (4.27)). The crossasecof the aggregate are expressed as:

Ca abs = n C abs (a
oo , (4.37)
Ca, sca— N pC p sca (b
whereC, .. andC, ., are the cross sections of the single particle Esge (4.28)).

As an example, Figure 4.4 compares results of BB Bheory and the T-Matrix. It shows the
cross sections of soot aggregates of fa) 20 and (b)n, =100 monomers with fractal
dimensionD, =1.80 and refractive indexn, =1.57+ 0.56 (Dalzell and Sarofim 1969). It can
be noticed that the RGD and Rayleigh theories unsias relations for the cross sections. For
aggregates sufficiently small compared to the wength (with the small radius of particle
and/or the limited number of monomers within theraggte) the scattering cross section may
be neglected @, ., =C, ). If we consider the soot aggregate with=20 monomers and
m, =1.57+ 0.56 (see Figure 4.4 (a)) the ratiG, ../ C,. is larger thanl0 if r <17nm

(x, <0.20). For this value ofr, and a fractal dimension ob, =1.80, we derived as an
estimation thatR, <69.2 nm. For the aggregate presented in Figure 4.4 (bktitieal value
r,<10nm (x,<0.12) corresponds tdR, <99.7 nm. In addition, both subfigures clearly show
that for sufficiently small size parameters, thelR(@sults are in a very good agreement with

the T-Matrix solution.
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Figure 4.4. Comparison between RGD and T-Matrixissrsections of soot aggregates versus the
radius of monomersly; =1.80, m, =1.57+ 0.56, A =532nm) with (a) n, =20 and (b)n, =100.

4.4. Rayleigh-Debye-Gans theory for Fractal AggregatesRDG-FA)

4.4.1. General assumptions

One major limitation of the basic RGD theory fohepcal particles is that it do not account
for the morphology of aggregates. It should be alsticed that the RGD theory assumptions

(Egs. (4.30)) are rarely satisfied for soot, siticgilicon dioxide or tungsten aggregates in
which we are interested in (Chapters 5 and 6)omescases, the RDG-FA solves the former
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problem. In addition, it is compatible with the @mnlying idea that it is better to avoid
requiring ana priori knowledge about the relative positions (i.e. sétsoordinates) of all
monomers within the aggregate. Thus, it is moréable to describe in a "global" way the
structure of the aggregate by parameters sudh a&; , R, n, andr,.

4.4.2. Scattering intensity and cross sections

According to the RDG-FA approximation, the intepsitattered at anglé, by an aggregate
of spherical patrticles, is given by (Dobbins andgsiedis 1991):
l.o(6) =2l (8)f (a.R,. D;) @

(4.38)
1., (6)=1,,(8)cos 6 (

The form factor (known also as the shape faclb(ry, R, Df) of fractal aggregate has been
widely investigated. According to Dobbins and Maediar (Dobbins and Megaridis 1991)
it has two forms depending on the scattering regbmesidered, i.e. the (a) Guinier (small-
angles) or the (b) power law (large-angles) regimes

f(q, R Df): exp{—@} , R <15 (Guinier regime) (a) 439)

-D; /2

f (q, R, Df)=(qz %2) ., dR>150 (Power-law regime)

where ( is the amplitude of the scattering (wave) vectdefined in Eqg. (4.35).
The absorption, scattering and extinction cross@ecare given by:

Ca,abs =n pCp abs (
Casa=MC,B(k R, D) (0 (4.40)
Ca,ext = Ca abs+ C a sca (C

whereC, . andC_ ., are the absorption and scattering cross sectibasingle particle and
G(k, R, Df) Is a structure factor (Dobbins and Megaridis 19%by a fractal aggregate this

new factor is defined as follows:

., 4 -D;/2
G(k,F{J,Df)—(l D kzrgj . (4.41)

As an example, Figure 4.5 shows a comparison betwiee extinction, absorption and
scattering cross sections of soot aggregates &t (=20 and (b) n, =100 monomers,
the fractal dimension ob, =1.80 and refractive index equal @, =1.57+ 0.56 (Dalzell and
Sarofim 1969). We found that for the small sizeapagters considered here, the RDG-FA fits
pretty well the T-Matrix results.
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Figure 4.5. Comparison between RDG-FA (Dobbins Btedjaridis 1991) and T-Matrix: the cross
sections of the soot aggregates versus the radlim®omers within the aggregate with (@) =20
and (b)n, =100; D, =1.80, m, =1.56+ 0.57; incident wavelengtbd =532nm.

If we compare results presented in Figure 4.4 agdr€ 4.5, it can be noticed that according
to the RDG-FA theory, the scattering cross sedimneases slower for increasing radius of
monomers than with the RGD theory. This is a dimmtsequence of the structure factor,
G(k, R, Df) which appears in Eg. (4.40)-(b) and takes int@antthe radius of gyration and
the fractal dimension of the aggregate. The séatfaross section for the aggregate of soot
with n, =100 monomers and fractal dimensid» =1.80 calculated according to the RDG-
FA theory is compared with the RGD calculation§igure 4.6. Additionally, the latter figure
presents also structure facl@( kR, Df) for the given aggregate.
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Figure 4.6. Comparison between the scattering csestions calculated according to the RGD and
RDG-FA (Dobbins and Megaridis 1991) theories far #ygregate of soot with, =100, D, =1.80
and R, =9.97r,.

As clearly pointed out above, according to the RtBBory the scattering cross section is
directly proportional to then?, so it rapidly increases as the number of mononnergases.
But, as there is no assumption of multiple scattpeffects between monomers in the RGD
theory, the consequence is that the RGD strongiyestimates the scattering cross section of
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large (and dense) aggregates. In contradictiomag in the RDG-FA theory, the structure
factor G(k, R, q) introduces an "asymptotic saturation" of the scatyy cross section for
large values ofR, and D,, see Figure 4.7. We remark also that the strudaater decreases
more rapidly asr, increases, for aggregates with a large monomersaatatge fractal
dimension.
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Figure 4.7. Evolution of the structure factor of RDG-FA theory versus the radius of monomers.

With the RDG-FA, the differential scattering crasection of an ensemble of aggregates is

expressed by:

dC dC

a,sca - r12 p,sca , 442
0 Mgg 9 (4.42)

where S(q) is an structure factor:
S(qg) =1, gR< 1 (a)
s(g=q(ag) ™.  ag>1
where C=1.0 is an empirical constant (Sorensen 2001). Thensitte | . of the scattered

light measured by a detector, which subtends angsadid angle relative to the scattering
volume in a given distance, is described as (Seressal. 1992a):

(4.43)

dC

lg =l C,—e2, 4.44
S CO 0~n dQ ( )

wherecC, is a particles number concentration. Combining. E429) and (4.42):

dC sca
IS =CO|0Cnn2pﬁ S( Cb (445)
Using equation (4.29) in EqQ. (4.45) we obtain:

I = col 02Kk SF (M) S( 9. (4.46)

In the Rayleigh regime Eq. (4.46) is expressed as:

lo=c,I C nnzpk“rij(fnp) monodisperse aggregate (4.47)
ls =c,l M 2k“rgF (rﬁp) polydisperse aggregate b) '
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where M, is the second momentum (i.e. variance) of theribigion of the number of
monomers within aggregates.

4.4.3. Scattering-extinction analysis

According to Sorensen et. al (Sorensen et al. )9®2amparison between the scattering and
the extinction measurements enables to determingdluene-equivalent sphere radiur, |

of the aggregate by combining scattering and etitind SE) analysisr,. = R,. This relation
can be used to estimate the fractal dimension aif aggregates as well as the radius of single
particles within aggregates.

The extinction transmittance is given by the edurati
I =1 @xp(~Tq,L), (4.48)

ext

wherer,, is the turbidity and. is the probed length of the system (i.e. clouchohodisperse
aggregates). The total extinction is the sum ofaorption and scattering cross sections:

cT = Cn(Ca et Casc;, (4.49)

where C, is the number density of particles. From Eqgs.@#(4) and (4.40)-(b), Eq. (4.49)
becomes:
CT

a,ext

=Cn(n Cyanst M,Cp o le). (4.50)

p~p abs p~psc

Using Eqs. (4.40) (a)-(b) and (4.28) (a)-(b) in E§50) we obtain (Sorensen et al. 1992a):
T - 8 ~
Clo = cn[4nnpkr3pE( M)+ 74, K § Rm) ¢ kFg)] (4.51)

If we consider the extinction in the Rayleigh linwhere C, ,..>C, . (see Figure 4.2) then
the total extinction expressed by Eq. (4.51) casibmplified to:

C
C

a,ext

=4/m C ki El M monodisperse |
p p ( p) (452)

a,ext

= 471Mlkr";E( r”np) polydisperse (

where M, is the first momentum of the PSD function, i.ee tbtal number of monomers per
unit volume:
3C,n

M, =——2. 4.53
= (4.53)

Particles volume fraction is expressed by the falhgnequations:
3
C,=Cn—* monodisperse

(4.54)

4
C, =M, 3” polydisperse  (

\2

Using Eqgs. (4.52) (a-b) in Egs. (4.54) (a-b) resipely, we obtain:
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C
C,=—=>= monodisperse  (
sce(m)
- (4.55)
C, =—2= olydisperse |

Combining Eqg. (4.47)-(a) with Eqg. (4.52) and usimglume equivalent sphere radius
R’ =n,r: we derive a set of two equations for the volumeivalent radius and the number
particle density:

M, _ o _arE(m) 1 /1,

3 = =rr2 =¢3n = , (4.56)
RSE m P 1 PP k3 F(mp) Ca,ext
2 F 5 2
c, =&=(Lj (mp)2 Caen (4.57)
S, am E(ﬁ’]p) Is /14C,

It must be pointed out that Eq. (4.56) is basedhenassumption that the ratio of any two
consecutive moments of the distribution is a meae. So that, in the latter case, the ratio
M, /M, provides the average number of monomers per agtgrag.

Combination of Eqg. (4.56) with the fractal equati(ldq. (2.13)) leads to the following
expression (Sorensen et al. 1992a):

R, = kfl/Df n Y3 1p, R, (4.58)

p

The latter equation shows that log-log plot of éxperimental values oR,. (i.e. evaluated
with the scattering and extinction measurementsugeR; should be linear withD, /3.
The interception point between the given plot darelX— axis provides the estimate gf. The
approach described above was successfully used dogn&n (Sorensen et al. 1992a;
Sorensen 2001) to evaluate fractal dimension ofatigregates of soot using scattering data
(particularly I, R, andC,,) recorded at various positions above the burnercancel out
influence of the fractal prefactok; and number of monomers,, Sorensen performed
relative analysis i.e. using fixed point in thenfla as a reference point. One key assumption
introduced in this model, which may be somehow tijoeable, is that the number of
monomers is determined by the combustion reactontsbecomes constant afterwards.

4.4.4. RDG-FA theory for soot aggregates

We have shown in section 4.4.2, how the RDG-FA mhean be used to estimate optical
properties of fractal-like aggregates. However, time literature there exist several
formulations for the structure fact@r( kR, Df) than the one used here (Sorensen 2001). The
other formulation that is the most widely used wasved by Koylu and Faeth (Koylu and
Faeth 1992; Farias 1997). Within the power-lawmeg{ k*R > > 3D, /8):
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k2R 2 Dy
6(k R, ) =5(3-3+28") 5 (3- 45+ F) 4R ) * -
D (4.59)
3 12 e N T B
X B + :
2-D; (6-D,)(4-D;) [2—Df 4-D, 6 Dfﬂ
where:
- 4.60
In the Guinier regime k°R,*< 3D, /8) =1, Eq. (4.59) reduces to:
G(k R, Df)=1—2k3% , kR<1 (4.61)

If scattering diagram is dominated by the powertagime (i.e.300) Eqg. (4.59) yields:

_ 3 _ 12 2\~Di/2
G(kR.D)= 25, (6=0,)(4-D)) (48R, KR>1 (462

The formulation derived by Koylu and Faeth is muabre complex and formally quite
different from the one introduced by Dobbins andgtédis (see Eq. (4.41)). However, the
numerical results obtained with both equationsnateso different for small and medium size
aggregates.

4.4.4.1. Numerical examples for the cross sections

As an example of the RDG-FA theory, Figure 4.8 Riglire 4.9 show the absorption and the
extinctions cross sections predicted accordingh® RDG-FA (equations formulated by
Dobbins and Megaridis as well as Koylu and Faetil) the T-Matrix theories. It can be seen
that for aggregates witin =20 monomers (Figure 4.8), both solutions of the RD&-F
theory are in a very good agreement with the T-Mator radius of single monomers
increasing fromr, =1nm up to ther, =30-40nm (i.e. size parametex, = 0.35- 0.47).
The absorption cross section according to the RBAsFpredicted accurately in the entire
range of ther,, while significant differences appear only foriagtion. If we consider larger
aggregate (e.g. with, =100, see Figure 4.9) differences between the RDG-FATaMatrix
theories can be already seen fgr=20-30nm (x, = 0.24- 35). The latter behavior of the
RDG-FA theory is caused by the fact that for laeggregates the power-low regime has
a much larger influence to the total scattering tha Guinier regime. It can be also seen that
in the given example extinction cross section cakea according to Koylu and Faeth for
r, >40nm is significantly overestimated comparing to thieestsolution.
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Figure 4.8. A comparison between the (a) absorptod (b) extinction cross sections of soot
aggregates versus the radius of monomers wjtk 20, D, =1.80, m, =1.57+ 0.586, A=532nm
according to RDG-FA theory and T-Matrix method.
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Figure 4.9. A comparison between the (a) absorptod (b) extinction cross sections of soot
aggregates versus the radius of monomers wjth100, D; =1.80, m, =1.57+ 0.56, A=532nm
according to RDG-FA theory and T-Matrix method.

Figure 4.10 evaluates the range of validity of Ri2G-FA theory with the second formulation
of the structure factor (Koylu and Faeth 1994) comg@do the T-Matrix results. It presents
isole-maps of the percent deviation of the absompttross sections for aggregates with
D, =1.80 and (a)n, =16, (b) n, =64 and (c)n, =256. Size parameter and refractive index
were chosen as, =0.01-1.0C and |, =1 =0.1~ 2.C (where m, = m, + ik, and m, = k, +1)
respectively. These parameters we chosen to compareresults with the simulations
presented by Farias et al. (Farias et al. 1996ia§&997). The RDG-FA and T-Matrix
theories agree withit0% in the region (1)10— 30% in the region (2) and more th&®% in
the region (3). Figure 4.11 presents similar resiitlr scattering cross sections.
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Figure 4.10. Percent deviation between RDG-FA appration and T-Matrix results for the
absorption cross section of fractal aggregaiys=1.80 with various size parameters () and
various number of monomers.
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Figure 4.11. Like in Figure 4.10 but for scatterargss sections.

From Figure 4.10 and Figure 4.11 it can be seentli@RDG-FA theory provides results
with a reasonably good accuracy for aggregates smithll size parameter and relatively small
refractive index. When predicting absorption cresstion, accuracy better thd@% can be
reached fodrﬁp —ﬂ <1 and x, <0.4 regardless of the number of monomers within aggesga
The same accuracy for scattering cross section bearobtained Whedrﬁp—ﬂ<0.8 and

X, <0.25. It should be noticed that accuracy better th@¥% when predicting absorption as
well as scattering cross section cover a wide taé soot aggregates. For instance, size
parameter equal ta, = 0.25 corresponds te, =21nm if the incident wavelengtil =532nm

is used. This value exceed typical radiuses oflsingpnomers of soots aggregates generated
during the combustion of various chemical compouyis 2006).
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4.4.4.2. Numerical examples for the scattering diagrams

Figure 4.12 compares the RDG-FA and T-Matrix resfdt intermediate size soot aggregates
(i.e.n,=100, r,=25nm, R, =249 nm and R, =322 n) while Figure 4.13 and Figure 4.14 for
the large ones(n, =500,r, =25nm, R, =515-909nm_ The refractive index of particles is
equal to m =157+ 0.56 (Dalzell and Sarofim 1969). Aggregates are ingeséd with
perpendicularly or parallel polarized incident mamave withA =532nm (green laser diode).
The scattering intensities are plotted versus ¢héering vectord (see chapter 5).
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Figure 4.12. A comparison between RDG-FA and T-Mairedictions for the scattering diagrams of
soot aggregates with intermediate sing £100, r, =25nm).
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Figure 4.13. A comparison between RDG-FA and T-Mairedictions for the scattering diagrams of
soot aggregates with intermediate simg £ 500, r, =25nm).

From Figure 4.12 — Figure 4.14 it can be seendbattering diagrams for the aggregates with
small fractal dimensionsO, =1.60) fit rather well for all the scattering angles. #he same
time for the D, =1.80 they significantly differ for the intermediate uak of J. However, it
should be noticed that for the larger values ofstettering vectof] the decay in the power-
law region are very similar with the RDG-FA and theMatrix. For a more quantitative
comparison of this power-law region we can usedlgerithm developed in chapter 5, see
Table 4.1.
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Figure 4.14. A comparison between RDG-FA and T-Mairedictions for the scattering diagrams of
soot aggregates with intermediate simg £ 500, r, =25nm).

Table 4.1 compares the results obtained with baht Iscattering model and the SSE
algorithm. The results fit rather well. To our opim, the differences between the expected
and the estimated values must be attributed motieet&SE algorithm limitations than to the
T-Matrix inaccuracy, see chapter 5.

Table 4.1. Summary of the fractal dimension estador the scattering diagrams of soot aggregates
predicted with T-Matrix and RDG-FA theories, anagiavith the SEE algorithm.

Reference figure: Figure 4.12 Figure 4.13 Figufiet4.
Initial Dy 1.60+0.01  1.80+0.01 1.60+0.01 1.70+0.01  1.80+0.011.90+0.01
EstimatedDs 1.63+0.01  1.84+0.01 1.62+0.01 1.73+0.01  1.84+0.01.95+0.01

Table 4.2. Summary of the radiuses of gyrationnestitd for the scattering diagrams of soot
aggregates predicted with T-Matrix and RDG-FA tiesiranalyzed with the SEE algorithm.

Reference figure: Figure 4.12 Figure 4.13 Figudel4.
Fractal dimension 1.60 1.80 1.60 1.70 1.80 1.90
Initial Ry [nm] 322 249 909 736 610 515
T-Matrix EstimatedRy [nm] 350 275 921 766 640 541
Ry accuracy [nm] 19 17 51 42 33 25
RDG-FA EstimatedR, [nm] 355 266 958 783 646 532
Ry accuracy [nm] 21 18 55 45 30 29

Results presented in Table 4.2 appear to be much mieresting. The latter table compares
the radius of gyration estimated with the Guiniealgsis (see chapter 5) for the scattering
diagrams predicted by the RDG-FA as well as T-Matreories. It can be seen that generally,
both approximation provide similar accuracy: theuits typically do not differ more than
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10%. What is more, systematic overestimation thatlmaiseen in Table 4.2, is results of the
Guinier analysis properties rather than the RDGeFA-Matrix predictions, see chapter 5.

4.5.T-Matrix method
45.1. Introduction

The T-Matrix method (known also as Null-field Methor Extended Boundary Condition
Method, EBCM) is one of the most powerful and comiyaised methods to calculate light
scattering by various nonspherical particles. $mtufproposed by Waterman (Waterman
1965) in 1965 has been widely extended and imprdSederal different computational codes
using T-Matrix approach have been developed (Bayber and Hill 1990; Mishchenko et al.
1996; Auger et al. 2007; Nieminen et al. 2007)). yrin@ight be apply to the analysis of
various particle systems (e.g. (Doicu et al. 20@@rtin 2006; Binek 2007)). In the present
work we use the Fortran code developed by Mackowski Mishchenko (Mackowski and

Mishchenko 1996; Mishchenko et al. 1996; Mishche@k®9). Different versions of this

code are available on-line on the website of theSNAGoddard Institute for Space Studies
(Mishchenko et al. 2012). We have slightly modifigds code to allow, for instance, MPI

parallelized calculations.

The T-Matrix is based on the direct solution of Maxwell's equations. Therefore, it is an
exact method to calculate scattering propertigaibier complex-shaped particles or ensemble
of spherical particles. It is very popular due be fact that it provides high accuracy and
relatively short computational time comparing te tither competitive solutions (e.g. discrete
dipole approximation (Draine and Flatau 1994)) tbah be used in order to solve such
a complex scattering problems.

4.5.2. T-Matrix assumptions

The T-Matrix method is based on the principle ttieg¢ electromagnetic field outside of
a regular surface S containing a scattering objesciquivalent to that which would be
produced by electric currents distributed on théaserS. Inside the surface S, the scatterer do
not produce any electric or magnetic field (thig T-Matrix is also known as the null-field
method). Therefore, we can express the total figldident and scattered) outside of the
surface S as surface integrals. The latter assampinot valid on the surface S itself. Itis
valid only inside the inscribed sphere or outsidé¢hefcircumscribed sphere of the surface S.
The equivalent surface currents are then expreasdlde sum of n-spherical harmonics with
unknown coefficients. Within the inscribed sphdtee equationE=0 is transformed into

a linear system of equations which connects thenomvk coefficients of the scattered field
with known coefficients of the incident one. Th&ation is given in a matrix notation as
a transition matrix, known also as a Maffix
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The T-Matrix formulation can be extended to the tiplé scatterers (i.e. particles) problem.
To do so, MatrixT must be associated to each particle of the sygfamger et al. 2007).
Thus, it contains properties of the scatteringigiag and takes into account influence of the
other particles. It leads to the N coupled linegmations, where N is equal to the number of
particles to be analyzed.

4.5.3. T-Matrix formulation

If we consider an arbitrary nonspherical particiethe spherical coordinate system with the
origin inside the particle, suspended in the homogs, linear, isotropic and nonabsorbing
medium, an incident plane electromagnetic wave lmarexpressed as (Mishchenko et al.
1996):

E"™(R)=E"™exp(kn, R )= (E;0,. +E, ¢, )expfkn, R ) (4.63)

where R is the radius vector with the origin at the originthe coordinate system, is the
unit vector pointing the incident direction of tleéectromagnetic waveg,, and e,  are
perpendicular unit vectors such ag =90, x¢,. andexp(-iat) is the time factor. In the far-
field region (kR>1), the scattered wave takes spherical shape andeagxpressed as
follows:

E*(R) = E;”(RN,.)0 .ut ES°(RN ()0 ., n =R /R, kR> 1 (4.64)

sca

where n_, =6 ,x¢ ., and R=|R|. Moreover, the relation between the incident ahed t
scattered wave can be expressed as:

RE**(R) =0, (4.65)
{EEZ}MS( . nmc)ﬁ:}, (4.66)
E; R E!

where S is an (2x2) amplitude scattering matrix which transforms limgahe incident
electric vector componentg;, E;° to the scattered ones. The incident and the seditte
fields are expressed using the vector sphericaktimms M., and N, as follows
(Mishchenko et al. 1996):

E™(R)=> > [a,RaM,, (R) +b RgN, (R)], (4.67)

n=l m=-n

ECR) =YY [PuM o (R) + QN (R)],  R> £, (4.68)

he1 me=n
where p,,, G, are the scattered field coefficien®,,, b, are the incident field coefficients
and the vector spherical functions are:
M. =(R)=(-1)"d,H’(kRC,, (8)exp( iny) , (4.69)
n(n+1)

Nmn(kR)z(—l)md{Wff)(kF§Pmn(6?) +kiF£ kR ( kB?]‘an(H)jexp( ip) . (4.70)
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where:
d im
B (8)=0—d (&)+o——d" (8),
mn( ) dt9 Om( ) (pS|n9 Om( ) (a (471)
— ﬂ n _ i n
Cmn(e)_GSInedOm(ﬂ) (dedOm(g)’ (b
and
P..(6)=Rd;,(6)/ R 4.72)
1/2
2n+1
d =|——| , 4,73
" {4nn(n+1):| ( )

where T, is the radius of the circumscribed sphere comgiinsemble of scattering particles
(e.g. an aggregate) and;, (6) are the Wigner d-functions (Mishchenko et al. 1996
Functions RgM,,, and RgN,, can be obtained from Eqgs. (4.69) and (4.70) byacemg
spherical Henkel functions® by spherical Bessel functions, .

The expansion coefficients for the plane incideavevare expressed as:
a, =47(-1)"i"d,C;,, (6, )E™ exp(-img,.) , (¢

| (4.74)
b, =47(=1)"i""d B, (6,)E™ exp(-img,) , (t

n— mn Inc

where asterisk indicates complex conjugation. Rmé#he relation between the scattered and
the incident field coefficients is described by trensition matrix (MatrixT) as follows:

= Z Z [Trilnm wlmnt Tlrﬁnm-rp m';l: (4.75)
n'=lm'=-n'
:Z Z [Tnzwi]m n&m h+T2r’r?nm'rp m'} (4.76)

n'=1m=-n'

In a matrix notation Eqs. (4.75) and (4.76) carXxgressed as:

m =TEHI Hm @.77)

Eq. (4.77) shows one of the biggest advantageleoTtMatrix solution: the elements of the
Matrix T depend only on the morphological parameters ofkttatering particles (i.e. shape,
size parameters, refractive index) and their oaigont regarding the coordinate system
(Onofri 2007). As a result, for a given aggregMajrix T has to be calculated only once and
then it can be used to evaluate the particle soagteroperties for any incident and scattering
directions. Total extinction, absorption and saatte cross sections for an aggregate can be
calculated with the following equations:

Ca,ext = _i_lzTRe{i i |:Trlnlnmn+Tfn2nm;|} ' @ :

n=l m=-n
3P b (4.78)

C,.s=C

a,abs a ext -
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4.5.4. The coordinate system and the displayed quantities

During calculations, T-Matrix code uses spherigabrdinate system. However, as an input
parameters coordinates of monomers within an agtgegust be given in the classical

laboratory Cartesian system. Thus, the coordinggtes and the displayed quantities are as
follows (see also Figure 4.15):

e The incident, plane wave with linear polarizatits propagating along th& axis, (see
Figure 4.15). The scattered intensity is calculateithe “scattering planeXXZ (Y =0) for
a given scattering angi@.

« The polarization is parallel whei, =0 and E, is parallel to axisX (i.e. intensity
usually written ad, or S,).

« The polarization is perpendicular wh&n=0 and E, =Y (usually written ag , or s,).

» The degree of linear polarization of the scattergght is also given with
P=-5,/8,=($- 9/( s $ wheres, ands, are two of the 16 real coefficients of
the T-Matrix solution.

1(0)

X

Figure 4.15. Coordinate system for the light scatecalculations and patrticles orientation in the
T-Matrix calculations (Onofri 2007).

4.5.5. Example numerical results
4.5.5.1. Optical characteristics of various fractal aggregags

With linear optics, one of the most fundamental apph to characterize the size distribution
of large particles is to analyze their scatteringgdams, i.e. the intensity versus the
scattering angled for large particles (e.g. in the Fraunhofer, thlvow or critical angle
regions) or versus the scattering vedofor nano- and micro aggregates.

Figure 4.16 compares the scattering diagrams ofesagpregate of silicon dioxide monomers

in water with various orientations. The incidentaq@ wave is (a) perpendicular and
(b) parallel polarized with wavelengtd =532nm The parameters of the aggregate are:
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D; =1.80, n, =101, r,=55nm, R, =550nm. The scattering diagram averaged o0
various aggregates, with exactly the same parameteralso shown. The influence of the
aggregate orientation (with respect to the incidgdane wave and the scattering plane) is
really significant. At the same time, the main uifhce of the averaging procedure seems to
damp all resonances.
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Figure 4.16. Scattering diagrams for a single agmpee of silicon dioxide monomers rotated around
the x axis by0°, 90°, 180 and 270 and results average ov&00 aggregates with the same
parameters: (a) perpendicular and (b) parallelrjzaition of light.
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Figure 4.17. Scattering intensity averaged 0980 fractal aggregates, for a single aggregate and
single sphere with radiuR, = r,3/n, =218.8nm versus (a) scattering angle and (b) amplituddef t
scattering wave vectdd; perpendicular polarization.

Figure 4.17 compares the scattering diagrams ahglessilicon dioxide aggregate in water
with the one of a single sphere with radius eqgoidhé radius in volume of the aggregate, with
D, =1.60, n, =63, r,=55nm, R, =550nm. Only the forward scattering exhibits some
similarities. In some extent this may be understadith the RDG-FA approximation, as in
that case we have(g=0) On%. For the other scattering regions, the scattediagrams are
totally different.
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4.5.5.2. Averaging procedure for the scattering diagrams

From the previous results we can really concludg tb model the scattering diagrams of
agueous colloidal suspension or aerosols of corghe@ped aggregates, it is necessary to
cancel out orientation effects using a numericaraging procedure. This is particularly

important because in practice we are usually pglitmusands of millions of nanoparticles

and aggregates, not a single aggregate with acpkatiorientation.

Therefore, as a standard procedure, all the soejtdiagrams presented in this work were
averaged oveb00 different aggregates with exactly the same fraataperties. This sample
was chosen as a compromise between calculatiomeaxycand computational time.
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E 5
o 4 i o
2 2
g g 13
£ £
[=] (=]
£ 014 E £
2 l 2 014
§ —— Scattering diagram g — Scattering diagram
(averaged over 500 aggregates) (averaged over 500 aggregates)
001 I Standard deviation 001 I Standard deviation
. T T T Tl t : T T T oAU
55 6.0 6.5 7.0 75 55 6.0 6.5 7.0 75
Amplitude of the scattering vector, log(q) Amplitude of the scattering vector, log(q)
@) (b)
100 T T T T T 1000 T T
D, =2.40 D,=2.80
~~ ~ 100+ ]
S 103 3 >
° ke]
= 2 104
g 13 3 g
£ £
o o 13
£ £
S 01 ] g
g —— Scattering diagram g LR p— Scattering diagram
(averaged over 500 aggregates) (averaged over 500 aggregates)
I Standard deviation I Standard deviation
0.01 T T T e t 0.01 T T T T L
55 6.0 6.5 7.0 75 5.5 6.0 6.5 7.0 75
Amplitude of the scattering vector, log(q) Amplitude of the scattering vector, log(q)
() (d)

Figure 4.18. Scattering diagrams of the aqueoupesision of SiQ aggregates withr, =55nm,
R,=550nm, (a) D; =1.60, (b) D, =2.00, (c) D;=2.40 and (d) D; =2.80; perpendicular
polarization.

As an example, Figure 4.18 shows the scatteringraims of the agqueous suspension of
silicon dioxide (SiQ) monomers with r,=55nm, R =550nmr and D, =1.60- 2.8C.
We present scattering diagrams averaged d»@® various aggregates with the same
parameters and the standard deviations (STD) cetat¢he averaging procedure. We found
that for aggregates with low and medium fractal efisions the differences are non-
negligible. The standard deviation decreases afgdbtal dimension increases. FDr =2.80

it is almost insignificant for the small scatteringgles (small values df) and it becomes
noticeable only for the larger ones.
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Similar conclusions can be drawn from Figure 4.I%e latter presents the relative
differences between the scattering diagrams ofstheon dioxide aggregatesr,(=55nm,
R,=550nm, D, =1.6, n,=64) depending on the number of aggregates used fer th
averaging procedure (i.e500, 100- 40C; 500 being considered as a reference case).
The relative difference between the results averayer 500 and 400 aggregates is smaller
than 1% for the entire scattering diagram. Moreover, theriovements related to the
increasing number of aggregates ¥ are relatively smaller at each step. It clearlyveho
that averaging oveb00 aggregates provides enough high accuracy. Thisevad 500 was

found to be a good compromise for all cases (aerqdabmas, etc.) threaded in this
Ph.D. work.

— Scattering diagram
(averaged over 500 aggregates

Scattering intensity, log(l)

—-—- (I(100) "I(500)) /"1(500) i (b)
5| “(1(200) -"1(500)) /"1(500) (I,

- - -7(1(300) "I(500)) /"I(500)
—— "(1(400) I(500)) /"1(500)

Deviation [%]
w
1

0 ‘ === ‘ ; ‘Q&m
55 6.0 6.5 7.0 75
Amplitude of the scattering vector, log(q)
Figure 4.19. (a) Scattering diagrams of silicon xitle aggregates r{=55nm, =550 nm,

D, =1.6, n,=64) averaged over 500 different aggregates with thenes parameters and
(b) deviation between the scattering diagrams aest@ver a smaller number of monomers.

4.5.5.3. Averaging procedure for the extinction profiles

It is also necessary to average extinction speoti@ncel out orientation effects as well as
any sensitivity to aggregates with a non fully egantative shape. However, the total cross
sections (and thus extinction and scattering cdefiis) are much less sensitive to the
orientation of aggregates than scattering diagréses previous section). We found that an
averaging ovelb0 aggregates is a good compromise. As an exammgard-4.20 shows the
extinction coefficient (i.e. extinction cross sectinormalized by the surface of the sphere
with volume equivalent to the one of the aggregate section 6.4.1 for more details)
of aggregates of amorphous silicon monomeys3.5nm with R, =35nm and fractal
dimension equal to (ap, =1.50 or (b) D, =2.80. In both figures the maximum, minimum
and average extinction for the group of 50 variaggregates are shown. The standard
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deviation divided by the average value of the etiim coefficient(STD(Q,,,.)x 100/ Q,,) is
also plotted.
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Figure 4.20. Comparison between maximum and minimutinction coefficients for a group of 50
various aggregates of amorphous silicon monomerth whe same parameters; =3.5nm,
R, =35nm, (a) D; =1.5, n,=51and (b)D, =2.8, n, =1000.

It can be seen that the standard deviation is glyodependent on the fractal dimension.
For aggregates witld, =1.50 its mean value is equal ®©33% and typically do not exceed
8% for the wavelength ranging fror200 to 900nm. For aggregates witlD, =2.80 the
standard deviation is more than one order of madaismaller with mean valu&33%. This
behavior of the extinction coefficient is a direcnsequence of the fact that dilute aggregates
with the same parameters may have much more vahieges than the compact ones. They
can be also situated in numerous different positi@garding the incident wave. It is also
worth to notice that for very dense aggregatepfasented in Figure 4.20 (b)) even results of
the calculations for one aggregate might be medming

Figure 4.21 presents differences between extinctoefficient of the silicon dioxide
aggregates r([ =3.5nm, R =35nm, D, =15, n,=51) averaged overb0 and 10-40
aggregates respectively. It can be seen thatveldifference between results averaged over
50 and 40 aggregates is for the entire wavelength rangelemidlan 0.5%, Moreover, the
improvements related to the increasing number sésdyl0 are relatively smaller at each
step. It clearly means that averaging og6raggregates provides enough high accuracy.
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Figure 4.21. Deviation between extinction coefintief the silicon dioxide aggregates, &3.5nm,
R,=35nm, D, =1.5, n, =51) averaged over various number of aggregates.

4.5.5.4. Extinction cross section of single monomers withifractal aggregates

The effective extinctions of each monomers withim aggregate are also quite different
depending on their position in the agregate. Aserample Figure 4.22 shows grey-level
coded images of the extinction coefficients of thenomers within two aggregates of soot
with n, =200, r,=17.1nm (a) D, =1.8, R, =251nm and (b) D; =2.2, R, =154 nm for the
incident wavelengthA =300nm (note that the incident plane wave propagates atbeg
Z-axis).

_L]

Z X
(a) (b)

Figure 4.22. Gray-scale images of extinction coedffits of single monomers within aggregates of
soot with n, =200, r =17.1nm (a) D; =1.8, R =251nm and (b) D, =2.2, R, =154nm.
Incident wave propagates parallel to the z-axis.
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CHAPTER 4 - LIGHT SCATTERING THEORIES AND MODELS

4.5.5.5. Extinction cross section of Buckyballs-like aggredas

Figure 4.23 — Figure 4.25 show the extinction specf buckyballs-like aggregates with
parameters similar to the ones observed experiihegsae section 6.5):K30R50, K30R25
and K30R12 with radiuses of single monomers=40.5nm, r,=33.6nm and r, =15.7nm
respectively. Each spectra was obtained by avegati@ T-Matrix results for the randomly
oriented aggregates andl wavelengths equally distributed betwe@00 and 1100nm.
The averaging procedure was performed d¥€raggregates.

Figure 4.23 compares extinction coefficients caltad for (i) buckyballs aggregates with an
3D hexagonal compact internal structure (see seéti®nand (ii) a single spherical particles
with a radius equal to the external radius of theklgballs and the refractive index calculated
with an effective medium approximation (i.e. Maxis@arnet model (Bohren and Huffman
1998)):

3 f[ £-¢, j
£, =&, 1+L2£m , (4.79)
1- f[ £-¢, j
£+2¢,
where f is the volume fraction of monomers within the agmtes,e and &, are the
relative permittivities of the inclusions (monomerand the bulk material (i.e. air)
respectively. For buckyballs presented in Figu34- Figure 4.25, we have used a volume

fraction of f =0.51- 0.5¢ (these values were estimated with the geodesiedaodel (Onofri
et al. 2012a)).

40 T T

T T T T T T
e MaxGarn.
T Buckyballs model + Comp. Hex.,
\ FENEROR \7 f=051-054, 1 = 40.5 nm

N T-Matrix n, d,[nm] MaxGarn. T-Matrix
12 2351 - -
42 366.3 - -
92 4979 —-—
162 6435 —---
252 7827 @ -----
9218 -—-

35F

30§

ext
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b
20p

15F

Extinction coefficient, Q
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Figure 4.23. Comparison of extinction spectra ofKkyballs aggregates (of silica nanobeads) with
a 3D hexagonal compact internal structure: T-mataculations versus Lorenz-Mie theory with
an effective medium approximation, = 40.5nm.

Surprisingly, we found that results obtained witle t_orenz-Mie theory and the Maxwell-

Garnet model fit rather well with the T-Matrix calations for buckyballs of intermediate size
of the aggregates (i.e. with, =42, 92, 167) and for the VIS-NIR spectral range, see Figure
4.23. For the larger and smaller buckyballs sigaiit differences appear when incident
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wavelengths shorter thaBOOnm is used. Similar conclusions may be drawn fromuFag
4.24. Finally, from Figure 4.25 we conclude that g&uch small aggregates differences
between the T-Matrix with a full buckyball model carthe Lorenz-Mie theory with the
effective refractive index are really small. In tlad¢ter case, the mean difference is only of
2.3+ 1.2% for buckyballs withn, =362 (total number ofn_,,. =749) monomers t6.6+ 2.5%

for n, =162 (total number ofn_ .. =249). Maximum difference equal 5% was observed
for buckyballs withn =12 and incident wavelengtil =200nm. Results presented in the
latter figures clearly shows that it is not alwayscessary to perform very time-consuming T-
Matrix calculations.

4.0 AL B LI AL BL AL AL B LN B LA LA LA

ORTY MaxGarn. Buckyballs model + Comp. Hex., | ]
a5k s f=051-054, 1 =33.6 nm ]
- N

n d_[nm] MaxGarn. T-Matrix
b e

ext

12 195.0 e
42 3048 - - —
92 4141 —— —
162 533.9 -
252 6530  -----
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30F)

25

769.4
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15

Extinction coefficient, Q
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0.0 : .
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Figure 4.24. Like Figure 4.23 but foy =33.6nm.
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12 45.6 s
1E-3 || 2 M2 --
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1E-4 L L
200 300 400 500 600 700 800 900 1000 1100

Wavelength, A [nm]
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Figure 4.25. Like Figure 4.23 but foy=15.7nm.

4.5.5.6. Extinction cross section of single monomers within #ckyballs aggregates

Like for fractal aggregates, we can calculate ffecgve cross section of the each monomers
within a buckyballs-like aggregate. Figure 4.26 dAdure 4.27 show the extinction
coefficients (i.e. normalized extinction cross swcot of each single monomers within
a buckyball of n, =252 monomers filled with a 3D hexagonal compact inaérstructure
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(total number of monomers, ,,. =509), and n, =362 monomers (total number of monomers
n,..c = 749) respectively. The mean radius of the monomeegjisal tor, =40.5nm and the
incident wavelength is equal to (d=300nm, (b) A =400nm and (c)A =500nm.

(b)
Figure 4.26. Extinction coefficients of each singlenomers within the equatorial plan of a buckyball
of n,=252 monomers with a 3D hexagonal internal structureta(t number of monomers
N, uc =509) with r, =40.5nm — (a) A =300nm, (b) A =400nm, (c) A =500nm; external diameter
d,,, =783nm.

incident wave

.....

(a) (b) (c)
Figure 4.27. Extinction coefficients like in Figuke26 for n, =362 (total number of monomers
N, wc = 749); external diameted,, =922 n.

Among the interesting behaviors shown here, wenmdite that the monomers exhibit some
negative values for the extinction coefficients. yrappear when incident wavelength is
relatively short comparing to the size of the moeon(see Figure 4.26 (a) and Figure 4.27
(a)-(b)). It is probably the result of some intdrnaultiple scattering and "focusing” effects.
It can be noticed that the layout of the extinctapass sections presents some analogy with
the one observed for a homogeneous sphere (Bartetlih 1990).

4.5.5.7. Computational time with the T-Matrix code (Mackowski and Mishchenko 1996)

Another important issue related to the T-Matrix €ad the computational time. We have
parallelized the Fortran code developed by Mackovesid Mishchenko (Mackowski and

Mishchenko 1996; Mishchenko et al. 2012) to geétdeo compromise between the accuracy
and the computational time. This parallel versionsron the computer clusters available in
the IUSTI Laboratory (a few dozens of cores wermdus general). However, the simulations
are still time-consuming and they require large agjer capacities. As an example of the
typical computational time associated to the T-MatFigure 4.28 shows the time evolution
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of the scattering simulations for the aggregate® \wi, =1.80 and different size parameters
(x,=0.1, 0.20.5, 1.02.0) versus the number of monomers within aggregates= g0,
40, ..., 100(). For a comparison purposes, the calculationsepted here were performed on
the single, typical up-to date computer (dual c@fRU 2x2.8GHz and 4GB of RAM

memory).
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Figure 4.28. Computational time of the T-Matrixdeofor various size parameters of the aggregate
with D, =1.80 versus number of monomers.

From Figure 4.28 it can be deduced that the contiput time of the T-Matrix code strongly
depends on the number of monomers within aggregteever, a non-negligible influence
has also the size parameter of the monomers (e gatio between the computational time for
the aggregates with the same propertiesyut2.0 and x, =0.1 is higher tharl6). It should

be noticed that, with the parallelized version, tikal computational time is roughly divided
by the number of cores being used.

4.6.Conclusion

Despite that numerous light scattering theories raethods to characterize particle systems
are available in the literature, only few of thema appropriate when considering the in-situ
and time-resolved analysis of fractal aggregatesamioparticles. In this chapter we briefly
introduced only those of them that have been usélde current work.

In fact, only some of the theories (e.g. the LM&dty or the T-Matrix method) provide exact
solution of the scattering phenomena, while the rstlygve approximate results with some
degree of accuracy (e.g. the RGD or RDG-FA thepri€be biggest competition between
exact solutions and approximate methods usuallgyre&ln the computational time and
efficiency. Therefore, each time we have to choapropriate model regarding size
parameters, number of particles and scattering tondi (i.e. wavelength and scattering
angles accessible during the analysis) of our prablt is also necessary to take into account
computational time.
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Chapter 5
ANALYSIS OF THE SCATTERING DIAGRAMS

5.1.Introduction

For the characterization of fractal-like particlggeegates, the most powerful approach is
based on the recording and afterwards the anadystseir visible (X-ray and even neutrons)

scattering diagrams with respect to the scattevegjor 4 (see Eq. (4.35)) (e.g. (Sorensen
2001; Bushell et al. 2002). The quantitfy) is sometimes referred as the "optical structure
factor (OSF)" (Sorensen et al. 1992b; Sorensen)2001

In this chapter we discuss methods and algoritlimestimate the main parameters of fractal-
like particle aggregates from their OSF and soniatee issues. The current chapter is
organized as follows. Section 5.2 introduces twonnadgorithms to analyze OSF. The first
one, referenced as the Second Slope Estimation) (®8tod is based on a direct and simple
method, but its applicability is limited to aggrégm with rather large size parameter and
intermediate fractal dimension. The second algorjtballed the First Slope Estimation (FSE)
method, requires building calibration curves basadaccurate particle agglomeration and
particle light scattering models. It allows anahgithe optical structure factor of much
smaller aggregates, regardless their fractal dimenand the size of the single particles.
Therefore, this algorithm, as well as the introduciof a criteria curve to detect the different
scattering regimes, are thought to be powerfulstdol perform reliable and reproducible
analysis. Section 5.3 presents influence of free ammrs (non aggregated) around the
aggregates of interest to the results estimatdud out algorithms.

Finally, Section 5.4 shows a comparison betweettesazg diagrams of DLA and DLCA
aggregates. It presents numerical results obtaoredhe ground that both aggregation
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algorithms differ from the physical point of vieweg section 2.2.2) and therefore it may be
guestionable if the optical properties of the cgpanding aggregates are similar or not.
However, we show that scattering characteristidSloA and DLCA aggregates do not differ
significantly as soon as they exhibit a power-lagime.

5.2.Estimation of fractal parameters from scattering dagrams
5.2.1. Introduction

OSF analysis is a powerful approach to estimatarpaters of various particles. However, in
the literature the method used to process the @Sfever detailed and evaluated, whatever
the processing scheme (as it will be shown later sirgngly influence the quality and
reliability of the analysis. Regarding the previgamarks, the aim of the present work was to
develop reliable algorithms to estimate in a corhensive and reproducible ways the fractal
parameters from OSF (Mroczka et al. 2012).

5.2.2. Light scattering properties

Figure 5.1 (a) shows the numerical simulation of #volution of the OSF of a water
suspension of silicon dioxide aggregates (reswisamed over 500 different aggregates with
parameters:n, =100, D, =1.80, r,=55nm, R, =550nm, m =1.47+Q). Three scattering
regimes (or zones) may be identified in this OSkmaly, the Guinier, the fractal (or power-
law) and the Porod zones. Behavior of the OSF ol eane is totally different and related to
different aggregate properties. The OSF in the Buipone is essentially dependent on the
overall size of aggregates (i.e. the length of #use, with respect to the scattering vector,
gives information abouR, ). In the fractal zone, the power-law decay of @®F (and the
associated slope) depends mostly on the aggregatejshology and thusD, . The behavior

of the OSF in the Porod zone is known to be masggsitive to monomers size (Sorensen

2001) but this zone is usually only accessible Witays.
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Figure 5.1. (a) Evolution of the optical structémetor (OSF) of silicon dioxide aggregates, =100,
D, =1.80, r,=55nm, R, =550nm) and (b) criteria curve obtained with the FSE &t
(Mroczka et al. 2012).

5.2.3. Radius of gyration estimation

We basically use the Guinier equation (Sorenserd P@0Oestimate the radius of gyration from
the normalized OSF:

— 2

|(Iq(;)o) ~1+ Rﬂng, for R <1 (5.1)

In the previous equation the power-law term indisahat from the normalized OSF plotted
versusg® we can estimate directly the radius of gyration.db so, the algorithm works in
a two-step process. Firstly, the OSF is low-paseréid and normalized. Secondly, a linear
least square fitting method is used to estimatesibpe coefficient in the Guinier zone
(symbolized here by the paramegeand the related accurada). To correctly estimate the
radius of gyration it is necessary to use only datthe rangel (q=0)/1(q) <4/3. Finally,
the radius of gyration is evaluated Rs= J3a, with:

3
23

AR, =%Aa= Aa (5.2)

5.2.4. Algorithms for estimating the fractal dimension

5.2.4.1. Second Slope Estimation (SSE) Algorithm

In the fractal zone, the power-law decay of the @8&ides both quantitative and qualitative
information about the fractal dimension of the aggtes. To get directly the value Df,

only data values in the ranggR, >5 must be used (Sorensen 2001). In fact, belowlithis
the power-law regime is not clearly observed. Lpkeviously done for the radius of gyration,
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the fractal dimension can be obtained directly frime slope coefficient estimated with
a linear least square fitting procedure. Howeuss procedure and the related algorithm are
only valid for rather larger aggregates, irg.> (51) /(4r) .

On the other hand to get a correct estimatiodoé& minimum number of data points are
necessary. They must also cover a minimum scagtemgles range. Numerical simulations,
not reported here, have shown that the criteritnoduced by Sorensen must be reinforced at
least by a factor of twoR, >(54)/(2r) and that the predictions obtained are only satisfs

for fractal-like aggregates whose dimension art&iotésd to the rang®, =1.6- 2.0.

5.2.4.2. First Slope Estimation (FSE) Algorithm

The "First Slope Estimation (FSE)” algorithm waseleped to process OSF with a scattering
vector that do not necessarily satisfies tiRg >5 condition (Mroczka et al. 2012). The

biggest advantage of this second algorithm, whigdsicalibration curves, is its applicability
to all kind of aggregates, regardless fractal disnem wavelength or radius of gyration. This
algorithm works in a five-step process.

* (A) Signal (optical structure factor) interpolation

To compensate the huge range of variation of th&esing vector and its non-linearity with
respect to the scattering angle (e.g. which botludada non constant sampling rate of the
optical structure factor) the OSF is resampled witimear interpolation scheme. The number
of interpolating points is chosen arbitrary, asosnpromise between accuracy and algorithm
execution time. Basically, it is set 00 points per one order of magnitudeqofSo that,
depending on the incident wavelength, the OSFrgsad in 2000- 300( data points.

* (B) Linear least square fitting.

One of the most important parts of the FSE algoritielies on the construction and analysis
of a set of criteria curves. The latter uses alltiaar least square (LLS) fitting procedure of
the OSF. At each iteration step of the algorithrmaving window with fixed length analyzes
the local slope of the OSF. The LLS is performecbading to the minimalization procedure
described by the equation:

min[Ax-b],, AOR™, (5.3)

wherex represents the experimental vector containing wiredbdata of the OSF aml, b
are matrixes containing regression coefficientsth&t beginning of the algorithm, the length
of the initial window is set to a relatively largalue (usually600 points) and it may be
changed depending on the criteria described at @in
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e (C) Criteria curve construction.

For each fitting step, and as a measure of thetisnlguality, the norm of the overall
residual is calculated. Looking for the minimumidesl corresponding to each position of
the analysis windows, a criteria curve is buildgies information about fitting results in
each part of the optical structure factor. Figure (®) shows the best fitting line and criteria
curve corresponding to the analysis of the OSHalysol in Figure 5.1 (a). It is easy to notice
that the norm of the residuals of Eq. (5.3) vadepending on the window position with
respect to the scattering vector, i.e. the scatieregimes. It is close to zero in the Guinier
zone, and it increases significantly during thengron between the Guinier and Fractal
zones. In the same way, the central part of thetdtazone is well identified by a local
minimum. This local minimum is defined as the onattust follows the first local maximum
for increasing). The latter maximum identifies the transition beén the Guinier and fractal
zones. Figure 5.1 (b) shows also that in the Pamuk, the criteria curve is continuously
increasing (i.e. the size parameter of these agtgegatoo small to allow the observation of
the Porod regime). Note that, depending on thehmdted for the analysis windows, the
shape and behavior of the criteria curve may lght)i different. The polarization state of the
incoming plane wave influences also the shape @fctiteria curve but, in all calculations
presented here, we use the perpendicular one iirscenore appropriate to detect the fractal
regime (the parallel polarization produces harmgdillations).

» (D) Analysis of the criteria curve

To find the best solution from the fitting procedyit is necessary to select the right local
minimum of the criteria curve. An additional critaw is used for this purpose. This local
minimum must satisfy the “absolute value criterjd’e. the absolute value of the minimum
point is at least two times smaller than the valithe first maximum.

» (E) Algorithm iteration

If the local minimum detected at the previous stiEyes not satisfy the “absolute value
criteria”, the entire procedure (i.e. points B-B)repeated for smaller and smaller windows
widths. If after several iterations this criteria still not satisfied, the algorithm stops.
It usually means that the OSF do not exhibits amgracteristic fractal zone. This situation
occurs for small size parameters aggregatesRi.e.A/2). Typically, as a limit value that
stops algorithm, length of the window 10 times derahan the initial value is taken (i.e. 60
points of the OSF).

5.2.5. Results and discussion

For computational efficiency, we built an extensilatabase with the scattering properties of
various aggregates. To further demonstrate thalitsalof the algorithm introduced above,
two typical particle systems and parameters wersidered:
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 An aqueous colloidal suspension of aggregates, oeetp of silicon dioxide (Si§)
nanobeads with radiug =55nm, refractive indexn, =1.47+ 0 (Sopra.S.A. 2010), radius
of gyration R, =110-550nm (with step equal to11lnm), fractal dimension
D, =14, 1.6, ..., 2., and number of monomers, =4-1000 (according to the other
parameters, see fractal equation, i.e. Eq. (2.13)8. probing beam is a local plane wave
with perpendicular polarization and nominal wavetang=409nm (violet laser diode).

» A gas flow of soot aggregates, composed of cartEmec monomers with radius
r,=25nm, refractive index m =1.71+ 0.56 (Tourbin 2006), R, =188-1625nm,
D, =1.4, 1.6,..., 2. and n, =450, 50C and 550. The probing beam is a local plane wave
with perpendicular polarization and nominal wavetinAd =532nm (frequency doubled
Nd-YAG laser).

5.2.5.1. Estimation of the radius of gyration

To estimate the radius of gyration of the silicaoxede and soot aggregates, the Guinier zone
is first analyzed. Figure 5.2 presents the resofitthe analysis of 5 colloidal suspensions
containing aggregates with increasing radiuses/dtopn. The estimated radiuses of gyration
were found to be 236, 296, 356, 418 and BAHor the initial values 220, 275, 330, 385 and
550 nm respectively. It should be noticed that, the Imesgression fit really well the data
points (regression coefficient equal 0.9985, 0.9988986, 0.9984 and 0.9983 respectively),
even if all the estimated values are slightly, $ygtematically, overestimated.

LI L L
1.35 Rg=41§ nm Rg=356n
Y )
1.30 R,=595 nm

m
o

Rgz 296 nm

Rg =236 nm

I(9=0) / I(q)

0 2 4 6 8 1I0 12 14 16 18
q° [um?]
Figure 5.2. Guinier analysis of the Si@ggregates.

Figure 5.3 summaries some results for the radiugyaddtion of silicon dioxide aggregates
versus their initial radiuses of gyration. It can $een that, as previously reported, the
overestimation depends on the fractal dimensionaties betweers.5% for D, =1.40 up to
9% for D, =2.80. Despite the latter bias, we can clearly say @Gainier analysis assures
good reliability of the results and that it is fpiaccurate.
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Figure 5.3. Summary of the radiuses of gyratiomegtid for silicon dioxide aggregates with various
parameters.

Table 5.1 resumes the parameters estimated fareliff systems of soot aggregates with the
following parameters:n, =500, r,=25nm and m, =1.71+ 0.56. Here also the estimated
values fit pretty well the expected ones, so thatdverestimation of the radius of gyration,
similarly as for silicon dioxide aggregates, evslMeom 1 to 9% for aggregates having
D, <2.0.

Table 5.1. Summary of the radiuses of gyratiomestted for soot aggregates mf =500 monomers.

Fractal dimension 1.4 15 1.6 1.7 1.8 1.9 2.0 2.1
Initial Ry [nm] 1518 1155 909 736 610 515 443 386
Estimatedr, [nm] 1541 1167 954 794 662 540 483 425
Ry accuracy [nm] 73 53 50 41 34 26 23 20
Fractal dimension 2.2 2.3 2.4 2.5 2.6 2.7 2.8

Initial Ry [nm] 341 304 274 250 229 211 195
Estimatedr, [nm] 380 343 312 288 270 255 241

Ry accuracy [nm] 17 16 14 12 11 11 10

5.2.5.2. Estimation of the fractal dimension

Figure 5.4 presents results obtained for the fratitaension of soot aggregates, with initial
fractal dimensionD, =1.80. The fractal dimension estimated with the SSE digar,

D, =1.82+ 0.0 is in a very good agreement with the expected étwvever, as already
mentioned, we must keep in mind that the appliggiolf the SSE method is limited to OSF
with gR, >5. Table 5.2 summarizes the fractal parameters astunwith the SSE algorithm
for the soot aggregates with increasing number ohamers. Note that, with the SSE
algorithm is was impossible to analyze smaller aggtes than those considered in this table
(i.e. due togR, >5 limitation). In an opposite way, Figure 5.4 shaalso that the raw slope
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found in the fractal zone with the FSE algorithme, 2.74 + 0.02, differs significantly from
the expected fractal dimension.

N N Carlbonaceous aggllegates:
107 Noo Mp=250,D,= 180, k= 1.593
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Figure 5.4. Comparison between the SSE and ramWwiEout calibration curves) algorithms for soot
aggregates with initial fractal dimensid@y =1.8 and forr, =10hm andn, = 250.

Table 5.2. SSE algorithm: estimation of the radiuigyration and fractal dimension of soot

aggregates.
Number of monomersy, 160 180 200 220 240 242
Radius of gyratioiRy [nm] 127.6 137.4 146.1 155.5 163.6 172.1
Initial fractal dimensionDy 1.80 1.80 1.80 1.80 1.80 1.80
Estimated fractal dimension 1.997 1.941 1.838 1.812 1.772 1.795
Number of monomersy, 246 246 248 249 250
Radius of gyratioiRy [nm] 172.1 173.9 174.8 175.3 175.7
Initial fractal dimensionDy 1.80 1.80 1.80 1.80 1.80
Estimated fractal dimension 1.802 1.818 1.828 1.829 1.831

As an example, Figure 5.5 and Figure 5.6 showrthedl dimension estimated with the FSE
algorithm for silicon dioxide aggregates. Figur® presents the optical properties of the
aggregates with the radius of gyration increasiogif110nm to 550nm and an initial fractal
dimension of (a)l.80 and (b)2.20. Figure 5.6 shows the various slope coefficiestsrated

for the aggregates with constant radius of gyratigp=550nm but different fractal
dimensions and number of monomers.
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Figure 5.5. Typical results for the fractal dimemsiestimated for SiO2 particle aggregates with
nominal fractal dimension: (a) 1.80, and (b) 2.00.
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Figure 5.7. shows the slopes (line equation cdefity estimated for8 different fractal
dimensions D, =1.4, 1.6, ..., 2.) and a wide range of radiuses of gyratigp=2r, -10r,

(R, =110-550nm.. For D, =2.80, the values estimated with the FSE method were
ambiguous and could not be proceed. However, albther coefficients present clear trends
and can be effectively analyzed. It is also wokhnbtice that as the radius of gyration
increases the estimated slope decreases but, daterfor larger aggregates (around
R, 261, =330nm) it become almost constant.
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Figure 5.7. FSE algorithm: summary of the slopeaetion for aggregates of Sithonomers.

From Figure 5.7 and complementary results (e.gdegscted in Figure 5.6), we derived
calibration curves for the FSE algorithm that reldite raw slope associated to the fractal zone
with the nominal fractal dimensions and radiusesyyfation, see Figure 5.8. A%3order
polynomial fitting improve the resolution of thesalibration curves. It should be noticed that,
in Figure 5.8 all the curves are almost superimgdee aggregates with radius of gyration
higher than 6, i.e. the fractal dimension of large aggregateslza determined without any
prior knowledge (or analysis) of the radius of gyma. Obviously, from Figure 5.7 one may
easily deduce that it is also the case for therdthetal dimensions.
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Figure 5.8. Estimated slope as a function of thetél dimension for silicon dioxide aggregates (the
FSE algorithm).

Figure 5.9 shows that by combining the FSE algoritnd the calibration curves (like the
ones presented in Figure 5.8), the estimation & #ggregates fractal dimension is
significantly improved even when 0.1% and 1% oftemoise is added to the OSF. In fact,
the fractal dimension is estimated over a larggeaand with an accuracy of 5% with 0.1% of
additive white noise and about 10% for 1% of agditivhite noise. Additionally, we found
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that the accuracy decreases as the fractal dimerdgoreases, so that this dependency
provides even better results for commonly encoedtaggregates (e.g. soots).
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Figure 5.10. Fractal dimensions extracted autoralfiérom the optical structure factors of various
aggregates with the FSE algorithm for silicon ditexaggregates with a constant numbenpf 500
monomers withr, =55nm and initial fractal dimension (e), =1.80 and (b) D, =2.20.

In addition to the previous results, Figure 5.16ve some results for the fractal dimension of
silicon dioxide aggregates that were obtained il FSE algorithm and the calibration

curves other than the ones presented in FigureTh8.accuracy is here also very good. It is
better than2.5% over almost the entire range of radiuses of gyratWda get about the same

accuracy for the mean fractal dimension.

5.2.6. Conclusion

We have introduced a modeling procedure and nualeaigorithms to estimate the fractal
dimension and radius of gyration of fractal-likegeggates from the analysis of their optical
structure factor. All numerical results providedréneare based on rigorous particle
agglomeration and light scattering models. The S&@ope Extraction (SSE) algorithm is
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based on the Guinier analysis. It provides a singid direct estimation of the fractal
dimension. However, its applicability is limited l@rge size parameters aggregates. The First
Slope Extraction (FSE) algorithm can be used tdyaeramuch smaller aggregates than the
SSE algorithm, even when we are dealing with theyeagR, <5. Its application is more
complicated than the SSE algorithm, as it requioesreate look-up tables and to produce
numerical calibration curves. However, the FSE atigor is applicable to all kinds of
aggregates, regardless their morphology. Therefoiethought to be a much more powerful
and universal solution. The criteria curves is asoeseful approach to identify the different
scattering regimes and to obtain more reproducdselts. At least all our analysis procedure
is described in detail, which is not the case lierworks found in the open literature.

5.3.Influence of free monomers on the analysis of the &F
5.3.1. Physical background

In the open literature, most numerical investigatioelated to the prediction and the analysis
of the OSF are performed on monodisperse aggregatieshe same fractal dimension. Very
few studies consider the influence of aggregatdgdmpersion and polymorphology. What
may be even more astonishing is that we did natdaany work dealing with the influence of
free monomers (non aggregated) around the aggeegbieterest.

In a combustion system, it means that researclsmeess (consciously or not) that at the
measurement point all monomers (primary partickes)already aggregated. One can accept,
in some extent, that this could be true in a pésfdaminar flame and far from the reactive
zone. But, if we look in details for some TEM imagd soot samples (e.g. see chapter 3), it is
clear that there is a non-negligible amount of fremomers deposited on TEM grids. These
free monomers could be the results of the disiategr of some aggregates, but this is not
sure at all. In addition, as most light scattemmgasurements are performed within the flame
(to avoid further aggregation and chemical effeltteng the exhaust gas cooling phase), we
can have some doubts that all monomers are alwayegated at the measuring point. If now
we think about dusty plasmas or destabilized addlbsuspensions, where there is no strong
convective processes (like in flames), the hypoteesf a fully aggregated system becomes
more and more questionable. For colloidal suspessiwhere the sedimentation process can
be rather slow, the problem appears to be even drastic. So that, at least, it is necessary to
evaluate the influence of the presence of somerfreeomers onto the analysis of the OSF
and this is precisely the aim of this section.
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5.3.2. Results and discussion

To fix the idea, Figure 5.11 shows the OSF of aidlof SiQ, aggregates surrounded by 20%
and 100% (in number) of free monomers (not aggesfjatThe Si@ aggregates are all
identical with n, =250 monomers. They are probed with incident wavelength 266nm.

It is clear that even 20% (50 over 250) single nmeis change the raw slope coefficient
estimated with the FSE method (particularly, fram —2.631to a=-2.147). For 100% of free
monomers (250 over 250), the decay constant islelivby a factor of almost A€ —1.344).
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Figure 5.11. Example results of the fractal dimen®xtraction for aggregates of $i@onomers with
fractal dimensiorl.80 and various number of free monomers in the expartal setup.

A direct consequence of these results is that thetdl dimension estimated with the FSE
method will be strongly biased by the presencehafs¢ monomers. In fact, the fractal
dimension is more and more overestimated as thebeurfraction of free monomers

increases. To analyze quantitatively this effed, wilt an extensive database with different
aggregates and number fractions of monomers. Théswlere processed automatically with
the algorithm introduced in the previous sectiaguFe 5.12 summaries the fractal dimension
estimated for Si@aggregates wittD, =1.80 and n, =50- 250 versus the number fraction

(2—100%) of free monomers. Figure 5.13 and Figure 5.14 séiavilar results for aggregates

having D, =2.00 and D, =2.20 respectively.
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Figure 5.14. Like Figure 5.12 but f@, =2.20.

Analyzing Figure 5.12 — Figure 5.14 we deduce théiience of the scattering properties of
the single monomers to the OSF of the aggregatesndis not only on the number of free
monomer but also on the total number of monometkinviaggregates. Thus, as clearly
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shown in Figure 5.12 — Figure 5.14, OSF of the fnalggregates are much more affected by
the scattering properties of the free monomers thanlarger ones. As an example, if we
compare properties of the aggregatesipf50 and n, =250 monomers with respect to the
50 and 250 free monomers respectively, we can see that etithfeactal dimensions for the
initial value of D, =1.80 are equal to thél.36 and 1.55. Obviously, a similar trend is
observed for the other fractal dimensions. Thisabalr is the consequence of the fact that the
scattering of the aggregate is strongly relatetthéonumber of monomers. In the Guinier zone
the influence of the monomers is rather weak in gamson to what is observed in the fractal
zones. Figure 5.15 shows the corresponding errdherestimated fractal dimension for the
aggregates of (a), =50 and (b)n, =200. The relative error is maximal fab, =2.20 and
minimal for D, =1.80.
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Figure 5.15. Estimation error of the fractal dinienspredicted for the optical structure factor loé t
aggregates of SiQwith (a) n, =50 and (b)n, =200 with the FSE algorithm for various numbers of
free monomers in the experimental setup.

One may argue that an error of— 25% is somewhat acceptable. However, we have to
remember that for a large variety of systems (®001s) the fractal dimension varies only in
the rangel.60 to 2.00. In the other hand, we can found a large litemtdiscussing
improvements of few percent in the determinatiorDpfwhatever this free monomer effects
is totally neglecteca priori. The analysis of OSF without am priori knowledge of the
number fraction of free monomers is an interespi@ggpective of this work.

5.4.A comparison between scattering properties of DLA ad

DLCA aggregates
To compare scattering properties of DLA and DLCAy&gates from the test sample of
DLCA aggregates (Yon et al. 2008) we selectedsub-samples with various number of
monomers and aggregate whose size is large ensaghat the fractal zone can be observed.
The latter criterion is about to be satisfiedrif> A /2. Therefore, with a significant margin,
we selected aggregates witlR >10r, (i.e. R >171nm). (1) 31 aggregates with

129



CHAPTER 5 - ANALYSIS OF THE SCATTERING DIAGRAMS

D, =1.75-18C, (2) 27 aggregates withD, =1.80-1.8: and (3) 26 aggregates with
D, =1.85-1.9(. Several dozens of aggregates are not enoughfeap tirere OSF, therefore
each aggregate was randomly rotat€0 times. Then, using T-Matrix method we calculated
the averaged scattering diagrams of all these sfinteamples (referred also as (1); (2) and
(3)). To do so, relatively short incident waveldn§fuadrupled Nd: YAG laser) =266nm)
was used. Next, using our tunable code, we gentRité aggregates with exactly the same
parameters (i.en,, D, andk, ) as the DLCA aggregates. For this study, the &tgatefactor
was set to the value found for the DLCA aggreg&ies1.386 (see section 2.4). Figure 5.16
compares the OSF of the sample (1) generated hétidt. A and DLCA models. Figure 5.17
shows results for the sample (2) and Figure 5d8thie sample (3).
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Figure 5.16. Comparison of the OSF of DLA and DL@ggregates — sample (1, =1.75-1.8(

and number of monomers, = 94-91E€.
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Figure 5.17. A Comparison of the OSF of DLA and DA.@ggregates — sample (2p, =1.80— 1.8¢

and number of monomers, = 98- 907.
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Figure 5.18. Comparison of the OSF of DLA and DL@ggregates — sample (3p, =1.85-1.9(
and number of monomers, =112~ 88¢.

Comparing OSF presented in Figure 5.16 — Figur® ®.Xcan be seen that there are no
significant differences between DLA and DLCA ag@gess, i.e. the corresponding OSF
almost overlap. If some slight and increasing déifees can be observed for higher fractal
dimensions (compare Figure 5.16 and Figure 5.b®) stopes related to the fractal zone are
nearly identical. Thus, through these examplescare conclude that the global parameters
describing an aggregate (i.e. fractal dimensioactél prefactor, radius of gyration, number
and radius of single monomers) are unambiguousrdbgss aggregation phenomena that
leads to their formation.

Our conclusions are in a very good agreement veislts presented by Oh and Sorensen (Oh
and Sorensen 1998) who compared optical structactorf I (q) of DLA and DLCA
aggregates. They reported also thé&y) of DLA aggregates does not show simple scaling
behavior described by ™ relation in the rangeR;* < g< ri*. However, 1 (q) is essentially
identical for DLA and DLCA aggregates in the rang{equ.Jrgl. In our case (i.e. for
r,=17.1nm and A=266nm) this requirement is satisfied fon>5.85x10 (i.e. for the
scattering anglég>15). It also clearly explains the good accuracy fotordDLA and DLCA
samples over the entire range of the scatterindeandhese results emphasize also the
generic trend of most results presented in thiskwtrat have been obtained with a DLA
model).

5.5. Conclusion

In this chapter we have discussed algorithms anthade to estimate morphological
parameters of fractal aggregates from the anabyfsibeir scattering diagrams. The fractal
dimension is evaluated from the exponent of the ggdew decay of these diagrams in the
fractal zone. To evaluate the radius of gyratiore tBuinier analysis was used.
We investigated also the influence of the free mogrsninot aggregated) on the conventional
analysis of the OSF. As clearly shown, only 20%reé& single monomers can significantly
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biased estimation ob, . All the algorithms and methods were tested on titally different
particle systems: colloidal suspensions of optyciinsparent aggregates (silicon dioxide) as
well as clouds of highly absorbing aggregates @aalbeous soots).

In the last part of the chapter, we compared swadteproperties of DLA and DLCA
aggregates. The few examples considered here mavemthat both aggregation models lead
to the aggregates with very similar optical projesttOur conclusions are also in a very good
agreement with results presented in the literateug (Oh and Sorensen 1998)).
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Chapter 6
LIGHT EXTINCTION SPECTROMETRY (LES)

6.1.Introduction

For historical reasons, the technique describeghia section is also referred as the
turbidimetric technique. However, it is called héne Light Extinction Spectrometry (LES)
due to its fundamental analogy with the well kndwght absorption spectrometry. The latter
technique relies on the light molecular absorptwhile the LES is based on the particle light
extinction (absorption and scattering).

The chapter is organized as follows. To begin withsection 6.2 we briefly introduce the
principle of the LES technique under a single scaty regime. Subsequently, we present the
core part of the technique, i.e. the numerical is® procedure (section 6.3). Next, in
section 6.4 we show numerical results (extinctiod aransmission spectra) obtained for
various aerosols and suspensions. After a desmmijofi the basic experimental setup, several
experimental results are presented (Section 6€stidh 6.6 is an overall conclusion.

6.2. Principle

Basically, the LES technique measures the extindjmectra of a particle system illuminated
by a collimated and polychromatic light beam. Thilés optical technique requires to pass
a beam with spectral intensity, (1) and wavelengthsi, through the cloud of particles
(monomers, aggregates, etc.) to be analyzed. &hernitted spectral intensity(4) is
collected by an optical system (with a small sotidgle aperture) and analyzed via
a spectrometer. If the multiple scattering phenasnear negligible (e.g. (Xu 2007)), the beam
transmission (4,) is given by:
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T(A)=T(A)/Ty(A) =exp(L) (6.1)

where L is the path length of the beam through the clougasficles andr=C,C, ., is the
turbidity of the particulate mediunt,_ ., is an integral quantity which represents the mean
extinction cross section of the particles (Onofriaé 2009) andC, is the particle medium
concentration in number. 1, ., is the extinction efficiency (referred also as &einction
coefficient) of a single spherical particle chaeaizted by its diameted, and its refractive
index m, we have that:

_ dp max _ymd?
cp,extzjd Qued(d, M) 4” f(d) dd, (6.2)
A schematic diagram of the LES technique is shawhigure 6.1 (see also the experimental

setup presented in Figure 6.18 and in Figure 6.22).

(2) Collection and
(1) broadband Probed particle system dispersion optics

J 1 1
light source : : (3)

. . T m*’*’. 9580 _90h.  e0%a. ¢ | |

(4)

Collection angle =0°

Figure 6.1. Schematic diagram of the Light ExtioatiSpectrometry: (1) broadband light source,
(2) broadband achromatic focusing/collimating op(i8) spatial filter, (4) broadband spectrometer.

LES setup is mainly composed of (1) a broadbanit Ispurce, (2) broadband achromatic
focusing/collimating optics, (3) a spatial filtanda(4) a broadband spectrometer for extinction
analysis. In principle, LES measurements can b&opeed using only two optical accesses
and at long distance. This is highly suitable teestigate systems with limited optical access,
like for instance dusty or fusion plasmas (Shira&ral. 1999; Onofri et al. 2009). However,

this technique has also some drawbacks. Firstlypastioned previously, its transmission

equation (6.1) is only valid if the collection ofultiple scattered photons is negligible

(e.g. (Xu 2002)). To ensure partially the validdi/the latter requirement, it is necessary to
avoid the diffraction peak (the angular aperturaghaf collection optics must be as small as
possible) and the particle diameter cannot exceedral wavelengths. The optical thickness
(or turbidity) of the system must also be ratheakvdn addition, the LES technique is very
sensitive to the particle optical dispersion (compiefractive index over a large spectrum)
(e.g. (Onofri et al. 2009)). Finally, when LES isp#ied to a system with a long optical path,
only highly diluted particle systems can be analy@euf et al. 2008).
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6.3.Inversion procedure

The inversion procedure is a key part of the LEGneue. It requires to discretize the
transmission equation (Onofri et al. 2009; Onoffrale 2010c) and to minimize the differences
between the measured transmission and the numgripaédicted one. Eq. (6.2) is
a Fredholm integral equation of the first kind (Idan 1994).

Our goal is to estimate the particle number comeéioh Cc, and the particle number size
distribution £ (d,), from the experimentally measured transmissiorctspe T(2,). To do
so, it is necessary to calculate the kernel ofteeiholm equatio, ., (d,, m,). It leads to an
ill-posed and predetermined problem (Mroczka anatzBezyiski 2009) that requires
regularization and inversion procedures. Generallyroblem is defined as an ill-posed if the
solution is not unique or if it is not a continudusction of the data, i.e. if an arbitrarily small
perturbation of the data can cause an arbitragitgd perturbation of the solution (Hansen
2008).

Basically, in the literature, there are two maipm@aches to solve ill-posed problem. In most
studies, it is still solved by imposing a model foe PSD (e.g. Log-Normal) and by iterating
on the mean diameter and the standard deviatioss&bond approach is more powerful as it
does not impose strong constraints onto the PSDveMer, it is numerically unstable and
it requires a specific regularization scheme tbisze the inversion procedure (e.g. (Hansen
2008)). Applying the second approach it is preferatol use the particle concentration in
volume rather than in number. If, as an equivajerticle model, the spherical one is used,
the particle size distribution in volume(dp) depends on the particle number concentration
as follows (Onofri et al. 2010a; Onofri et al. 200

v(d,)=c(d) = G(r/6) & 1 d) ©3)

where v(dp) is the normalized particle size distribution inluroe. If we introduce the

constantA=3L/2, Eqg. (6.2) can be rewritten in the following lindarm:
A max ,\V(d
[T ()]~ AL Q) L) 6.

p

The above equation may be discretized as follows:

J‘dp,max Qp,ext(/‘i’ mp’ dp
pmin d

p

)V(dp) dd,=Y" SV, (6.5)

d

where the vectonv, to be determined is the discrete form\ofd,), with j=1, 2, ..M .
The elements, is equal 10§ = Q. (A.M,.d,;)/ d,; for wavelengthsA,i=1 2,..N.
S is a NxM matrix referenced here as the “extinction matrikhich has to be calculated

only once with:

d AN o dp
si=J," Qoo >ddp- (6.6)
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If we represent a measured transmission spectruna a®ctor T whose elementT
corresponds to the beam transmission for the wagtiei, and a cloud of particles with size
distribution in volumeV ; then, to findV, the following linear algebraic equation has to be
solved:
T=SLv. (6.7)
Solution of the equation is given as:
V=(s's)' ST (6.8)

The ratio between the largest and the smallestatongingular values of matri$ is large.
This implies that the matribxS is ill-conditioned and numerically unstable, itbat the
solution is potentially very sensitive to pertuibas. A way to solve this problem is to
iteratively minimize the square of the differeng&v - T taking into account that the PSD is
always a nonnegative function. It leads to a mihimasion procedure of a Non-Negative
Least-Square problemlyljgns-V—T||;SQ. This can be done using orthogonal numerical
algorithms (Lawson and Hanson 1974; Hansen 1994sé&ta2008).

LES deals with particles sizes ranging from the IBgh to the Mie scattering regimes
(Onofri et al. 2009), therefore extinction coeffiots can vary of several orders of magnitude
from the lower to the upper boundary of the PSDedds to a large condition number of the
matrix S. To limit the underlying problems, it is conveniet® introduce a smoothing
(or regularization) matrixd and a Lagrangian parameter (i.e. smoothing faferomey
1979)). The corresponding algebraic equation is theressed by:

(STs+yH)v =5STT. (6.9)

Finally, the solution of the discretized ill-posgablem may be found by minimization of the

following quantity:
2

Min

V>0

(S"S+yH)V -S'T (6.10)

2-1SQ

This can be performed using several numerical feadsdid it under MATLAB environment.
As mentioned previously, the algebraic solutiortto$ inverse problem requires to compute
the extinction matrix. To do so, depending on tlatiple morphology and size range,
different methods and theories can be used. Inpthsent study, for spheres we used the
Lorenz-Mie theory, while for aggregates of nanosesdfractal-like aggregates as well as
buckyballs aggregates), we used essentially the afri¥ method (Mackowski and
Mishchenko 1996). As mentioned previously, thisedg very time-consuming (see section
4.5.5.7), so it cannot be used on-line to invelngemeasured spectra. However, it was used to
calculate look-up tables.
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6.4. Numerical results
6.4.1. Extinction spectra and scattering diagrams

In the current section we present and discuss teesifl T-Matrix calculations for the
extinction and scattering cross sections of a clofidvarious aggregates. We consider
aggregates composed of amorphous silicon and silitoxide monomers with radius.5,
40.5 and 55nm. We show also transmission spectra for differennimer concentrations
of aggregates. From the T-Matrix code and an aggee®@f n, monomers we get an
extinction coefficient (i.e. extinction cross sectinormalized by the surface of the sphere
with volume equivalent to the one of the aggregate)

QlM=CclM/nR, (6.11)

a,ext a ext

where the radius in volumr, of the equivalent sphere is given by:
R, =n’r,. (6.12)

Using Egs. (6.11) and (6.12) we get the extinctimss section of the aggregate:
Clon =7rn2°QL (6.13)

a,ext g ext
By analogy, the scattering and absorption crossosecmay be calculated too.

To compare extinction and scattering spectra ofeggges with various parameters, we show
the evolution of the extinction and scattering @iogfnts rather than cross sections. It should
be noticed also that calculations of the extincBpactra is a very time-consuming task. As an
example, to perform simulations for the wavelengtasging from 200 to 1000nm with
10nm step and an averaging procedure o0%€r aggregates, we have to comput@sC
different cases. If we consider large aggregates f@th n, =1000 monomers) with large
monomers (e.gr, =55nm) it takes1000 hours (aboull5 minutes for each case) on an up-to
date computer and one full day on a clusted@icores (see section 4.5.5).

6.4.1.1. Aggregates of Amorphous Silicon

Figure 6.2 shows the results of the T-Matrix cadtiohs for the mean extinction coefficient
of a cloud of monodisperse aggregates composedhofnous silicon nanoparticles, versus
the incident wavelength. In both subfigures thecthh dimension and the number of
monomers increase frorh.5 to 2.8 and 51 to 1000 respectively, whereas the radius of
gyration is kept constant (equal tR, =10r,). The radius of single monomers equal to
r,=3.5nm corresponds to particles generated in a low-presgugon-Silane discharge

(Boufendi and Bouchoule 1994; Onofri et al. 2011b).

Figure 6.2 (a) shows the evolution of the extinttamefficient versus the wavelength while
(b) shows the sensitivity of the extinction coa#itt to the fractal dimension. This sensitivity
is defined as the ratio of the extinction coefiintieof the aggregates with the extinction
coefficient of a single monomer. Both figures irad&s that extinction is not very sensitive to
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the fractal dimension, in contrary to the scatgrihagrams (Farias et al. 1996; Sorensen
2001).
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Figure 6.2. Extinction spectra of aggregates of ramous silicon for various fractal dimensions and
numbers of monomers but with a constant radius yoétgpn: (a) raw extinction coefficient and
(b) sensitivity to the fractal dimension.
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Figure 6.3. Extinction spectra of aggregates of rpmous silicon with various sizes (i.e. different
numbers of monomers and radiuses of gyration) buostant fractal dimension: (a) raw extinction
coefficient and (b) sensitivity to the size of #iggregates.

Figure 6.3 shows the (a) evolution of the extinctemefficient versus the wavelength and
(b) its sensitivity to the size of the aggregateaprphous silicon monomers with=3.5nm.

In the presented case, the fractal dimension ren@instantD, =2.80, while the size of the
aggregates increases (i.e. number of monomersaaiasrof gyration). Comparing Figure 6.2
and Figure 6.3 it turns out that extinction is meensitive to the radiuses of gyration of
aggregates than to their morphology. It is alsergdting to notice that the sensitivity of the
extinction is different depending on the wavelendjtls significantly higher for wavelengths
above A =750nm and belowA =450nm than in the intermediate zone. For large wavelengt
due to the small size of the aggregates comparthéowavelengths, only macroscopic
properties of the aggregates seems to be importahile for the wavelength below
A =750nm more physical insight about the aggregates moqgyak probably accessible.

138



CHAPTER 6 - LIGHT EXTINCTION SPECTROMETRY (LES)

Analyzing Figure 6.2 and Figure 6.3 we must alsmemmber that extinction spectra are
changing not only due to the geometrical propedigbe aggregates (size and shape) but also
due to the dispersion spectra of the particle medtérhe latter effect is particularly important
for amorphous silicon since its refractive index rapidly changing in the range

A =200-900nm, see Figure 6.4.
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Figure 6.4. Dispersion spectra used for (a) amarplsilicon, (b) silicon dioxide and (c) silicon
carbide particles (Sopra.S.A. 2010).

The influence of the imaginary part of the refregtindex can be seen when extinction
coefficients presented in Figure 6.2 and FigureaBe8compared with scattering coefficients
calculated for exactly the same aggregates, seed-&)5 and Figure 6.6 respectively. These
figures confirms what is predicted by the RDG-FAdab for small aggregates, the extinction
coefficient is mainly sensitive to the imaginarytpaf the refractive index of monomers.
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Figure 6.6. Scattering coefficient of aggregatearmbrphous silicon with various sizes (i.e. diffdare
numbers of monomers and radiuses of gyration) baostant fractal dimension: (a) raw coefficient
versus the wavelength and (b) sensitivity to the sif the aggregate.

6.4.1.2. Aggregates of Silicon Dioxide

Figure 6.7 (a) shows the evolution of the extintticoefficient of a cloud of aggregates
composed of silicon dioxide monomers. The fractadlatision and the number of monomers
increase from 1.5 to 2.8 and 51 to 1000 respegtiwehereas the radius of gyration is kept
constant (equal tar, =10r,). The radius of single monomers is equalrfe-40.5nm and
corresponds to the particles generated in our @rpetal setup (see section 6.5.2). Figure 6.7
(b) shows the same results but with linear-logarithscales.
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Figure 6.7. Extinction coefficient of aggregatessifcon dioxide monomers with various fractal
dimensions and number of monomers but constanasaufi gyration: (a) linear scale and (b) linear-
logarithmic scale.

Figure 6.8 shows similar evolution of the extinaticoefficient for the aggregates with
constant fractal dimensioD, =2.80 but various sizes (i.e. different numbers of moamsn
n, =12-100C and radiuses of gyratioR, =110- 550nm) and slightly larger radius of single
monomersr, =55nm.
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Figure 6.8. Extinction coefficient of aggregatesS0, with various sizes (i.e. numbers of monomers
and radiuses of gyration) but constant fractal disian: (a) linear and (b) linear-logarithmic scale.

In addition to the rapid increases of the extinctoefficients with the number of monomers,
the most interesting result shown in Figure 6.7 Biglire 6.8 is that, like for spheres, some
low frequency (LF) resonances appear in the extinctliagrams. They can be clearly
observed when the size of aggregates is large énoaigpare to the wavelength and when
aggregates are sufficiently dense. Resonances raippieigure 6.7 when the fractal dimension
is higher thanD, =2.50 and for the wavelengtil ~R, /2. For aggregates with, =2.80 the
position of the first resonance is significantlylated to the total size of the aggregate.
It appears when aggregate is about the wavelehgtR, .

Figure 6.9 (a) compares the sensitivity of theretion coefficient to the fractal dimension of
the aggregates composed of silicon dioxide monométs r, =40.5nm (like in Figure 6.7).
Figure 6.9 (b) shows the sensitivity of the exfimctcoefficient to the total size of the
aggregates, for a constant fractal dimendipn-=2.80, r, =55nm and for various size of the
aggregates (like in Figure 6.8).
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Figure 6.9. (a) Sensitivity of the extinction coeffnt to the size of the aggregates composed
of silicon dioxide monomers with, =40.5nm and (b) sensitivity to the total size of the aggtes
for constant fractal dimension of aggregates wjtk 55nm.

141



CHAPTER 6 - LIGHT EXTINCTION SPECTROMETRY (LES)

1000 | | | | | |

aext

1004

0.1+

Qa‘ext/ Q ,ext
P,

=

o

l

SiOZ, r= 55 nm, Rg: 550 nm,
k=1593,D,=15,16,..,28,
0.014 n= 51, 64, 80, 101, 127, 160, 201,
253, 318, 400, 503, 633, 797, 1000

Extinction coefficient, Q

SiO,, r,=55nm, R =550 nm, k= 1.593,D,= 15, 16, ..., 2.8,
n,=51, 64, 80, 101, 127, 160, 201, 253, 318, 400, 503, 633, 797, 1000

T T T T T T 1 T T T T T T
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900

Wavelength, A [nm] Wavelength, A [nm]
@ (b)
Figure 6.10. Extinction coefficient of aggregatdssiicon dioxide in water: (a) evolution of the
extinction coefficient versus the wavelength ands@mnsitivity to the fractal dimension.

Figure 6.10 shows results for an aqueous suspemgiailicon dioxide aggregates. Figure
6.10 (a) shows the evolution of the extinction &ioefnt, while Figure 6.10 (b) shows its
sensitivity to the fractal dimension. Like previbysn both figures the fractal dimension and
the number of monomers increase frarh to 2.8 and from51 to 1000 respectively, whereas
the radius of gyration is kept constant (equaRfe=10r,). Radius of single monomers is equal
to r, =55nm. The most interesting conclusion that can be driram both subfigures, when
they are compared to Figure 6.7, is that we do olzgerve resonances. Moreover, the
maximum of the extinction coefficient is stronglgduced compared to the previous case.
Figure 6.11 presents the evolution of the extimctoefficient predicted for aggregates with
a 3D hexagonal compact (HC) structure and an isgrga number of monomers
(i.e. aggregates growing with a constant shapeFgpee 6.12). In this case, the resonances
are clearly more intense. For these aggregatefgshéow frequency oscillation appears when
the size of the aggregates is about the wavelgRjth 1). Additionally, we can observe high
frequency oscillations (in some extent, like fapdere).
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Figure 6.11. Evolution of the extinction coefficiesf 3D hexagonal compact aggregates of silicon
dioxide monomers versus the wavelength: (a) liaealr (b) linear-logarithmic scale.
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(a) (b)
Figure 6.12. 3D hexagonal compact aggregat®s=(3.00, k, =1.593) with different numbers of
monomers and different external radiuses: (8)=19, R =3r,, (b) n =387, R =8r, and
(¢) n, =955, R, =11r,.

In contradiction to the previous results, the opessented in Figure 6.11 were averaged not
for 50 different aggregates but f&@0 random orientation of the same 3D hexagonal compac
aggregate withn =5, 19, 55, 87, 151, 257, 387, 527, * and 955. Averaging is necessary
even for so dense aggregates due to their highnadtesymmetry. Moreover, the external
surface is not smooth, which has strong influerspeeially for small aggregates.

6.4.1.3. Aggregates of Silicon Carbide

Figure 6.13 shows the evolution of the extinctipecra of diluted aqueous suspension of
silicon carbide aggregates (SiC) in water. In bstibfigures the fractal dimension and the
number of monomers increase frah/ to 2.5 and 80 to 503 respectively, whereas the

radius of gyration is kept constant (equalRp=10r,). Radius of single monomers is equal to
r,=55nm. For wavelengths shorter thah=450nm, the spectra exhibit large oscillations.

They are caused by a rapid decay of both the medltlae imaginary parts of the refractive

index of silicon carbide (see Figure 6.4 (c)).
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Figure 6.13. Extinction coefficient of aggregatdssiticon carbide monomers with various fractal
dimensions and numbers of monomers but constaitsesl of gyration: (a) linear and (b) linear-
logarithmic scale.
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6.4.2. Spectral transmission

With the above calculations, we can predict thengmaission spectra of various particle
systems at different concentrations. For this pwpes use equation (6.1). We have also
assumed that the optical thickness of the partieut@edia is small enough to limit multiple
scattering phenomena;,* <L (Xu 2002). To do so, we used particles conceuinatiin
number in the rangéx 10" - 2x 16° m™* (depending on the diameter of the monomers and the
total size of the aggregates) for a probing lergdtth. =1 m, which corresponds to the typical
length of our experimental setup (see section .5.1

As an example, Figure 6.14 shows simulated trarsoms for amorphous silicon aggregates
with r;=3.5nm and (a) various fractal dimensions and numbem@fomers but constant
radius of gyration and (b) various sizes but camtstieactal dimension. We assumed patrticles
concentration in numbe€, =2x10° m®. Figure 6.15 shows transmission for aggregates of
silicon dioxide with various fractal dimensions amagmbers of monomers but constant radius

of gyration andC, =1x 10" m *: (a) r, =40.5nm in air and (b)r, =55nm in water.
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Figure 6.14. Simulated transmissions for amorphsilison aggregates with (a) various fractal
dimensions and numbers of monomers and (b) vasizes with constant fractal dimension.
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Figure 6.15. Simulated transmissions for silicooxile aggregates with various fractal dimensions
and numbers of monomers: (g)=40.5nm in air and (b)r, =55nm in water.
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Figure 6.16 shows transmission spectra of silicaxide aggregates with various sizes
(i.e. different numbers of monomers and radiusesgyfation) but (a) constant fractal

dimensionD, =2.80 and (b) compact hexagonal internal structube£3.00). These spectra

exhibit also some oscillations trends.
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Figure 6.16. Simulated transmissions for silicooxile aggregates with various size (i.e. different
numbers of monomers and radiuses of gyration) aptcénstant fractal dimensioB, =2.80 and
(b) compact hexagonal internal structure.

Figure 6.17 presents transmission spectra of fragigregates of silicon dioxide with fractal
dimension (a)D, =1.80 and (b) D, =2.80 but various particle concentrations in number
ranging from1x10° to 1x10* m™. The main effect of particle concentration is sisale down

or up the transmissions.
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Figure 6.17. Simulated transmissions for variousiceatrations in number of silicon dioxide

aggregates with the same radius of gyration andbeunof monomers: (a)D, =1.80 and
(b) D, =2.80.
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6.5. Experimental investigations

During this Ph.D. work, we have developed a LESeaptsetup that have been tested on
different particle systems: aerosols of buckybaflsilica nanobeads with various radiuses of
single monomers and eternal diameters, aerosolangfsten aggregates, as well as silicon
aggregates produced by low-pressure dischargesniplaystem).

6.5.1. Optical setup

Figure 6.18 shows an overall schematic diagrarh@LES-optical setup. The latter is mainly
composed of (1) a stabilized Halogen-Deuterium lésee also Figure 6.19 (a)), (2) solarized
UV-NIR fibers, (3) an on-line intensity attenuat(see also Figure 6.19 (b)), (4) several
coupling and positioning optics (see also Figu0}. (5) achromatic opticsSQmm focal
length parabolic mirrors) to collimate and collég} the probing beam (with diametdmm)
that passes through (7) silica optical windows,g8)high quantum efficiency and low noise
UV-NIR spectrometer (see also Figure 6.19 (b)) éda computer with acquisition and
processing software. The intensity attenuator miopghtilso situated between coupling optics
and spectrometer (see Figure 6.22).

(12)

@)

Figure 6.18. Schematic diagram of the experimes&tlp to generate and analyze aerosol of
nanoparticle aggregates: (1) stabilized Halogent&awm lamp, (2) solarized UV-NIR fibers, (3) on-

line intensity attenuator, (4) coupling and positigy optics, (5) achromatic optics (50 mm focal

length parabolic mirrors) to collimate and collég8} the probing beam, (7) silica optical windows to
close test chamber, (8) UV-NIR spectrometer, (9nmoter with acquisition and post-processing
software, (10) pressurized air source, (11) atomigg2) drier, (13) multiple inlets and outlets,

(14) experimental chamber made of Plexiglas, (1&ftom traps to collect TEM/SEM samples,

(16) pressure gauges, (17) suck-up air pump.

146



CHAPTER 6 - LIGHT EXTINCTION SPECTROMETRY (LES)

DH-2000-BAL

Figure 6.19. (a) Stabilized Halogen-Deuterium laangd (b) UV-NIR spectrometer Maya 2000 Pro.

In the LES experimental setup we use a Balancedebam Tungsten Halogen Light Source
DH-2000-BAL produced by Ocean Optics (see Figul® §a)). It provides stable output with
spectral ranged =215- 2000hm (A =215- 400nm on deuterium bulb and =360—- 2000nm

on tungsten halogen bulb). Figure 6.20 presentsneiof the optical part of the experimental
setup. It consists of (2)solarized UV-NIR fibersrafsmission from UV to NIR:
A =180-1150nm), (4) coupling and positioning
optics and (5) achromatic mirror that are used to
collimate and collect the probing beam.
Achromatic mirrors are used rather than lenses
to limit chromatic aberrations. For acquisition of
the experimental spectra we use a spectrometer
Maya 2000 Pro produced by Ocean Optics (see,
Figure 6.19 (b)). It measures the input signal
with a spectral rang&75-1050m and a global
half-height optical resolution of 2—3nm.
Detector with2068x 7( pixels (active2048x 64)
and A/D converter provid&6—bit accuracy and

integration time betweef.2ms and5s.

To control the spectrometer as well as tjgure 6.20. Details of the LES emission
perform acquisition and data processing, and §d collection optics: (2) solarized UV-NIR

) ) fibers, (4) coupling and positioning optics,
prepare look-up tables for data inversion, Wes) parabolic mirrors.
developed MS-Windows based software under
Delphi-Borland Environment. Figure 6.21 shows asarcopy of the main window of the
developed tool. It allows to record single and ipldtspectra (finite or infinite loop), remove
dark and background noises, record reference ahzllage transmission spectra. The
software enables also to average results over aegpectra and control spectrometer

integration time, and to inverse the extinctioncsize
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In practice, the experimental transmission is mesakas:

T(/]i): |(/]i)_ldark(/]i)_lback(/]i) , (6.14)
IO(/]i ) | gark (/]i) - back(/‘ i)

wherel ., andl,,, refer to the dark and background noises of thetspmeter respectively.

Similarly as previously,I(4) and,(A) are the probing ane reference spectra in air

(without particles in the test chamber) respecyivel
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Figure 6.21. “Acqui Maya” — acquisition and prepgesing software.

6.5.2. Aerosol of silicon dioxide buckyballs
6.5.2.1. Setup: fluid loop and colloidal suspensions

Figure 6.22 presents a picture of the entire erpantal setup. Aerosol of aggregates of
nanoparticles is generated using (10) pressurizedvigh (11) a Laskin nozzle aerosol
generator (ATM220 by TOPAS company, see also FiguP8 (a)) using various colloidal
silica suspensions. A cloud of nano- and micro Itsp containing both water and
nanoparticles is obtained at (11) the atomizer wutpo fully evaporate water, the cloud is
directed to (12) a drier filled with silica gel. @taerosol of dried aggregates is then injected
into the test chamber. The latter is made of Plagjgand it is mainly composed of a tube
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with a circular internal diameter @ mm and a length of- =1000mm. The (13) test chamber
is equipped with multiple (14) inlets and outletdhamixing grids to create a homogeneous
aerosol across the test chamber. On the bottomositlee test chamber additional (15) traps
to collect samples for the reference TEM and SEMsueements. The one used aerosol flow-
rate is measured by (1§ressure gauges at the chamber output as it i®dumkt with (17)

an air pump. Figure 6.23 presents (a) the Laskirleoaerosol generator and (b) the drier
filled with silica gel.

Figure 6.22. Picture of the experimental setup:stapilized Halogen-Deuterium lamp, (2) solarized
UV-NIR fibers, (3) on-line intensity attenuator,) (doupling and positioning optics, (5) achromatic
optics to collimate and collect the (6) probing foed7) silica optical windows to close test chamber
(8) UV-NIR spectrometer, (9) computer with acquisit and post-processing software,
(10) pressurized air source, (11) atomizer, (128rd(13) experimental chamber made of Plexiglas
equipped with (14) multiple inlets and outlets, )(Xottom traps to collect TEM/SEM samples,
(16) pressure gauges, (17) suck-up air pump.
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(a)

Figure 6.23. (a) Laskin nozzle aerosol generatdr(ahdrier filled with silica gel.

Figure 6.24 shows typical LES transmissions @#@(T (1)) see Eq. (6.4)) measured with the
experimental setup. Comparing the reference spacta and the probing one it can be seen,
that the presence of particles within the test diemis more clear in the deep UV zone. On
the other hand, in this spectral range, LES sentygitto the particle shape and material is

expected to be

higher. Therefore, special care rbastaken when deep UV is used to

reconstruct the PSD (Onofri et al. 2011b).

Intensity (counts)

-In (T(V)
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------ I, Probing spectrum (with aerosol)
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Figure 6.24. LES: Typical spectra and transmission

During experimental studies we considered threferdifit suspensions. They all contain silica
nanobeads aB0% in mass, but with a mean diametégreel according to the manufacturer
specifications on (i)25 , (ii)50 and (iii}0O0nm. These suspensions are referenced further on
as K30R12 , K30R25 and K30R50 respectively. It should be noticed that ouMT&hd SEM
analyze (see section 6.5.2.4) have shown that teeanndiameters of the particles is
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significantly different from the values given by thwanufacturer, so we have found
d,=31.4+ 5.6, d,=67.2+ 6.6nm and d, =81+16nm respectively. In addition, to
prepare various aerosols of nanoparticles, we wseer dilution of the initial suspensions.

6.5.2.2. Inversion procedure

To inverse experimental spectra we have developedssary procedures according to Egs.
(6.7) — (6.10) under MATLAB environment. They migh¢ used independently or as an
executable file in the “Acqui Maya” software.

To inverse spectra recorder for various aerosofslich aggregates, the following parameters
were used: spherical silicon dioxide particles vdispersion spectra (see also Figure 6.4 (a))
according to the database provided by Sopra S@préSS.A. 2010), particles diameter in the
range1-1000nm and a probing distance af=1000mm. To calculate extinction matrix we
applied a wavelength range spanning fram to 1100nm and discretized in926 bands.
To inverse data we use@0- 40 size classes for the smmdaries1—1200nm. The
Lagrangian parameter was set constant with10® . It ldhbe noticed here that the
number of size classes was reduced to preventngtability of the inversion procedure.
The latter drastically increases when the spediesddwidth of the incident beam is not
significantly larger that the PSD width (indeedsithe case with the aerosols generated here).
LES inversion is rather unstable for widely polymisse PSD.

6.5.2.3. Sampling procedure and electron microscopy analyses

As a reference for the LES analysis, the aggregatetuced in the test chamber are analyzed
with Transmission Electron and Scanning ElectromrrivBcopes (TEM and SEM). For this
purpose, aggregates samples are collected on cdnmmafter a sedimentation process
(several hours). Usually, for images of single ipka$ it is possible to proceed them
automatically with a blob analysis (classical 2Daga processing and measuring tools).
However, for silica aggregates the aforementionedgesing methods were not suitable, so
we were obliged to process the images “manualtyis bBlso important to keep in mind that
with SEM analyses the statistics are always poor rfrore than several dozen up to few
hundred of aggregates were analyzed for each easkl} is impossible to ensure that we are
analyzing exactly the same aggregates, in shapawnber, than the ones that are present in
the test chamber when the aerosol is flowing in.

6.5.2.4. Experimental results
Suspension of K30R50

During the experiment we used various input press(it, 2 and3 bar) and a fixed pressure
of the output (sucking out the air from the tesaraber) equal t®200mbar. Typical spectra
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for different pressures of the aerod0BORSC pure silica suspension (without any previous
dilution) are shown in Figure 6.25 (a). Figure 6(B} presents aerosol transmissions versus
time for three selected wavelengths=5300, 60 and 800nm) when the pump pressure was
gradually increasing.
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Figure 6.25. Typical spectra measured for aeros® @0R50 with a dilution1:5 (a) raw spectra for
various pressures of atomizer and (b) transmisdanrthree selected wavelengths.

It should be noticed that for an input pressur@mfy 3 bar the transmission is very small,
just little larger thanT(4)=¢€" for A=250nm. Transmissions higher than the given value
clearly indicates that the optical thickness of plagticulate media is weak enough to satisfy
the multiple scattering criteria* <L (Xu 2002).

As previously introduced, during the experimentagiected samples for the SEM and TEM
reference analysis. In the present case sedimaemtéithe was equal t& hours and30
minutes. We analyzed collected images manually bgsuring the diameter &2€ different
TEM and SEM images of aggregates (Barbosa et all)2€igure 6.2&ndFigure 6.27show
respectively some SEM and TEM images of the cakaggregates.

.
- &, FORBEN 247 s
AccV Spot Magn Det WD Exp 1 ym AccV Spot Magn Det WD Exp F—— 200nm
10.0kv 3.0 60000x TLD 55 0 CP2M-XL30SFEG D1382 100kV 30 240000x TLD 556 0 CP2M-XL30SFEG D1382
A T F s

Figure 6.26. Example SEM images of aggregatels 3R 50.
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Figure 6.27. Example TEM images of aggregatek 80R50.

Figure 6.28 and Figure 6.29 illustrate the differste@ips used to inverse experimental LES
spectra. Figure 6.28 (a) presents a typical LEStap® measured for the aerosol IKBOR5C
suspension and an input pressur8bfr . Figure 6.28 (b) shows the wavelengths selected to
inverse the spectrum. It can be seen that the pgetmm and the reconstructed one match
almost perfectly (i.e. the residual norm is lowmart 3x10"). Figure 6.29 presents the “raw”
extinction matrixS and (b) the filtered extinction matr(>8T S+ yH) V.
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Figure 6.28. Experimental spectrum measured foraarosol K30R50: (a) raw spectrum and
(b) wavelengths selected for the inversion procedur
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Figure 6.29. (a) The “raw” extinction matri® corresponding to the wavelengths selected to saver
experimental spectra and the related (b) filtereithction matrix(STS +yH )V .

Figure 6.30 compares the PSD in volume and num&tenated by TEM off-line analyses
with on-line and real-time LES. The PSD measureith wie LES system, in volume, is also
converted in a particle distribution number (asswgra spherical particle model). For the PSD
measured with TEM analyses, in particle numbegvanse procedure was applied. In Figure
6.30 we depicted also the mean and median valuegelhhsas the corresponding standard
deviations.

Table 6.1 compares statistics of TEM and LES mesaseants for various experimental
conditions. Note that with TEM analysis it is impdse to estimate the particle concentration
neither in number, nor in volume.
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Figure 6.30. Comparison between TEM and LES amalgbithe aerosol oK 30R50 without initial
dilution: (a) PSD in volume and (b) PSD in number.
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Table 6.1. Comparison of TEM and LES statisticstiier aerosol oK 30R50 without initial dilution.

Volume Number
d;nean d;ned Ja Cv d;nean d;ned Ua Cn
Pressur [nm [nm [nm [m*/ ] [nn [nm [nm | [part/ nt]
1 bar 644 520 249 | 1.5x10° 370 283 170 3.2x10°
2 bar 544 503 245 | 2.9x10° 293 249 130 1.2x10*
3 bar 481 421 228 | 3.1x10° 116 83 98 3.5x10°
(;Eg"r) 438 466 216 130 90 115

The most interesting result shown in Table 6.1het for an increasing pressure in the test
chamber the mean diameter of the aggregates desrdasoncerns both results in volume
and number. Although the increasing particle cotregions are rather obvious consequences
of the increasing pressure in the test chamber, edtenated values clearly proof the
capabilities of the developed method.

Suspension of K30R50 with dilution 1:5

Figure 6.31shows a few TEM images of obtained for tieOR50 suspension. These
aggregates were produced by atomizigl of the K30R50 silica suspension diluted with
25ml of water. Samples for the TEM analysis were ctdldafter 3 hours of sedimentation.
133 aggregates have been analyzed (Barbosa é14l).2

—— 200 nm

———— 500 hm

Figure 6.31. TEM images of aggregatesK@0R50 (dilution 1:5).
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Figure 6.32. Comparison between TEM and LES armlykthe aerosol 0K 30R50 — dilution 1:5:
(a) PSD in volume and (b) PSD in number.
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Figure 6.32 compares results of the off-line TEMlgsia with the LES results for a pressure
of 2bars: (a) PSD in volume and (b) PSD in number. The neahmedian values as well as
the corresponding standard deviations are repoifattle 6.2 compares TEM and LES
statistics for various experimental conditions. ¢datso, we note that an increasing pressure
produces smaller aggregates at a higher concemtrati

Table 6.2. Comparison of TEM and LES statisticstfier aerosol ok 30R50 with dilution 1:5.

Volume Number
d;nean d;ned a.a Cv d;nean d;ned Ja Cn
Pressure | [nn] [nmi [nm] [m*/ nd] | [nn [nmi [nm | [part/ n7]
1 bar 479 465 247 | 3.3x107 267 242 96 2.1x16°
2 bar 406 370 205 | 7.8x107 235 216 86 7.4x10°
3bar 379 307 192 | 1.0x10° 247 233 78 9.4x10°
(;EE';"O 438 466 216 254 221 120

Suspension of K30R50 with dilution 1:20

Figure 6.33shows some TEM images of the30R50 aggregates obtained after a dilution of
1:20 and 15 hours of sedimentation. We analyzed different aggregates (Barbosa et al.
2011).
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—— 200 nm —— 100 nm

Figure 6.33. TEM images of aggregateskd®80R50 (dilution 1: 20).

Figure 6.33 compares results of the off-line TEMlgsis with LES inversion procedure for
the atomizer pressurgbar. It shows histograms of the (a) PSD in volume @)dPSD in
number for both measurement methods. The relatéidtgts are shown in Table 6.3.
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Figure 6.34. Comparison between TEM and LES armlybihe aerosol oK30R50 after a dilution
1:20: (a) PSD in volume and (b) PSD in number.

Table 6.3. Comparison of TEM and LES statisticstiier aerosol oK 30R50 with dilution 1: 20.

Volume Number
d;nean d;ned a.a Cv d;nean d;ned Ja Cn
Pressur Il [nm [nm [/ ] [nn [nm [nm [part/ n]
1 bar 276 213 122 | 5.7x10° 194 181 53 1.2x10°
2 bar 235 223 128 | 1.5x10" 145 131 48 6.7x10°
3bar 265 229 123 | 1.9x107 203 191 48 6.1x 16°
(gia'v'w) 312 281 149 198 187 86
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Suspension of K30R25

Figure 6.35and Figure 6.36show SEM and TEM images of th€30R25 aggregates (no
dilution). For TEM analysis168 different aggregates were investigated for a sedtation
time of 3 hours (Barbosa et al. 2011). Figure &8&mhpares the PSD (a) in volume and (b) in
number at2 bars. The statistics are shown in Table 6.4.

AccV Spot Magn Det WD Exp i AccY Spot Magn Det WD Exp

10.0kV 3.0 160000x TLD 66 0 10.0kV 3.0 160000x TLD 66 0

Figure 6.36. TEM images of aggregatesk@0R 25 (no dilution).
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Figure 6.37. Comparison between TEM and LES analgédhe aerosol oK30R25 (no dilution):
(a) PSD in volume and (b) PSD in number.
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Table 6.4. Comparison of SEM and LES statisticgHeraerosol oK 30R 25 without dilution.

Volume Number
d;nean d;ned Ua Cv d;nean d;ned aa Cn
Pressurg | [nm] [nni [nm [/ m] | [nn] [nni [nm | [part/ n7]
1 bar 479 465 247 | 2.3x10° 224 190 104 1.9x10*
2 bar 530 432 293 | 3.2x10° 256 225 112 2.0x10*
3 bar 447 486 238 | 3.8x10° 218 193 91 3.9x10*
TEM
(3 bar) 727 707 506 221 171 159

Comparing results presented in Table 6.1 - Table 6ne can notice that, for a few
experiments there exist some discrepancies betW&W/SEM and LES analyses. But,
it would be an error to consider TEM/SEM resultdhastrue ones, since they are necessarily
biased by the sampling procedure and their accusastrongly limited by the limited size of
the samples analyzed. The collection of samplea bgdimentation process is probably not
the more appropriate procedure and we even camenthgcto the conclusion that

a sedimentation time of 3 hours is not enough (efeme have developed a correction
method, based on the Stokes sedimentation regomegrtect this problem (Toure 2010)).
Nevertheless, it is also clear is that the aggesggénerated with the non-diluted suspensions
are pretty large, and probably very close to thitlthat can be managed with the LES system
operating only in the UV-NIR range. The previousulés show also that the LES technique,
with the appropriate model and inversion proceducas be already used to perform time
resolved and non-invasive investigations, concéntraneasurements and parametric studies
that are definitely not possible with SEM/TEM arsdyg (very time consuming or basically
impossible).

6.5.3. Aerosol of tungsten aggregates

The goal of the study presented in this section wadring some insights about the
capabilities of the LES technique to charactenzdyusion devices and more particularly for
ITER, tungsten aggregates at the vicinity of plasatang componentgPFC, i.e. tiles)
or realized by laser cleaning methods. This seagioes only a very short overview of the
results obtained. More details can be found inpthigished work (Onofri et al. 2012b).

6.5.3.1. Setup: fluid loop and powders

We basically use the same setup than for silicoridée buckyballs, the main difference was
that we use water-ethanol suspensions of spheticajsten nanoparticles (supplied by
SkySpring Nanomaterials, Inc.). One additional etéhce is that a metallic plate was
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introduced in the test chamber to test the walkipndy on LES probing beam and thus, on its
capabilities to size particles at the vicinity ¢hgma facing materials (PFC). In the same way,
to test the influence of shock waves and the braadkemission induced by laser cleaning
method, we use a pulsed s, 25Hz) and frequency doubled high-energy Nd:YAG laser
(110mJ, A=532nm) to generate plasma plumes (i.e. laser inducedk8ogan of air) within
the test chamber (Onofri et al. 2011a; Onofri eR@L2D).

6.5.3.2. Inversion procedure

The inversion procedure was similar to the one rilesd for silicon dioxide buckyballs,
except that we use the fractal equation to desthienorphology of the tungsten aggregates.
The fractal dimension of the letters was estimabed, =2.7, with a log-normal distribution

for the number-weighted PSD for both, the primartipes (d, =31+ 41nm) and aggregates
(d, =45+ 37nm).

Figure 6.38 shows three synthetic TEM images olkrer30 000 numerical aggregates with
morphological properties (fractal dimension and BS&milar to the experimental ones. This
figure shows also the relation between the radiugyoétion of these aggregates and their
external radius (i.e. geometrical radius). Thisabase of numerical aggregates was also used
to calculate their light extinction matri$s (i.e. 30 size classes and 30 wavelength bands)
averaged over 300 orientations. For the refradmdex of tungsten, we use the data base
provided by the loffe Institute (loffe.Institute 22).

- Raw data points (from DLA model) I
250 2 3 4
R, )d=a0+a1Rg+a2Rg +a3Rg +a4Rg
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Figure 6.38. Numerical aggregates (simulated TEMges) with morphological parameters similar to
the experimental tungsten aggregates, and relaétween two of their characteristic radiuses.

6.5.3.3. Example results

Figure 6.39 shows a comparison of the PSDs of tengsggregates, measured with the LES
and SEM techniques. The results are in a pretty gogpdement (see the discussion on bias
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induced by our electron microcopy sampling procefluin this study we have also shown
that LES measurements are not significantly aftbbiethe proximity of a wall, as well as the
broadband emission, the shock wave and gas expainsioced by a plasma plume (Onofri et
al. 2012b).

(a) Number Statistical values SEM LES
d, [nm] 453 529 ]
64a [nm] 36.6 36.1
C, [p/m*J:10"° - 6.43 |
d, [nm] 163.6 139

o, [nm] 95.6 96.1

PSD (Normalized)

C, [ppb] - 3.55

(b) Volume smnen s -
—m—SEM|]

: .‘l’./.\l
m | ,i\l.. Y
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Diameter, d [nm]

PSD (Normalized)

Figure 6.39. Comparison of LES and SEM resultsttier PSDs of an aerosol of tungsten aggregates
with fractal dimension equal tB, =2.7.

6.5.4. Low-pressure discharge (dusty plasma)
6.5.4.1. Background of the study

This study was performed in the framework of thejgut “CARMINA” between four
laboratories and institutes, supported by the HFreNational Research Agency (ANR).
The results presented in this section were obtamewoperation with Prof. Laifa Boufendi
and his research group (GREMI UMR n°6606 CNRS, Ersité d'Orléans). They deal with
the one-line, and time-resolved, characterizatiorthef growing rate of nanoparticles and
aggregates in a dusty plasma (low pressure Arglam&discharge) (Boufendi and Bouchoule
1994).

Reactive plasmas lead to the formation of nanapeastithat tend to grow and aggregate, by
complex series of chemical and physical reactieng. (Berndt et al. 2009)). Depending on
the physical conditions and reactive gas being ,usedshape and the size of these aggregates
may differ significantly (e.g. (Schweigert et a@9b; Ozaki et al. 1999; Fortov et al. 2005)).
In this study we have investigated the formatiorcadliflower-like aggregates of typically
5-100nm produced by gas mixtures of Argon and Silane (Sild. reactive gas) at different
pressures, temperatures and for different eletpmaers.

As an example, Figure 6.40 shows a transmissiactrete microscopy image of aggregates
produced in a Argon-Silane low-pressure after Rage that, according to Orleans' group, in
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the plasma reactor the aggregates (the small aafgseqguvith a cauliflower-shape) are not
agglomerated like their appear to be on TEM imddeey agglomerate during deposition due
to some residual charges and latter on, Coulontbactive forces.

Figure 6.40. TEM of the aggregates produced byvagmessure Argon-Silane discharge after 20s.
Note that in the plasma, the aggregates (with diflcaver-shape) are not agglomerated like in this
image.

Scientifically, the starting point of this workftise results obtained by the group in Orleans in
1994, from the off-line analysis of TEM sampleslecied from the low-pressure discharge
(Boufendi and Bouchoule 1994). This pioneer workjoll was one of the first to report the

dust formation phenomena, is referred below as “TEM4” results, whereas their common

analyses of TEM samples are referred as “TEM-20&4ults.

6.5.4.2. Setup: plasma reactor and optical setup

The reactor used in this experiment produce a dapacdischarge generated by
a radiofrequency generator. It was designed foisthdy of silicon dust particle formation in
low pressure cold plasmas. The pressure can raonge ¥0 to 100Pa and the electrical
power can vary fromlO to SO0W. At low power, it is possible to slow down the tice
formation in order to follow in real time their gnth and to study the transition from one
growth phase to another.

To perform measurements we rebuild the initial LE$perimental setup. The main
improvements consist of mechanical changes, paatigile added a special frame, optical
choppers and adjusting system to ensure opticalsado plasma reactor (see Figure 6.41 and
Figure 6.42). The optical part of the system wasmadified. Figure 6.42 shows a picture of
the LES setup during measurements of the Low-prestischarge.
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Figure 6.41. Picture of the experimental setup tathpo the LES analysis of the low-pressure
discharge (plasma system).

Figure 6.42. LES measurements in a Low-pressuchdige (plasma reactor in GREMI UMR n°6606
CNRS, Université d'Orléans).

6.5.4.3. Experimental results

As an example, Figure 6.43 (a) presents typical ttBBsmission spectra measured in a low-
pressure Argon-Silane dischargAl refers to the starting time of the plasma discharg
To inverse these data, the following parametersewesed: spherical amorphous silicon
particles with diameter in the rangke-1000nm and a probing distance of =130mm.

To calculate extinction matrix we choose refractivéex (dispersion spectra) of amorphous
silicon according to the database provided by Sp#a (Sopra.S.A. 2010).
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Figure 6.43. Light Extinction Spectrometry of lowepsure Argon-Silane discharge: transmissions for
different operating times.

Figure 6.44 and Figure 6.45 illustrate the différsieps used in the inversion procedure of the
experimental data. Figure 6.44 shows (a) a speothtained forAT =3.024s, as well as the
wavelengths selected for the inversion procedurbijlew(b) shows the corresponding
reconstructed PSD. Figure 6.45 (a) illustrates“the” extinction matrix S as well as the
reduced (i.e. selected points) and (b) the filtereithction matrix(sTs +yH )v .
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Figure 6.44. Example (a) experimental and recootdi spectra measured in Argon-Silane low
pressure discharge and (b) the corresponding reacoted PSD.

Important issue encountered during the inversioocguiure is that exact value of the
refractive index of the aggregating monomers is pecisely known. As mentioned
previously to calculate extinction matrix, we uke bne of amorphous silicon. However, the
internal composition of the monomers produced indkepressure Argon-Silane discharge is
complex, so they might contain various chemicainglets. Difficulties with obtaining the real
value of the refractive index induce some diffeenbetween experimental spectra and the
inversed ones. As can be seen in Figure 6.44 (g) ¢he differ significantly and induce
instabilities.
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Figure 6.45. (a) The “raw” extinction matri% reduced to the selected points of the transmission
spectra and (b) the filtered extinction mat(iXT S +yH )V .

Figure 6.46 compares LES on-line measurements, tivétoff-line SEM analysis (Boufendi
and Bouchoule 1994), for the aggregates mean vetliameter and standard deviatian,
and o, respectively. Results of the LES analysis wereiokt by the inversion 015t
transmission spectra recorded during the measutesegunence lasting7.35 from the start
of the plasma discharge. The particle number ahghwve concentrations estimated with LES,
are also shown. Clearly speaking, in Figure 6.4& ltEsults match rather well SEM results
(Onofri et al. 2011b).
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Figure 6.46. Light Extinction Spectrometry: tempareolution of the particle size and concentrations
measured in a low-pressure Argon-Silane discharge

Important drawback of these experiments is thay thee not synchronized with plasma
reactor and thus it is impossible to fix exactlg starting point of the plasma discharge and
the optical analysis. As an example, Figure 6.4¥vshthe temporal evolution of the particle
size measured in the low-pressure Argon-Silanenmasut for two different reference points.
In addition to the previous figure, results of tHES measurements are compared also with
the recent off-line TEM analysis of the Orleansdgp (refereed as TEM-2011 and have not
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published yet). It can be seen that result of tB& Imatch better when the starting point is
adjusted.
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Figure 6.47. Temporal evolution of the particleesimeasured in a low-pressure Argon-Silane
discharge for two different reference points.

6.6.Conclusion

In this chapter we have introduced the principlehef Light Extinction Spectrometry (LES).
As shown previously, this technique relies on thalgsis of the total extinction spectra of all
particles illuminated by a collimated and polychaiim beam. It leads to an ill-posed problem
requiring inversion of a Fredholm integral of thistf kind, which was solved with a least-
square algorithm with a non-negative constraint. N&ee proved that LES technique can be
successfully apply to characterize the PSD andtionate the concentration in nanoparticles
aggregates with totally different optical propesti®espite that, there are some limitations in
the applicability of the LES (concerning partictscentration and refractive index), we have
proved that it is a powerful technique. Although g not know exactly refractive index of
the monomers aggregating in low-pressure Argora8ildischarge, we are still able to
accurately estimate aggregation dynamics as wellpatsicles concentration and PSD.
Both particle systems have been investigated witlelh agreement to the off-line TEM and
SEM reference analysis.

Further developments of the LES technique requiraprovements of the inversion
procedure, particularly application of the differeegularization schemes (e.g. (Mroczka and
Szczuczyski 2010; Mroczka and Szczuewki 2012)). The latter works present the
constrained regularized least-squares (CRLS) meihtooduced by means of an active set
algorithm of quadratic programming. This approdobves considerably better results than the
typical regularized least-squares (RLS) methodréaonstruction of PSD in terms of better
fidelity and smaller uncertainties. Therefore, #@pplication may be profitable for the
inversion procedures presented in this chapter.
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GENERAL CONCLUSION AND PERSPECTIVES

This manuscript presents the Ph.D. work completed aa co-shared thesis (French:
“Cotutelle”) between the laboratory [IUSTI UMR CNRS7343, Aix-Marseille University in
Marseille, France, and the Chair of Electronic Bhadtonic Metrology Wroctaw University of
Technology in Wroctaw, Poland.

The main objective of this work was to develop etmoagnetic models and experimental

methods to characterize the morphology of nanagestiand their aggregates. The latter are
commonly encountered in systems of high scienéifid technological interest: sooty flames,

aerosols, suspensions, dusty plasmas, etc.

The first part of this Ph.D. work was devoted tuiees aggregation phenomena, and more
particularly, Diffusion-Limited, Diffusion-LimitedCluster and Reaction-Limited Cluster
Aggregation. We developed a fully adjustable (tu@pDLA-type code to generate fractal-
like aggregates with precisely defined morphololgigarameters, strict self-similarity and
thus scale-invariant properties at each scale. Tweinvery dense and highly opaque
aggregates observed in aerosol of nanoparticlesmgpletely new Buckyballs-like model was
developed. As a reference for scattering technicae$ aggregates modelling, we have
developed two TEM-based methods. Among them, ayhewloduced algorithm (Modified
Box-Counting Method, MBC) for the analysis of seifilarity properties of each aggregate
was compared with an average, multi-scale anafysaely used in the literature). The MBC
method provides less noisy estimation for the evaubf the fractal dimension with the size
of aggregates, giving at the same time a critetmmneject the aggregates with insufficient
self-similarity properties.
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The second part of this Ph.D. was devoted to tmeilsition of the light scattering properties
by aggregates of various particles. To do so, s¢Vight scattering theories were considered.
Particularly, we compared results of the Lorenz-kheory, Rayleigh-based approximations
(RGD, RDG-FA), as well as the T-Matrix solution. Wave found that the T-Matrix theory
is the only one that is sufficiently accurate teaée all the scattering problems encountered
in this work. To estimate parameters of the fraagregates from the scattering diagrams
we developed several algorithms. Additionally, wwestigated also the influence of the
presence of free monomers on the estimation offthetal parameters. The latter task,
although quite intuitive, is surprisingly missingthe literature.

In the third part of this Ph.D. we review varioudiogl techniques to characterize particle
systems. It appears that, a few of them allow tn-and time-resolved analyses with limited
optical accesses. In the framework of various ptejeelated to the plasma we developed
a Light Extinction Spectrometry (LE$chnique.

Finally, the last part of this Ph.D. work was foed<n the application of all the models and
methods we have developed to study nanoaerosolsogiiaa beads and tungsten),
combustion systems and dusty plasmas. Thus, thés@btained during this analysis clearly
proofs the validity of developed algorithms and vsbeahe potential of our experimental
methods.

This Ph.D. was performed in the framework of cadlative work. Therefore, some results
presented in this thesis were achieved in a cotperavith different researchers and with
support of my supervisors. So that, in this panalgrd would like to point out my main
contributions.

| performed all the numerical results presentedhis manuscript. Particularly, it includes
development of the DLA and TEM-modeling softwareethods to fill and optimize
buckyballs aggregates, algorithms to derive mompdiobl parameter of fractal aggregates
from TEM pictures, as well as algorithms to analgpgical structure factors and to perform
the Guinier analysis of fractal aggregates. | edrrout also the light scattering simulation
presented in this manuscript. | developed numeappdications using various light scattering
theories whose results are presented.

Experimental part of this thesis concerning LESIymig of various particle systems was
performed in a cooperation with the other reseaschdy participation in this work includes
numerical study of the light scattering propertiek particles corresponding to the
experimental systems, as well as contributionseén@boratory work. Particularly, it concerns
taking part in building, preparation and developtmainthe experimental setup, performing
various measurements as well as collecting samfgeseference TEM/SEM analysis.
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It includes also data gathering, post-processirdjiaversion with different particle models.
Finally, | performed analysis and interpretatiortttéd presented results.

Further perspectives of this Ph.D. include thethseDiscrete Dipole Approximation (DDA)
to calculate scattering properties of the fraatd-l and buckyballs-like aggregates.
Subsequently, these results will be compared viaghTt-Matrix predictions. We suppose that
such a validation should be especially interestorghighly melted particles in combustion
systems or plasma. In the case of the aggregabelsiged by the aerosol drying method, the
T-Matrix algorithm seems to be more accurate stheeshape of single monomers within
aggregates is nearly spherical.

Perspectives for the development of the LES teclenagsume improvements of the inverse
method being used. Particularly, it is highly iesing to advance the non-negative least
square algorithm by different regularization scher(eg. Tikhonov Regularization, various
SVD algorithms or iterative methods). Further pectipes include also extended tests of the
LES technique for aerosols of various nanoparticless important to perform additional
validations and experiments in order to investigapabilities of the LES method to study
different plasma systems.
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RESUME EN FRANCAIS
(ABSTRACT IN FRENCH LANGUAGE)

Chapitre 1: Introduction

On observe la formation ou la présence de nancphe$ dans de trés nombreux systemes
naturels ou industriels (voir la Figure F.1) : aétss suspensions colloidales, flammes,
plasmas (froids thermiques et de fusion), les mmlianterstellaires,... Les propriétés
particulieres des nanoparticules, par rapport #desede leur matériau (échelle
macroscopique), sont souvent liées aux effets didsurface, et aux effets quantiques (Buzea
et al. 2007).

» (H

g JO
B o
Figure F.1. Les systemes nano particulaires sas#rgbs dans milieux trés différents : (a) réactdars
fusion (tokamak JET) ; (b) décharges dans un gaasae pression ; (c) certaines pulvérisations ; (d)
flammes et (d) suspensions colloidales déstabilisée

Ces effets conféerent aux systemes nano particslaine réactivité chimique, des propriétés
thermo physiques, mécaniques, optiques, électriguesagnétiques inégalées et parfois trés
insolites. Les effets de surface sont liés a letifsa importante d'atomes a l'interface avec le
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milieu environnant, qui est sans commune mesure ageque lI'on peut obtenir a I'échelle
microscopique et, a fortiori, macroscopique. Ldstefquantiques sont directement liés aux
dimensions de ces particules, dont certaines, colesggiantum dotsne sont composées que
de quelques dizaines ou centaines d'atomes ou ahedéd@oduner 2006). Dans ce dernie cas,
c'est le confinement des électrons qui est a ifwigles bandes étroites d'absorption et
d'émission (Buzea et al. 2007).

Pour comprendre, produire et controler ces systéniledaut disposer d'outils de
caractérisation et notamment, de leur granulométride leur concentration. Les techniques
de laboratoire (comme la microscopie électronigue)répondent que partiellement a ce
besoin, dans la mesure ou elles sont tres intrsiglpeu adaptées a des études paramétriques
résolues temporellement. Les résultats obtenus peuggalement étre biaisés par la
procédure de préléevement, la taille limitée dehitillon ou méme la difficulté d'analyser de
maniere statistique les images obtenues (commelaansntrons dans ce travail).

(@) (b)

Figure F.2. Agrégats fractals composés de (a) 5@@oméres polydisperses (distribution log-normale,
0,=0.5) avec R =7.94, D, =2.00, R, =17.71; (b) 10000 monomeres monodisperses avec
D; =2.00et R, =79.22.

Pour l'analyse des systemes micro particulaires20QR), il existe de nombreuses techniques
optiques qui permettent de s'affranchir des limifes nous venons d'évoquer. Les choses se
compliqguent & I'échelle nanométrique de par la cerif@ morphologique des agrégats
formés par les nanopatrticles ; la nécessité deoskispa la fois de modeles de particules, de
modéles de diffusion de la lumiére et procédurésversion ad hoc, ainsi que d'une
instrumentation adaptée. C'est précisément I'dbjdet ce travail de these que d'apporter
différentes solutions dans ce domaine avec, conongainte supplémentaire, de privilégier
un diagnostic pouvant opérer a longue distancairetiss systemes aussi différents que des
suspensions, des aérosols et des plasmas poussiéreu

En accord avec cette démarche, le chapitre 2 itrattux modeles permettant de décrire
simplement la morphologie d'agrégats fractals gulrérs. Le chapitre 3 présente les travaux
réalisés pour améliorer les analyses morphologigegassant sur la microscopie électronique
et ceci, afin de pouvoir mieux comparer ces résili@ec ceux des techniques optiques. Le
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chapitre 4 décrit et commente les différentes apprations physiques et théories utilisées

pour modéliser les propriétés de diffusion et digitson de la lumiere par des agrégats de
formes complexes. Le chapitre 5 introduit et validkemériquement les deux modeles

développés pour analyser les diagrammes de diffuffiacteur de structure optique) de

systemes nano particulaires. Le chapitre 6 prédeatravaux numériques et expérimentaux
menés sur la spectrométrie d'Extinction (LES). hapitre 7 est une conclusion générale avec
perspectives.

Chapitre 2: Modeles d'agrégats de particules

Pour calculer puis inverser les propriétés optigleesano-agrégats, il nous faut au préalable
disposer d'un modéle les décrivant le plus simpigrpessible. Apres quelques rappels sur les
phénomenes d'agrégation, ce chapitre présenteelesrdodéles d'agrégats développés : un
modele d'Agrégation Limité par la Diffusion (DLAYMozniak et al. 2012b) et un modele de
déme géodésiqud(ckyball$ (Onofri et al. 2012a).

Agrégation Limité par la Diffusion (DLA)

En résumé, le modéle DLA repose sur une descriptitenla morphologie des agrégats, basée
sur I'équation fractale (Witten and Sander 1981 )su les hypothéses que les monoméres
(particules primaires constituant l'agrégat) ond¢ umarche aléatoire (Brownienne) et qu'elles
s'agregent au premier contact, avee K ( R/ rp)Df . Oun, etr, représentent le nombre et le
rayon des monomeres de l'agrégat en cours de formal; et R, la dimension fractale et le
rayon de giration de ce dernier, let un pré-facteur fractal (ou coefficient de struejurA
titre d'exemple, la Figure F.2 montre, pour deurégats, une visualisation 3-D (créé avec le
logiciel POV-Ray (POV-Ray 2004)), les projectiori3 @ssociées ainsi que celles des rayons
de giration et en volume (disques). Ce modeéle ebdke de calcul associé prennent en compte
différents effets, comme l'interpénétration des mnmo@@s (pour simuler un phénomeéne de
frittage), une polydispersion du rayon de ceuxygd€ : log-normale), la distance d'apparition
des monomeres, etc. Une étude numérique a été temdwir qualifier ce model et comparer
différentes représentations utilisées pour défies caractéristiques des agrégats (voir par
exemple la Figure F.3).
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Figure F.3. Comparaison de quatre longueurs caistiqéies d'agrégats générés avec le code DLA :
rayons de girationR,, rayons en volumeR , rayons de la sphéere circonscrit®¢ et longueur
maximale de l'agregdt™) ; n, =500.

Modele de déme géodésique (Buckyballs)

Ce modéle a été développé pour décrire la struataran réseau, pentagonal et hexagonal,
des agrégats de silice formés par évaporation sigesgions colloidales (voir la Figure F.4).
En effet, 'analogie formelle avec les fullerenea Buckyballs), nous a conduit a modéliser
ces agrégats comme des démes géodésiques basksosaedre (composé de.,..=20
faces,n.,, =30 segments en,, =12 sommets) (Toure 2010). Dans ce modele, les c@és d
l'icosaedre sont divisés en +1 segments de méme longueur. Ces derniers servent a
définition des triangles réguliers qui divisent lieges de l'icosaédre. Nous avons montré
gu'en placant une nano sphere a chaque sommet lgedpo ainsi formé, on forme une
Buckyballs de n, monomeres:n, _,=n, ; n, .,=n,+n(n+2)n,./2. Celle-ci est
inscrite dans une sphere (ou diametre externe @aidyball) dont I'expression du rayon a
été établie. Vient ensuite une étape de projedt@mncentres des nano spheéres sur cette sphére
circonscrite et une étape d'ajustement des diasmda® monomeres, de fagon a maximiser le
nombre de contacts entre les monomeres.

Figure F.4. A gauche : buckyball dg =92 nano particules (forme dilatée et forme compagcte)
A droite, image MET synthétiques de buckyballs ¢a@use (,=162), ou pleines : (b) Coeur
hexagonal compact nf =162+ 11: spheres, fraction volumique 52%) ou (c) Cceur &lact
(n, =162+ 72 spheresD, = 2.88, fraction volumique 49%).
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Chapitre 3: Modeles pour l'analyse fractale des imges obtenues par
microscopie électronique en transmission

L'analyse de la morphologie des agrégats, fractalgon, est encore essentiellement basée
sur le traitement d'images obtenues par microscépironique en transmission (MET). En
effet, bien que les résultats obtenus sont souviargés par la procédure d'analyse (Koylu et
al. 1995; Chakrabarty et al. 2009; Ouf et al. 20169tte approche permet d'accéder
directement aux projections 2D de la morphologie algrégats, tout en étant peu sensible aux
propriétés de leur matériau (souvent mal connuldgutons que les analyses fractales
couramment réalisées sont incapables d'appréhendectement les agrégats multi-fractals
et les échantillons non homogenes. Dans la mesutesorésultats des techniques optiques
sont souvent comparées aux analyses MET, ce ohastrconsacré a la remise a plat de la
technique d'analyse fractale la plus utilisée,'iatréduction d'une nouvelle technique de
traitement des images MET (\Wdak et al. 2012b). La résolution de ces technicpstdestée
sur des échantillons synthétiques et sur des dsrg®rimentales (i.e. des suies formées par
une flamme diesel (Yon et al. 2011)).

Fractalydimensibn with: '
1 MBC: D,
MBR: D,

initial plane (X,,Y,)

T
D,=1.90

100

Number of aggregates

Figure F.5. (a) Visualisation avec le logiciel P@®dy et image TEM simulée d'un agrégat synthétique
avec D; =1.50, n, =25, R, /r,=6.27; (b) Résultat de l'analyse des images-MET d'uraeitfon
expérimental de suies; avec les méthodes MBR et i#B@zniak et al. 2012b);

Modélisation des images MET

Dans une premiére partie, nous détaillons un mad&desimplifié de la formation des images
MET. Dans celui-ci, le code DLA est utilisé poupnguire des agrégats synthétiques dont les
images en transmission sont déterminées a |'aithe dbi d'absorption (des électrons) de type
Beer-Lambert. Différents effets sont étudiés nuqmément, comme les superpositions
induites par la projection 2D, le seuillage des gesa MET, l'extraction de longueurs
caractéristiques, etc.
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Méthode d'analyse basée sur les caractéristiquagctangle circonscrit (MBR)

La premiere méthode repose sur l'extraction eblf@e des caractéristiques du rectangle
circonscrit (MBR, longueurl?® et largeurw?®®) a chaque agrégat fractal (Samson et al.
1987). Nous montrons que la relation courammetis@é# pour obtenir le rayon de giration
des agrégat® =+ °W* / B, avec S~ 2.34 (Koylu et al. 1995), n'est valable que pour de tres
petits agrégats dont la dimension fractale estatdré de3=1.80. De méme, nous avons
clairement établi que la dimension fractale, déddi¢ la pente d'une relation (linéaire) du
type Inn, = f(\/LZDVVZD / rp) est une estimation fortement biaisée par la préseme
monomeres et trés petits agrégats (dont la natactafe est mise en doute). Ces travaux ont
également permis d'obtenir des courbes de caloratumériques qui peuvent étre utilisées
pour corriger en partie ces biais (dépendancggdavec la dimension fractale mais aussi le
nombre de monomeres) (\&oak et al. 2012b).

3.0 1

Dimension fractale estimée, avec
2.84 N MBR passe-bande: moyenne O [ const. ® [ var. ]

2.6 median —— (for all D))
moyen ¥V StDv ---- (forallD,)

243 moyen A StDy ----- (forD<3) ]

221
204 - % _§ _
1.8 -

161

Dimension fractale, D

1.4
1.2

1.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Iog(Rg/rp)

Figure F.6. Evolution de la dimension fractale ki#tillons de suies en fonction de leur
granulométrie, selon la technique MBC et |a techeily|BR.

Méthode basée sur une modification de la méthodeqraptage déoites(MBC).

La méthode par comptage de boites (Theiler 1998iste a établir le taux d'occupation d'un
agrégat au sein du rectangle qui lui est circonstigeci, a difféerentes échelles (analyses avec
des boites de plus en plus petitesl; boites a d'échelle): D; =—1isrpo(ln N,/In LS).
L'intérét fondamental de cette approche est qufedlenet de déterminer la dimension de
chaque agrégat observé. En principe, elle permat d@analyser directement des échantillons
non homogenes. En pratique, cette analyse multiHéchst limitée par la taille finie des
monomeres et de l'agrégat lui-méme. Pour pallier meblémes, nous avons introduit
différents modifications a l'algorithme origineles images MET des agrégats ne sont plus
analysées que dans chaque rectangle circonseriboikes ne sont plus générées suivant un
maillage cartésien mais suivant un schéma aléatpwar limier les effets de bord) et a
chaque échelle le nombre de boites est normaéiséiniension fractal n'est plus déduite du
calcul d'une limite (physiqguement inaccessible, gbtan-pour et al. 1999)) mais de la pente
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de la courbe associée); au final, le code DLA esisé&tpour générer des courbes de
calibration reliant cette pente a la dimensiontikecattendue (Wamiak et al. 2012b).

Comparaison des deux méthodes

Toute une étude numérique est realisée, a l'aidgédats synthétiques, pour déterminer la
résolution que l'on peut espérer avec ces deuxauésh(Figure F.6). Ces dernieres ont
egalement été testées sur un échantillon expéraing@iies, voir également les Figures F.1 et
F.5). Les résultats de la Figure F.6 sont emblémuas de tous ceux obtenus. Avec la
méthode MBR, I'estimation est anormalement bretéetalement différente suivant que l'on
traite globalement I'échantillon ou que l'on réaltes analyses sur des sous-échantillons. A
contrario, la méthode MBC restitue une estimatiomulbeup plus continue (et donc
physique), par ailleurs la dimension fractale eéémour les agrégats intermédiaires et grands
est également beaucoup plus faible, £1.66+ 0.02) que celle obtenue avec la méthode
MBR globale O, =1.88+ 0.07). Ce résultat va dans le sens de travaux réceptsant sur
une approche differente (Chakrabarty et al. 2009).

Chapitre 4: Théories électromagnétiques et modeleke diffusion

Ce chapitre passe en revue les différents outilség dans ce travail, pour modéliser les
propriétés de diffusion des agrégats et inverseddmnées expérimentales.

La théorie de Lorenz-Mie

Cette théorie fait référence dans bien des domahastamment, pour la caractérisation
optique de systemes particulaires. La diffusion €'ande plane harmonique par un diffuseur
sphérique, isotrope, homogéne, a matériau linégirgans propriété magnétique est résolu
avec une meéethode de séparation des variables.e @étrie s'applique a des particules de
toutes tailles et de tous indices, mais uniquersghériques.

Théories de Rayleigh et Rayleigh-Gans-Debye (RGD)

Ces modeles asymptotiques ne sont valident que gesiparticules dont le paramétre de
taille X et l'indice complexen, sont tels que, respectivement< 1| M| x<1 et |m, -1 <1,
kdp‘ﬁ]o —ﬂ < 1. En principe, la forme de la particule peut s'tsadte celle de la sphere. Leurs
avantages principaux résident surtout dans la itépdad calcul des diagrammes de diffusion
et des section efficaces, ainsi que la descriptes comportements asymptotiques (p. ex.
I'extinction des trés petites particules est surt@g a leur absorption avec . Ord et

Coea D T5)

p,sca

p,abs

Théorie de Rayleigh-Debye-Gans théorie pour leggaps fractals (RDG-FA)

Cette théorie est une extension de la Theéorie ddelga-Debye-Gans. Elle permet de
prendre en compte la nature fractale d'une pagtidebur ce faire, et en résumeé, Dobbins et
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Megaridis (Dobbins and Megaridis 1991) introduisent facteur de formef(q,Rg) qui
corrige, des effets morphologiques, les relatidngmues avec la RGD classique. On obtient
notamment pour l'intensité diffusée par des agségatairés par une onde de polarisation
paralléle ou perpendiculairg; ; (6) =n?l ;, () f (a.R,) ; 1,,(6)=1..(6)cog 6 et les sections
efficaces correspondantesC; ,,.=n.C, s Caisa™ anpscaG( K R, D) Coex = Caabst Caser
Avec pour le facteur de forme, selon que l'on estsde régime de GU|nie(q2F§sl.5Df) :

D¢ /2

f(q,F{])=exp(—q2 4 /3 ou fractal(quj >1.5D, ): f(a.R)=(cfR?) """, olig=2ksin(g/2)

est le vecteur diffusionk et & le vecteur d'onde et I'angle de diffusion respeatient.
Nous avons mené une étude numérique pour évaldenmeaine de validité de la RDG-FA, en
utilisant les résultats de la T-Matrice (voir plieén) comme référence. Conformément aux
hypothéses de base de la RGD (qui s'applique umignieaux objets déphasant), on retrouve
gue ce domaine est tres réduit et qu'il se limite agrégats petits et/ou peu denses (faible
dimension fractale).

2.0

1.6

L1 1 A 1 1 1 | 1

01 03 05 07 08

[(M]e <10% 10% < & <30% £230%
(a) (b) (c)

Figure F.7. Section efficace d'absorption de sdiesdimension fractaldD, =1.8: écart entre les
prédictions de la RDG-FA et ceux de la T-Matrice.

Théorie (ou méthode) de la T-Matrice

Cette méthode introduite par WatermafWaterman 1965), qualifiée aussi de méthode
d'annulation du champ (null-field method), permetcdlculer les propriétés de diffusion des
ondes électromagnétiques par des particules coempl@tishchenko et al. 1996; Bohren and
Huffman 1998; Auger et al. 2007). Elle est fondaele principe d'équivalence selon lequel
le champ électromagnétique a l'extérieur d'uneasarfégulieres, est équivalent a celui qui
serait produit par une distribution de courantsesiigiels électrique et magnétique portée par
la surfaceS. A l'intérieur deS, les sources produisent un champ nul. On peui expsimer le
champ total (incident + diffusé) a I'extérieur @8sous la forme d'intégrales de surfaces. Les
champs incidents et la fonction de Green sont d@p&ls en harmoniques sphériques. Ce
développement n'est pas valable Suril I'est a l'intérieur d'une spheére inscrite d&hsu a
I'extérieur d'une sphere circonscriteSaOn fait alors I'approximation d'écrire les cousan
superficiels équivalents comme la somme Mgxemiéres harmoniques sphériques avec des
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coefficients inconnus. A lintérieur de la sphémscrite, I'équatiore=0 se transforme en un

systeme linéaire qui relie les coefficients incammmies courants aux coefficients connus des
champs incidents. On obtient d'autres relationsutdisant les conditions aux limites. Les

coefficients du systéme matriciel (T-Matrice) réant sont des combinaisons d'intégrales
d'harmoniques sphériques s8r Une fois ce systéme résolu, on connait les cdgiran
superficiels et donc le champ diffusé. Le nomWr& utiliser dépend de la forme, de la taille et
de l'indice de réfraction du diffuseur (sphérdpsbide, cylindre tronqué, agrégat de spheres).

(b)
Figure F.8. Visualisations, dans le plan équatodal coefficient d'extinction net (positif ou néfat

des monomeres au sein d'un buckyball compose,de =749 monomeéres de rayon, = 40.51m;
(@) A=300m, (b) A =400nm, (c) A =50Cm.

Difféerents codes de calcul sont en libre acces, pmmurtravail nous avons utilisé celui
développé par Mackowski et Mishchenko (Mackowskl Bfishchenko 1996) et qui est mis a
disposition sur le site internet du Goddard Ingitior Space Studies de la NASA. Ce code,
gue nous avons nous méme parallélisé, permet deleales propriétés globales de diffusion
et d'absorption d'agrégats composés de plusieursioes de nano spheres. Il permet
egalement de calculer les sections effectives id&idn de chague nano spheres, voir par
exemple la Figure F.8.

Chapitre 5: Analyse des diagrammes de diffusion digrégats fractals

Ce chapitre traite de l'analyse des diagrammesfisidn d'agrégats fractals, dans le but d'en
déduire laeur dimension fractale et leur rayon atign. Cette approche peut sembler tres
classique, néanmoins, dans la littérature, on oavé& aucun détail sur une quelconque
procédure d'extraction de ces deux quantités. ltedbuce chapitre est donc également de
proposer des solutions (automatisées et reprodiestibt des éléments de réflexion sur cette
approche.

Dans une premiéere partie, nous introduisons degarithmes pour extraire la dimension
fractale. Le premier algorithme, désigné par I'agne SSE (pouBecond Slope Estimatipn
consiste a déduire directement la dimension fradal I'analyse du taux de décroissance du
diagramme de diffusion (ou Facteur Optique de 8ire¢c OSF), au centre de la zone fractale.
Cette derniere est simplement définie comme la sdnée entre la zone de Guinier et la zone
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de Porod. Le rayon de giration est obtenu a l'del€analyse dite de Guinier (voir la Figure
F.9 (a)), qui est bien documentée dans la littéeaiBorensen 2001). Cette approche ne donne
des résultats satisfaisants que pour des agrégatslal paramétre de taille est important
(aR, >5). Le second algorithme, désigné par I'acronyme {8kr First Slope Estimation
integre une méthode itérative de recherche du eafdrla zone fractale et l'utilisation de
courbes de calibration (basées sur le modele DUAsetésultats de la T-Matrice). Plus lourd
a mettre en oeuvre que l'algorithme SSE, il ess phécis et permet d'analyser des agrégats
beaucoup plus petits. De ce fait, le modele FSE@ssidéré comme plus universel (voir la
Figure F.9 (b)).

- | Dimension fractale estimée T &

T T T T T T
1.351 Rg=418nm R,=356nm ] 28 .
M 7 ! e avec ajout de 0.1% bruit blanc AAPs SN
1.304 R =595nm 1 o0 26| & avecajoutde 1.0% bruitblanc| .- .~ R
~g§ ’// e . 9 - -
1.25 1 € 24 R A3 - 1
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Figure F.9. (a) Analyse de Guinier d'agrégats &lade SiQ; (b) Dimension fractale estimée avec
l'algorithme FSE (avec ou sens ajout d'un bruhdlaagrégats fractals de suies composées de 500
monomeres).

Dans la deuxieme partie de ce chapitre, nous miéessons a un probleme qui semble avoir
été totalement négligé dans la littérature : Iexise (et donc l'influence) de monomeres
libres sur l'analyse des diagrammes de diffusios dgrégats. Nos travaux révélent

l'importance des monomeéres libres. En effet, pautaux de : un monomere libre pour un

agrégat, la dimension fractale des agrégats peeffenétre sous-estimée de prés 25%. Ces
résultats préliminaires pourraient remettre en goiedon nombre de travaux publiés.

Chapitre 6: Spectrométrie d'extinction

Ce chapitre détaille les travaux numeériques et mxmitaux réalisés sur la spectrométrie
d'extinction (LES), pour obtenir la distribution agulométrique et la concentration de
différents systemes nano particulaires.

Principe et principe d'inversion des spectres dethnique LES

En résumé, la technique LES repose sur une mesueetthnsmission spectrale d'un faisceau
collimaté, a large spectre, ayant traversé le milarticulaire (défini par sa largeur, la
concentration et I'extinction des particules). Egime de diffusion simple, cette transmission
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est simplement modélisée par une loi de type Baemdert. L'extinction d'un nuage
polydisperse est décrite comme une intégrale déheien du premier type qui dépend de la
distribution granulométrique et des propriétés ques intrinseques des particules. Le noyau
(matrice d'extinction) de lintégrale est calculé @ilisant la T-Matrice avec au choix, le
modéle DLA ou celui des Buckyballs, voire celui @&wsphere (milieu effectif). La procédure
de régularisation principale repose repose sur dégéhode introduite par Twomey-Philips
(Twomey 1979). L'inversion est réalisée au moyameal'méthode de moindres carrés a
solutions positives.

Résultats numériques

Une étude numérique apporte des éléments d'appoéciaur I'évolution des spectres
d'extinction et de transmission avec la dimensractéle, le rayon de giration et l'indice de
réfraction des agrégats. Celle-ci montre que la ESSassez peu sensible a la dimension
fractal des agrégats. En régime de diffusion simmpl@lage de mesure des concentrations est
de l'ordre de1x10°-5x10° en nombre éx10°-5x10°  en volume (ces corat@nts
sont données, a titre indicatif, pour les buckybd# silice et une distance de 1m).

Etudes expérimentales

Aprés une description du montage optique, cettenigler partie présente les travaux
expérimentaux réalisés avec la technigue LES ssimadeosols dbuckyballset des agrégats
de nano particules de tungsténe, puis sur des agnégats formés dans des plasmas
poussiéreux.
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0.254] d7*"'=530nm  d*'=481nm | ] d™=130nm  d™"= 116nm
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Figure F.10. Granulométrie des Buckyballs selonaleglyses MET et LES : (a) en volume et (b) en
nombre.

Les premiers agrégats sont formés par pulvérisasiauns forme de gouttelettes microniques,
de différentes suspensions colloidales de siliceerhble que nous ayons été les premiers a
avoir observé et proposé un mécanisme de formalones agrégats dotés d'un pavage de
surface pentagonal/hexagonal. Nous qualifions @ewbe buckyballsde silice (voir aussi les
Figures F.1, F.5 et F8). La Figure F.10 montre coraparaison type entre analyses MET et
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LES (Barbosa et al. 2012). Les travaux expérimentalikdt satisfaisants, ont également
confirmé la nécessité d'augmenter la plage spedivals l'infrarouge) de nos analyses si l'on
veut pouvoir caractériser les agrégats produitsl@gmrsuspensions non diluées (diametres
Supérieurs au micrometre).

2500 ° Raw data points (from DLA model) ' (a) Number ' Sta‘islicm‘\,mues SEM LES
m— R ,fao"'a‘R +aR*aR%aR* d, [nm] 453 529 |1
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Figure F.11. Exemple de courbe de calibration nigquér et comparaisons des analyses
granulométriques MEB/LES des agrégats de tungsténe.

L'étude expérimentale menée sur les agrégats dgstame avait pour but d'apporter des
éléments d'appréciation sur I'applicabilité deelehhique LES a la caractérisation d'agrégats
(poussieres) de tungstene au voisinage des contpdaans au plasma (parois des tokamaks)
et/ou lors du nettoyage de ces surfaces par Iémitpees d'ablation laser. Les aérosols de
tungsténes étaient formés par évaporation de ssigpsnde nano billes de tungsténe. La forte
luminance et les ondes de choc générées par lasiqees d'ablation ont été simulées par la
génération de plumes (a l'aide d'un laser Nd-YAGfatee fluence) juste au-dessus d'une
paroi métallique. Ces investigations ont établi tuéechnique LES fonctionne trés bien en
proche paroi (malgré le blocage et la diffraction plus de 80% de I'énergie du faisceau
sonde) et que, pour les parametres testés, lds aftriits par la plume étaient négligeables (a
I'exception de la raie d'émission du laser de puiss, dont la contribution au spectre LES
doit étre soustraite avant inversion). La FigurglFllustre deux résultats types des analyses
morphologiques (analyses d'images MEB et d'agrégatthétiques) et granulométrique (a
plus de 10mm de la paroi) (Onofri et al. 2012b).

Dans le cadre d'une collaboration avec l'équipepdaf. Boufendi, nous avons réalisé
différentes études sur les mécanismes de croissiscpoudres dans un plasma poussiéreux
(décharge Argon-Silane basse pression, (BoufendBandhoule 1994)). La technique LES
possede l'incomparable avantage, face aux anaWE&MET classiques, de permettre un
suivi temporel de la croissance des poudres, eestéuer des concentrations en nombre et
volume. Elle nous a également permis de mener tee® paramétriques (variation de la
puissance électrique, mélange et pression des.papii seraient quasiment impossibles a
réaliser avec les analyses par prélevement. La &igut2 montre une image TEM des
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poudres obtenues apres 10 s, ainsi qu'un profitaissance type. On constate que I'accord est
trés bon (le décrochage vers 10 s est attribuéanak/ses MEB). Ces travaux ont également
montré qu'a l'avenir, il serait souhaitable de mefades ciblées sur la détermination de la
I'indice de réfraction des poudres (Onofri et alL Pb).
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Figure F.12. A gauche : image TEM des poudres dgsoget agrégées) sur la grille d'analyse ; A
droite : comparaison des analyses TEM par préléemenes mesures LES in-situ dans une décharge
Argon-Silane basse pression.

Chapitre 7: Conclusion et Perspectives

Ce travail de thése évalue et apporte différenbdgtiens pour caractériser optiquement la

granulométrie et la concentration de suspensiarssals et plasmas poussiéreux. Différents
outils ont ainsi été développés pour décrire laphologie d'agrégats a partir d'images de
microscopie électronique. Ces outils ont égalengé@tutilisés pour produire des agrégats
synthétiques, eux-mémes utilisés pour compareiptédictions des modéles de diffusion.

Nous avons également developpé différentes sohkitienalgorithmes pour analyser de

maniére reproductible les diagrammes de diffusfastéur de structure optique) ainsi que

pour inverser les spectres d'extinction. Les tegp&rimentaux réalisés avec la technique LES
(aérosols de silice et tungstene, aggrégats deusil) ont confirmé le bien fondé de notre

démarche et les potentialités de la technique KEfre les applications, les perspectives a ce
travail portent sur I'amélioration des techniquesr@gularisation et d'inversion, des études
expérimentales sur la détermination de l'indiceédiaction complexe des nano agrégats.

190



ABSTRAKT W JEZYKU POLSKIM
(ABSTRACT IN POLISH LANGUAGE)

Rozdziat 1: Wskp

Nanocastki i agregaty nanogstek § obecnie przedmiotem intensywnego zainteresowania
osrodkéw naukowych na catydwiecie. Jest t@cisle zwigzane z ich unikalnymi i niezwykle
interesugcymi wiasciwosciami znajdugcymi coraz szersze zastosowanie w wielu dziedzinach
zycia. Istniej dwa zasadnicze czynniki, ktére sprawjaje nanocgstki wykazuj odmienne
wiasciwosci od materiatdbw makroskopowych: efekty powierzdwe oraz efekty kwantowe
(Buzea et al. 2007). Na rysunku P.1 przedstawiorgkgadowe agregaty nanagstek.

!t-v - ! - |
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S L ‘ ]
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Rysunek P.1. Wygpowanie nanocstek: (a) reaktor termggrowy (tokamak), (b) piec plazmowy do
produkcji nanoproszkéw, (c) aerozol nargstek, (d) ptomié i sadza, (e) roztwoér koloidalny
i przebiegajcy w nim proces agregaciji.

Efekty powierzchniowegsscisle zwigzane z bardzo dym stosunkiem powierzchni czynnej
nanocastek do ich olgtosci. Sprawia toze substancje chemiczne w postaci nagstek §
znacznie bardziej reaktywnezrte same zwizki w postaci makroskopowej. Efekty kwantowe
s3 natomiast spowodowane niewielkimi rozmiarampstek i objawiaj si¢ jako szereg
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zjawisk, ktore zwykle charakteryzujatomy lub molekuty (Roduner 2006). Przyktadowo,
podobnie jak pojedyncze atomy, kropki kwantowe prayg okreslone wartdci spektrum
energetycznego z uwagi na putapkowanie elektrormdwmiany ich catkowitego tadunkua s
mozliwe jedynie o skwantowane wastm (Buzea et al. 2007).

Kluczowym zadaniem niezdnym do zrozumienia i monitorowania, a co za tymied
kontroli mechanizmow agregacji nangsiek w r@nych systemach jest charakterystyka
rozktadu wielkdci czastek (particle size distribution, PSD) oraz ich &emtracji C, ).
Do niedawna najeZciej stosowanymi metodami w charakterystyce seiaosci nano-

i mikroczgstek byly probkowanie i analiza off-line (np. mikkmpia elektronowa, dyfrakcja
elektromagnetyczna, itp.). Niemniej jednak dla bardzaktywnych i delikatnych obiektow
jakimi 3 omawiane agregaty, niezawodtd powtarzalné¢ tego typu pomiarow jest wysoce
dyskusyjna. Dlatego teoptyczne ukltady pomiarowe jako nieinwazyjne i vaystajco
szybkie zapewnigjwickszy doktadnd¢ pomiarow.

Opracowano szereg mdych metod optycznych umildwiajacych analiz uktadéw castek
(Xu 2002). Ich wykorzystanie do opisu agregatow jagt jednak zadaniem tatwym. Analiza
optyczna wymaga bowiem zastosowania odpowiedniegdetu morfologicznego @stek
wystepujacych w analizowanym uktadzie oraz wdavego modelu rozproszendwiatia.

Rozdziat 2 niniejszej pracy wprowadza dwa modelasuggce morfologe agregatow
nanocastek: model fraktalny i tzw. model ,Buckyballs”. Wbzdziale 3 przedstawiono
algorytmy zrealizowane w celu udoskonalenia opéartyta mikroskopii elektronowej
sposobow analizy agregatow. Opracowane metody wtarpunkt odniesienia dla wynikow
uzyskiwanych technikami optycznymi. Rozdziat 4 orewdzne teorie i aproksymacje
wykorzystywane do modelowania Wtawosci rozproszenia i absorpdjwiatta przez agregaty
czgstek. Rozdziat 5 wprowadza dwa algorytmy opracowaneelu analizy diagramow
rozproszenia i estymacji parametréw fraktalnychzdRaoat 6 pracy omawia numeryczne
i eksperymentalne wyniki uzyskane za pom&pektrometrii EkstynkcjSwiatta (LES) dla
réznych crodkow ddwiadczalnych. Rozdziat 7 zawiera wnioski i rekomacjd dla
przysztych prac badawczych wynikeg z niniejszej pracy.

Rozdziat 2: Modele agregatéw crstek

Rozdziat 2 niniejszej pracy przedstawia fizycznelgiawy procesu agregacji nangsiek.

W szczegolngci traktuje on o agregacji limitowanej dyfgzjDLA), agregacji klastrow
limitowanej dyfuzj (DLCA) oraz agregacji klastrow limitowanej reakdRLCA). W celu
opisu morfologii agregatow nanagstek zrealizowano optymalizowane oprogramowanie
DLA oraz opracowano model do opisu tzw. agregatBwckyballs”.
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Agregacja Limitowana Dyfuzj(DLA)

Klasyczny model DLA zaktada mniej lub bardziej dadkiy, symulacg zjawisk zachodgcych

w ukfadzie castek (ruchy Browna, kolizje, nierozerwalrgezenie si pojedynczych cgstek,
itp.), lecz nie kontroluje parametréw agregatoéw etapie ich tworzenia. Optymalizowane
oprogramowanie wykonane w ramach niniejszej pramoziwia natomiast zachowanie
wszystkich parametréw fraktalnych (z olong doktadndcig) na kadym etapie agregacii.
Pozwala to na unikecie generacji multi-fraktali (tzn. agregatow a@mgch parametrach
w roznej skali ladz r6znym obszarze agregatu) oraz zapewnia powtargalnpyskiwanych
wynikéw. Aby opisé matematycznie morfologi agregatow cgstek wykorzystano tzw.
réownanie fraktalne (Witten and Sander 1981):

D¢
n, =k {ﬁ} | P.1)
P
w ktorym n_ jest liczh pojedynczych cestek w agregacie (zwanych rowaismonomerami),
r, Srednim promieniem estek, D, wymiarem fraktalnym, k, wspotczynnikiem

skalupcym, a R, promieniem bezwtadrci agregatu. Promiebezwtadnéci jest wymiarem
charakterystycznym agregatu olegacym w 0golny sposéb rozktad masy w jego strukturze.
Definiowany jest on jakéredniokwadratowa odlegié czastek odsrodka masy uktadu:

Np

- niZ(ro _rn)z’ (P'Z)

p n=1

gdzie r, i r, s3 wektorami okrélajacymi odpowiednio pozyejsrodka masy ukfadu i n-tego
monomeru w trojwymiarowej przestrzeni euklidesow&jobec licznych rozbiaosci
wystepujacych w literaturze dotyerych wartdci wspotczynnika skalgpego k, , przyjto
jego stad wartas¢ k, =1.593 wyznaczon z wykorzystaniem uktadu heksagonalnego
monodyspersyjnych ggtek (wymiar fraktalny agregatD, =3.00). Rysunek P.2 przedstawia
przyktadowe agregaty wygenerowane za papwgkonanego oprogramowania.

Rysunek P.2. Wygenerowane numerycznie agregatytafrek o nasjpujacych parametrach:
(@) n, =500 monomerow (rozktad logarytmiczno-normalny, =0.5), D; =2.00, R, =17.71,
(b) n, =10000 monomeréw monodyspersyjnycb, =2.00, R, =79.22.
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Na rysunku P.3 poréwnanozrie wymiary charakterystyczne agregatow wygeneroolazg
pomog oprogramowania DLA: promiebezwtadnéci R;, promier objetosci R,, promier
najmniejszej sfery ogranicz@ej agregat R, oraz maksymaln diugasci agregatu
w przestrzenil®® .
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Rysunek P.3. Poréwnanie zrgych wymiaréw charakterystycznych agregatéw zaydeyah
n, =500 monomeréw wygenerowanych z Wykorzystanlem oprogmamm DLA: promié
bezwiadneci Ri prom|en objetosci R,, promier najmniejszej sfery ogranicaagej agregatR, oraz
maksymalnej diugixi agregatu w przestrzerhf’

Model ,Buckyball”

Gesto upakowane agregaty o regularnej strukturzeZpgsunek P.1 (c)) wytworzono na
stanowisku pomiarowym podczas osuszania aerozolierasgcego roztwor koloidalny
dwutlenku krzemu (krzemionki) (Onofri et al. 2012B) opisu ich morfologii opracowano
model oparty na dwudzieswanie foremnym (Toure 2010). Urdavia on budowanie
szeregu agregatow o skwantowanej liczbigstek. Pierwszy z szeregu jest agregat
zawierajcy n, =12 monomerow. Powstaje on przez umieszczenie pojegghanonomerow
w kazdym wierzchotku dwudzies§ocianu. W celu budowy wkszego agregatu, kda
krawedz dwudziestécianu jest dzielona ng +1 odcinkow réwnej diugeci, gdzien =0 jest
liczba naturaln okreslajaca nowg liczbe wierzchotkéw wprowadzanych naidej kravedzi.
Nowe wierzchotki g tagczone za sapza pomog linii rownolegtych do istnigjcych kravedzi.
W ten sposéb na kdej scianie powstajen? -nowych trojkatéw rownobocznych, a catkowita
liczba wierzchotkow jest rowna, . Mozna zauway¢, ze liczban, zmienia s¢ w nas¢pujacy
sposob:

3
=0 = n\/ert.; np n>0 n\/ert nFac(% + nc,q j ! (PB)

gdzie n,, oznacza liczp wierzchotkow, n.,. liczbe Scian, a n , jest liczla nowych
wierzchotkéw powstatych ngcianie dwudziestwianu foremnego. W celu uzyskaniazgch
agregatow o ksztatcie sferycznym wierzchotki tebjv rownobocznych znajdage sé
wewmgtrz scian dwudzieste&cianu g rzutowane na sferopisam na dwudziestaianie.
Ostatnim elementem algorytmu jest optymalizacjanpemia monomerow, Kktory jest
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zwiekszany iteracyjnie od zera do momenta @asgpi styk monomeru, z ktoryénz
sasiadupcych.

Podczas prac eksperymentalnych zaioma, ze wickszag¢ agregatow jest wypetniona
monomerami, dlatego 2eopracowano dwie metody wypetniania pustych stnukRierwsza
z nich polega na wykorzystaniu agregatu fraktalnegonajwekszym maliwym do
wygenerowania wymiarze fraktalnym w opracowanymogpamowaniu DLA ©, =2.88).
Druga wykorzystuje agregat o ukfadzie heksagonalmyomomerow O, =3.00). Rysunek
P.4 przedstawia przyktadowy agregat zawignaj n, =92 monomery oraz syntetyczne
obrazy TEM wykonane za pormpopracowanego oprogramowania.

(a) (b) (c) (d) (e)

Rysunek P.4. Agregat ,Buckyball” @ =92 monomerdow: (a) rozszerzony, (b) édavy agregat.
Sztuczne obrazy TEM wykonane z wykorzystaniem m&zealanego oprogramowania: (c) pusty
agregat, (d) agregat wypetniony heksagomainuktus monomerow (1, =162+ 11%) oraz (e) model
wypetniony agregatem fraktalnynm( =162+ 72).

Rozdziat 3: Metody analizy agregatow fraktalnych oprte na zdjeciach
TEM

W rozdziale 3 niniejszej pracy omowiono dwie metaglykrywania zalenosci pomidzy
wielkoscia oraz wymiarem fraktalnym niewielkich agregatow astek w oparciu

o dwuwymiarowe zdjcia z Transmisyjnej Mikroskopii Elektronowej (TENNVozniak et al.
2012b). Zostaty one opracowane jako metoda refgpeaala pomiaréw wykorzystagych
rozproszenieswiatta. Pierwsza z metod (powszechnie stosowanatevaiurze) nazwana
w pracy metod Najmniejszego Kwadratu Ograniczeggo (MBR) oparta jest na catkowitej
analizie wszystkich agregatéw wznej skali, podczas gdy druga z nich (Zmodyfikowany
Algorytm Pudetkowy, MBC) polega na analizie samapueistwa kadego z agregatdw.
Obie metody zostaly przetestowane z wykorzystarpedbek eksperymentalnych agregatow
sadzy (Yon et al. 2011) jak réwiriebrazow TEM wygenerowanych numerycznie z pogmoc
wykonanego oprogramowania.

Rysunek P.5 (a) przedstawia wizualizadD wygenerowanego numerycznie agregatu
fraktalnego oraz powstawanie syntetycznego obraEM.TRysunek P.5 (b) przedstawia
wyniki pomiarow dla 543 agregatow z badanej probkgzczegolngri: (i) rozklad wielkaci

znormalizowanego promienia bezwtadaio (ii) typowe obrazy agregatow po binaryzacji
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wraz zwymiarami fraktalnyni wyznaczonyrr z wzyciem algorytmuMBC oraz (iii) wymiar
fraktalny catej probkivyznaczony z wyciem konwencjonalnej metoctMBR. Wykorzystugc
algorytm MBR oszacowantypowy dla agregatow sac (Diesel soot)wymiar fraktalny:
D, =1.88+ 0.01 (np.(Yon et al. 2011). Jw na pierwszy rzut oka nzna przpuszcza,
zenajmniejsze agregaty my znacznie wgkszy wymiar fraktalny ri najwicksze. W celt
sprawdzenia czy taka kelacje faktycznie istnieje (tzn. prébkiksperymentalne a¢
multifraktalami) naley wyznaczy wymiar fraktalny agregatéw réznej skali, jak to mi
miejsce w przypadku algoryu MBC.

Plaszezyzna rzutujges (X, Y.} 3.5 — T
Wymiar fraktalny
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Rysunek P.5(a) Wizualizacja3D wygenerowanego numerycznie agregatiktalnego (parametr
D; =1.50, n, =25, R,/ r,=6.27) oraz powstawanie syntetycznego obrazM, (b) Analiza TEM
eksperymentalnych prébekgregatéw sadzy (diesel soot)ozktad wielkdci znormalizowaneg
promienia bezwladrioi orez estymacja wymiaru fraktalnego z wykorzystan metod MBR i MB(

(Wozniak et al. 2012b).

Rysunek P.Gorzedstawia wniki pomiarow eksperymentalnych probeagregatéw sad. z
wykorzystaniem algorytmo\MBR i MBC. W analizie MBR wart& srednia, mediana ore
odchylenia standardow®, zostaty wyznaczone dla mniejszych prziatbw o szerokéci
pasmalog(Rg / rp) =+0.05 W celuoszacowania warfei sredniejrozwazono dwa przypad:
brano pod uwagwszystkie agregaty lub tylko te, ktore spetnigatazenie D, <3 (punkty
poza danym obszarem byhaktowane jako lgly metody MBC)

Na podstawie przedstawiorh wynikdw mana wycihgnaé¢ kilka waznych wnioskow. Przed
wszystkim, dla matych agnatév (Iog(Rg/ rp)s0.4) srednia warté¢ wymiaru fraktalnegc
rosnie ze spadkiem warol R, /r,. Przyktadowo, dlalog(R, /1,)=0 uzyskano D, = 2.05
oraz D, =2.55w zaleznosci tego czy braneyty pod uwag wszystkie pukty pomiarowe cz:
tylko te spetniajce zataenie D, <3. Podobnazaleznos¢ byta zauwzona przy analizi
z wykorzystaniem algorytm MBR. Dlasrednich i duych agregatéw, rsunek P.6 pokazuj
ze wykorzystugc algorytm WBC nie uzyskancgednakstatej wartéci wymiaru fraktalnegc
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D, =1.66+ 0.0¢ dla log(R, /r,)>0.4 oszacowanej wcime] jako srednia z wszystkich
pomiarow.

w
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Rysunek P.6. Algorytm MBC i pasmowy MBR zastosowvatio prébek eksperymentalnych:
poréwnanie zmian w wymiarze fraktalnym w funkcjiozmalizowanego promienia bezwladob

Na podstawie przedstawionych pomiaréw i symula@uvaono, ze algorytm MBC
zapewnia mniej zaszumignestymacgj zmian wymiaru fraktalnego w funkcji wielkoi
agregatow, dafp rownoczeénie kryterium do odrzucenia agregatow nie spedoigih
wymogow samopodobistwa. Stosujc t¢ metod uzyskano sredni wymiar fraktalny
W probce sadzy znacznie mniejszyD,(=1.66+ 0.02) niz w klasycznej analizie
(D, =1.88+ 0.02)

Rozdziat 4: Teorie i modele rozproszenidawiatta

Rozdziat 4 stanowi przegld teorii i metod wykorzystywanych do wyznaczaniapraszenia
Swiatta przez rénego rodzaju cwtki. W szczegOllni skupiono s na algorytmach
pozwalajcych wyznaczenie charakterystyk rozproszémimtta przez agregaty nanastek.
Przedstawiono zatem teeriLorenza-Mie oraz oparte na teorii Rayleigha apyoiacie,
ti. RGD i RDG-FA. W ostatniej e&ci rozdzialu 4 oméwiono teariT-Matrix oraz pokazano
przyktadowe wyniki uzyskane z jej wykorzystaniem.

Teoria Lorenza-Mie (LMT)

Teoria LMT jest jedn z najpopularniejszych teorii rozproszesisiatta. Czsto stosowana
jest jako rozwgzanie referencyjne podczas tworzenia nowych teaqiroksymaciji. W celu
wyznaczenia rozproszendaiatta przez sferyczp izotropovg, homogeniczy czastke, LMT
wykorzystuje metogl separacji zmiennych w sferycznym uktadzie wsgahgch. Teoria ta
moze by uzywana w celu opisu rozproszerdwiatta przez czstki wykonane z rinych
materiatdbw, o rénej wielkasci i dla bardzo szerokiego zakresu disgopadajcej fali
swietlnej. Najwekszym ograniczeniem jest ksztatystek, ktory mae by¢ tylko sferyczny.
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Teoria Rayleigha

Zaktada,ze homogeniczna i izotropowaagstka sferyczna, ktorej pronfigest dio mniejszy
od dtugdci padagcej fali swietinej, mae by traktowana jako oscylagy dipol generujcy
fale elektromagnetyczne w oklenym kierunku. Warunki stosowalém teorii Rayleigha
wyrazaja nastpujgce zalenosci (Bohren and Huffman 1998; Xu 2002k, <1 oraz
|mp| x, <1, gdzie x, = 27rr | A oraz m wyrazaja odpowiednio parametr Mie oraz zespolony
wspotczynnik zatamanigwiatta danej cgstki.

Teoria Rayleigha-Gansa-Debyea (RGD)

Teoria RGD jest rozwigciem teorii Rayleigha poszeraej mazliwosci jej stosowania.
Powstata w celu opisu uktadow, w ktorychastki 3 na tyle due, ze nie mog by¢
traktowane jako pojedyncze dipolezdk jednak czsteczka spetnia warunki wyrane przez
nastpujace réwnania: (Bohren and Huffman 1998); -1/ < 1 kd, |, -1 <1 (w ktérychd,
okresla srednic czgstki a k=277/ A jest tzw. liczba falow), to maze by analizowana jako
zbior pojedynczych dipoli i po uwzglnieniu elementu okéjacego przesugcie fazowe,
rozproszenigwiatta da st opisa& za pomog relatywnie prostych zateosci. Najwickszy
zalety teorii RGD jest mgliwos¢ wyznaczania diagraméw rozproszenia oraz profili
ekstynkcji w bardzo krétkim czasie. Dla matychystek w poréwnaniu do diugo padajcej

fali swietinej ekstynkcja wynika gtownie z absorpaj (,,, 0 r? orazc, ., 0 r°).

p.sca

Teoria Rayleigha-Debya-Gansa dla agregatéw fraktain(RDG-FA)

Teoria RDG-FA stanowi rozszerzenie teorii RGD ufivaajgce analiz agregatow
nanocastek. ldea I#gca u podstaw teorii RDG-FA zaktadee do analizy agregatéw nie jest
konieczna znajomié potozenia wszystkich monomeréw. Parametry agregatuw@sane
w sposob ,globalny” za pomagarametréw fraktalnych takich jak , k, , R, n, orazr, .

Zgodnie z aproksymagj RDG-FA natzenie swiatta rozproszonego w funkcji gta
rozproszeniad, maze zostéd wyznaczone dla prostopadtej i réwnolegtej polagjizéwiatta
jako (Dobbins and Megaridis 1991):

o (8)=n2l , (6)f (q,Rg, Df) @

(P.4)
I, (6)=1,.(8)cos 6 (

gdzie | (¢) wyraza rozproszenigwiatta dla pojedynczej @stki sferycznej wedtug teorii
Rayleigha. Funkcjaf(q,Rg,Df) w zalenosci od analizowanego obszaru (Dobbins and
Megaridis 1991), (tj. (a) w obszarze Guiniera (dtetych ktoéw rozproszenia) oraz
(b) w obszarze fraktalnym (dla Zdgch katéw rozproszenia)) dana jest rownaniem:

_od IR .
f(q,Rg,Df)—ex;{ 3 J of B < 1.9 (obszar Guiniera) (a) ©5)

f(q, R, Df)=(q2 FSZ)_DMZ, d B> 150 (obszar fraktalny) (b)
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gdzie g jest amplitug wektora rozproszenia opispaaleznoscia q=ksin(6/2), w ktorej k

i @& oznaczajc odpowiednio liczb falowg i kat rozproszenia. Catkowita absorpcja,
rozproszenie i ekstynkcj@wiatta dla agregatu zawiesgpego n, czstek § opisane
nastpujaca zaleznoscia:

Ca, abs =n pC p abs (
Coeea=C, oG k Ry D) b (P.6)
Ca,ext = Ca abs+ C a sca (C

gdzie C .. oraz C, ., S absorpg i rozproszeniem pojedynczej gstki, a funkcja

G (k R, D,) jest dla agregatow fraktalnych wyoma jako (Dobbins and Megaridis 1991):

., 4 -D;/2
G(k,%,q)_(l . kngJ . (P.7)

W niniejszej pracy przeprowadzono symulacje élajgce stosowaln& teorii RDG-FA dla

réznych przypadkéw przyjmag wyniki uzyskane w symulacjach T-Matrix zaodto
odniesienia. Jako przykiad uzyskanych wynikow, neuP.7 przedstawiadat aproksymacii
RDG-FA absorpcjiswiatta wzgkdem metody T-Matrix przez agregaty fraktalme =1.80
dla renej wartgci parametru Mie ) i roznej liczby czstek w agregacie: (ah, =16,
(b) n, =64 and (c)n, =256monomerow. Parametr Mie iwspodtczynnik zatamaswaatta
zmieniaj si¢ wedtug nasfpujacych zalgnosci x,=0.01-1.0C, |h, -1=0.1- 2.0 (gdzie
m, = m, + ik orazm =k, +1).

2.0

1.6 H 5
= 1.2F - 9
2§. 08 - - E
04} - .

01 03 05 07 0.9 01 03 05 07 09 A : 05 0.7

8 X, X,
| (1) e <10% 10% < & <30% [B)Y] £=30%

(a) (b) (c)
Rysunek P.7. Bd aproksymacji RDG-FA absorpcfiwiatta wzgkdem metody T-Matrix przez
agregaty fraktalneD, =1.80 dla r&nej wartdci parametru Mie k) i réznej liczby castek
w agregacie.

Teoria (metoda) T-Matrix

Rozwigzanie T-Matrix wprowadzone przez Watermana (Waterrh865) do wyznaczenia
wiasciwosci swiatta rozproszonego przezze czstki jest rownie zwane metogl zerowego
pola (null-field method). (Mishchenko et al. 19%ophren and Huffman 1998, Auger et al.
2007). Teoria T-Matrix polega na beZpadnim rozwiyzaniu rowna falowych Maxwella,
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dzieki czemu wyniki otrzymane przy jej pomocy siznawane za dokfadne. T-Matrix
umazliwia badanie rozproszeniawiatta zarowno na esteczkach o bardzo zmiicowanym
ksztalcie. Najwkszy zalet rozwigzania jest niezalmo$¢ elementow macierzylT od
padajce] i rozproszonej faliswietlnej, a jedynie ich powranie z parametrami
analizowanych cgstek: ksztattem, parametrem Mie, wspoétczynnikietamaniaswiatta oraz
orientacy czastek w przestrzeni. Pozwala to na wyznaczenie mac@zefcia T jedynie raz
dla danego zagadnienia, a rpasie wykorzystanie dla dowolnych gtéw padania
I rozproszenigwiatta.

W literaturze dospne g rézne kody wykonane w oparciu o algorytm T-Matrix. \iigjszej
pracy wykorzystano oprogramowanie napisane ¢aylu Fortran przez M&owskiego

i Mischenko (Mackowski and Mishchenko 1996) dpsie na stronie internetowej Goddard
Institute for Space Studies NASA (Mishchenko e8ll12). W celu przyspieszenia symulaciji
kod ten zostat zrownoleglony z wykorzystaniem protakMPI i byt wykorzystywany na
klastrze obliczeniowym dogtnym w laboratorium IUSTI.

Wykorzystupc oprogramowanie T-Matrix nioa wyznacz§ diagramy rozproszenia,
calkowite rozproszenie, absorpcj ekstynkcg swiatta, jak rownie parametry$wiatta
rozproszonego przez pojedynczeastki wchodzce w sktad agregatow. Jako przyktad,
rysunek P.8 przedstawia ekstynkgjiatta dla pojedynczych monomeréw w ptaszorg
przekroju agregatu Buckyball zawiefe¢go n, =252 monomerow na powierzchni,
wypetnionego uktadem heksagonalnym (catkowita liczlq,. =509) o promieniu
r, =40.5nm dla dtugdci fali padajcej (a) A =300nm, (b) A =400nm, (c) A =500nm.

.......

........
.......

(b) (c)
Rysunek P.8. Znormalizowana ekstynkcja pojedynczyobnomeréw w ptaszczyie przekroju
agregatu Buckyball zawiergjego n, =252 monomerow na powierzchni wypetnionego uktadem
heksagonalnym monomerdw (catkowita liczba monomverg, . =509) 0 promieniur, =40.5nm
dla dtugdci fali padajcej (a) A=300nm, (b) A=400nm, (c) A=500nm; érednica zewetrzna
d,.=783nm.

Rozdziat 5: Analiza diagramoOw rozproszenia

Rozdziat 5 omawia wykorzystanie diagramow rozprogz&wiatta w funkcji amplitudy
wektora rozproszenigwiatta q (zwanych w literaturze Optycznymi Wspotczynnikami
Struktury, OSF) do wyznaczenia parametrow agregatd pracy wprowadzono dwa
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algorytmy umaliwiajace wyznaczenie wymiaru fraktalnegp, w oparciu o nachylenie
charakterystyki w obszarze fraktalnym OSF (Mrocstaal. 2012). Promie bezwiadnéci
agregatowr, oszacowano za ponalgorytmu wykorzystujcego tzw. analig Guiniera.

Pierwszy z opracowanych algorytmow, nazwany SSEdi$e Slope Estimation) z uwagi ha
analiz drugiej czsci obszaru fraktalnego (dla gkszych ktow rozproszenia) oparty jest
na zal@geniu podanym przez Sorensena (Sorensen 2001) goywi ze spadek natenia

w obszarze fraktalnym OSF réwny jest liczbowo wyrovei fraktalnemu agregatu gdy
spetnione jest zaienie grR, >5. Algorytm ten mae by zatem stosowany jedynie dla
stosunkowo diych agregatéw o diych wartgciach parametru Mie. Jego dziatanie polega na
zastosowaniu regresji liniowej dla punktow OSF sf@gdcych podane kryterium.

Drugi z opracowanych algorytmow, nazwany FSE (F8kipe Estimation) z uwagi na
analiz pierwszej cgsci obszaru fraktalnego OSF unligvia pomiary agregatow niezaieie
od wartdci R, oraz promienia pojedynczych monomerdyy. Wymaga on jednak
zastosowania bardziej zlonej metody poszukiwania prostej najlepiej dopasmyao OSF
w obszarze fraktalnym oraz krzywych kalibracyjnyldtzacych oszacowane nachylenie
charakterystyki i rzeczywistym wymiarem fraktalnym.

Na rysunku P.9 (a) przedstawiono przyktadowe wymikznaczania promienia bezwtadieo
agregatow za pomega@nalizy Guiniera. Rysunek P.9 (b) przedstawia wg¥stanie algorytm
FSE do automatycznego wyznaczenia wymiaru frakgarezaszumionych OSF. Parametry
agregatow: cgsteczki sadzyp, =1.40- 2.80, n, =500.
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Rysunek P.9. (a) Wyznaczanie promienia bezwlédnagregatow za pomegcanalizy Guiniera,
(b) algorytm FSE z krzywymi kalibracyjnymi: autorpetnie wyznaczony wymiar fraktalny z
zaszumionych OSF. Parametry: agregaty sadzy o wyenfeaktalnym 1.40 do 2.80 oraz statej liczbie
500 monomeréw (Mroczka et al. 2012).

W drugiej czsci niniejszego rozdzialu skupiono ¢sina problemie zaniedbywanym
w literaturze: wptywie pojedynczych monomerow, ktdrie ulegly agregaciji, a znajgdugic

w ukfadzie pomiarowym na dokfadsto pomiarow z wykorzystaniem OSF. Przyktadowo,
stosunek pojedynczych monomerow do monomerow wgagre sadzy o, =50 i D, =1.80
rowny 1:1 powoduje niedoszacowanie waxtowymiaru fraktalnego o ok. 25%.
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Rozdziat 6: Spektrometria Ekstynkcji Swiatta (LES)

Z powodow historycznych metoda pomiarowa opisanaymv rozdziale bywa nazywana
turbidymetra. Niemniej jednak jest ona tutaj nazwana SpektrameEkstynkcji Swiatta
(Light Extinction Spectrometry, LES) z uwagi na damentala analog¢ do powszechnie
stosowanej spektrometrii absorpéwiatta (Light Absorption Spectrometry). Spektometri
absorpcjiswiatta wykorzystuje absorpgjmolekularm czastek, podczas gdy LES ekstynkcj
(absorpgj | rozproszeniejwiatta.

Zasada dziatania LES polega na analizie catkowdletynkcji (ostabienia)wiatta po
przegciu przez badany uktad gztek dwietlony przez skolimowani polichromatyczn
wigzke promieniowania elektromagnetycznego (Onofri et28110b). Dlatego tetechnika
ta wymaga, aby wrka o nagzeniu 1,(4) i diugdciach fali A przebiegata przez chraur
czgsteczek (monomerdw, agregatow, itp.) ktére chcemmgalizowa&. Nakzenie
promieniowania po przé&giu przez érodek I(A) jest zbierane przez uktad optyczny,
a nasgpnie analizowane przez spektrometrzelie zjawisko wielokrotnego odbicia jest
pomijalnie mate (np. (Xu 2007)), transmitancjaz¥i jest dana rownaniem:

T(A)=T(A)11,(4)=exp(<L) (P.8)
gdzie L jest dlugéria drogi optycznej przez chmgrczastek oraz T=Cn(_3p,exl okrga
turbidymetre medium. C__, jest wielkiria catkows, ktora wyraa sredni ekstynkcg
czgstek (Onofri et al. 2009) orag,  jest koncentracgastek. Jeeli Q, ., to efektywnéc
ekstynkcji (zwana rownie wspoétczynnikiem ekstynkcji) pojedynczejasteczki sferycznej
opisanej przez jej promied, i wspotczynnik zatamaniawiatta m , to mamy:

—~ dp,max ~ ndz
cp‘em:jdpm Qued(d, M) J> f(d) dd, (P.9)

Procedura inwersji numerycznej jest naimejsz czescig techniki LES. Wymaga ona
dyskretyzacji rownania transmitancjfrodka (Onofri et al. 2009) oraz minimalizacjizric
pomiedzy transmitangj mierzory eksperymentalnie i przewidzignumerycznie. Problem ten
moze zosta wyrazony matematycznie przez rownanie (P.9), zwane evalitirze rownaniem
catkowym Fredholma pierwszego rodzaju (Hansen 1994)

Jezeli zmierzona transmitancja przedstawiona zostenostaci dyskretnej jako wektdar
ktérego elementyT ~ odpowiadajtransmitancji wizki dla dtugdci fali swietinej A ,
a obgtosciowy rozktad wielkdci czastek wyrazimy jakoV ; to aby znale v, musi zosta
rozwiagzane nasgpujace liniowe réwnanie algebraiczneT=SV, w ktérym S jest
wyznaczoy numerycznie maciefz ekstynkcji. Rozwizanie omawianego problem
odwrotnego sprowadzaesilo minimalizacji nagpujacej wielkaci:

(TS #yH)V -sTT["

2-LSQ

Min
V>0

: (P.10)

ktére mae zosta znalezione z wykorzystaniem zych narzdzi numerycznych,
w szczegOlngci srodowiska MATLAB.
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Wyniki symulacyjne

Przeprowadzone w pracy badania symulacyjne dotycolreslenia wpltywu wymiaru
fraktalnego, promienia bezwladitd oraz wspoiczynnika zatamaniéwiatta badanych
agregatow na zmiany widma absorpcji, ekstynkcjiozproszeniaswiatta, jak réwnie
transmitancje @odka. Uzyskane wyniki pokazyjze LES nie jest bardzo wiiwa na
zmiany wymiaru fraktalnego, lecz jedynie na catkigwiielkos¢ agregatow.

LES mae by wykorzystywana przy koncentracji gstek w zakresielx10®-5x10° oraz

objetosci 5x10° —5x10° (parametry oszacowane dla agregatéw dwutlenizenku oraz
dtugcéci komory pomiarowej 1 m).

Wyniki eksperymentalne

Badania eksperymentalne technikES przedstawione w niniejszej pracy zostaty wykmm
dla agregatow Buckyballs dwutlenku krzemu oraz vemifu, jak rownie dla agregatow
nanocastek w zanieczyszczonej plazmie.

Pierwsz grupm czastek analizowanw niniejszej pracy byty tzw. agregaty Buckybafg.one
wytwarzane za poma@crozpylania i osuszania mikrokropelek zawigegch roztwory
koloidalne krzemionki o rnym stzeniu i r&nej wielkaci pojedynczych monomerow,
(r, =15.7nm, r, =33.6nm Oraz r, =40.5nm. Rysunek P.10 przedstawia porownanie analizy
LES i TEM (tj. przeprowadzonej w oparciu o gclp z mikroskopii transmisyjnej) (Barbosa
et al. 2012). Jak mma zauway¢ wyniki LES w znacznym stopniu pokrywajsie

z pomiarami TEM.
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Rysunek P.10. Porownanie analizy TEM i LES aerozphwierajcego agregaty nanagstek
dwutlenku krzemu: (a) oéijosciowy rozktad wielkdci oraz (b) liczbowy rozktad wielléai.
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Druga grupm czastek analizowanw niniejszej pracy byly agregaty wolframu. Badamaty
na celu sprawdzenie wptywu blisko przeszkéd na pomiary LES, jak réwhni@ma jej
zdolngici do analizy wielkéci czastek w plazmie, w szczegokw w reaktorze ITER.
Badane agregaty zostat wygenerowane z wykorzystam@dno-alkoholowego roztworu
sferycznych nanogstek wolframu. W ukitadzie pomiarowym dodatkowo ztalmvano
poprzeczn ptytke metalows mapca na celu sprawdzenie wplywwssedztwa przeszkody
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(wall proximity) na pomiary LES. Dodatkowo, w cekeryfikacji wptywu fali uderzeniowej
oraz emisji szerokopasmowej generowanej przez rmaettmyszczenia laserem zyio

impulsowego lasera5ns, 25Hz) o wysokiej mocy (Nd:YAG,110mJ, A=532nm) do

generowania plazmy (Onofri et al. 2011a; Onofiale2012b).

2501 ° Punkty pomiarowe (model DLA) ' ‘ — (a) Liczba agregatow Wart. statystyezne: | SEM LES
R,.=8,*aR +aR *+aR “+aR * g g D, [nm] 453 529 |1
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Rysunek P.11. Przyktadowa krzywa kalibracyjna goardwnanie rozktadow wielkai agregatow
wyznaczonych z wykorzystaniem techniki SEM | LES.

Na podstawie przeprowadzonych pomiaréw stwierdzamotechnika LES dziala bardzo
efektywnie w gsiedztwie przeszkdd (nawet w przypadku blokowantadyfrakcji ok. 80%
energii wazki pomiarowej) orazze jest odporna na efekty zgane z emigj plazmy.
Podczas pomiaréw naidejedynie zwroat uwag: na widmo lasera, ktore musi zostasungte

z catkowitego widma analizowanego przez spektromeed wykonaniem inwersji. Rysunek
P.11 przedstawia dwa typowe wyniki pomiaréw: (a) etyoznie wygenerowane obrazy
SEM agregatow odpowiadagych tym na stanowisku pomiarowym, oraz (b) poravi@a
rozktadow wielkdci agregatow uzyskanych za poma@mnalizy LES i SEM.
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Rysunek P.12. LES: zmiana rozmiarugstek oraz ich koncentracji podczas niskoi@niowego
wytadowania argonowo-silanowego.

Trzech grup agregatow analizowgnw niniejszej pracy byty esteczki ulegajce agregacii
w zanieczyszczonej plazmie. Rysunek P.12 (a) ptaeds zdgcie TEM przykiadowych
agregatow powstagych podczas niskagiieniowego wytadowania w plazmie argonowo-
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silanowej. Na rysunku przedstawiono rowniamiany koncentracji oraz rozktadu wieficd
agregatow w funkcji czasu. Analizgj uzyskane wyniki stwierdzono # zgodndé
pomikdzy pomiarami TEM i LES. Ponadto wykazate, niniejsza technika pomiarowa jest
bardzo czuta na niedokladitookreslenia wspétczynnika zatamaniaviatta analizowanych
agregatow (Onofri et al. 2011b).

Rozdziat 7: Podsumowanie i wnioski

W niniejszej pracy przedstawiono zre rozwjzania mace na celu analiz rozkladu
wielkosci oraz sg¢zenia agregatow nanogstek z wykorzystaniem technik rozproszenia
swiatta. Do opisu morfologii agregatéw wykorzystanmdel fraktalny oraz tzw. model
Buckyballs. Ponadto w celu pomiaréw referencyjnympracowano algorytmy i modele
umazliwiajgce doktadn analiz agregatow w oparciu o zja TEM.

Dodatkowo, opracowano algorytmy ustiviajace analiz diagraméw rozproszenia w funkgcji
amplitudy wektora rozproszenig. Przeprowadzono rowniesymulacje majce na celu
okreslenie wptywu pojedynczych monomerdw, ktére nie tteggregaciji, a znajdyj Si

w ukfadzie pomiarowym na dokflad§touzyskiwanych wynikow.

Opracowana zostata technika pomiarowa LES. Polegana analizie catkowitej ekstynkcji
Swiatta po przejciu przez badany uktad gztek Gwietlony polichromatyczip wigzke
promieniowania elektromagnetycznego. Walidacja ekgpentalna zostata przeprowadzona
dla r&nych aerozoli zawierggych agregaty krzemionki i wolframu oraz dlagsiek
ulegapcych agregacji w zanieczyszczonej plazmie.

Perspektywy dalszego rozwoju przeprowadzonych barkkiadag udoskonalenie metod
inwersji zastosowanych w technice LES, w szczed@inaplikacg réznych metod
regularyzacji odwracanych numerycznie macierzy (ldand994). Ponadto planuje¢si
wykorzystanie Dyskretnej Aproksymacji Dipolowej @orete Dipole Approximation, DDA)
do wyznaczenia charakteryst§liatta rozproszonego przez agregaty nansiek.

Stowa kluczowe:

nanocasteczki, agregaty fraktalne, multifraktalne, rozpmse s$wiatta, diagramy
rozproszenia, ekstynkcja, Spektrometria Ekstynk§yiiatta, LES, T-Matrix, problem
odwrotny, TEM, aerozol, roztwor koloidalny, plazni@ER.
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SHORT ABSTRACT AND KEYWORDS

This Ph.D. work provides and evaluates various temiae to characterize, with
optical/electromagnetic methods nanoparticles agdremates of nanoparticles found in
suspensions, aerosols and dusty plasmas. Two madelshare introduced to describe the
morphology of particle aggregates with fractal-Ifer particles in plasmas and combustion
systems) and Buckyballs-like (aerosols, suspensghmepes. In addition, the author proposes
various solutions and methods (T-Matrix, Rayleighet approximations) to calculate the
scattering diagrams (optical structure factors)frattal aggregates as well as algorithms
to inverse extinction spectra. As a reference faséhe performed analysis, several tools to
describe the morphology of fractal aggregates fedettron microscopy images have been
also developed. The experimental validation carriedt with the Light Extinction
Spectrometry (LES) technique (for nano silica beddagsten, dusty plasma and silicon
aggregates) clearly proves the validity of the atgms developed as well as the potential of
the LES technique.

Keywords:

nanoparticles, fractal aggregates, multifractalsckiballs, light scattering, scattering
diagrams, extinction, Light Extinction SpectromettfeS, T-Matrix, inverse problem, TEM,
aerosols, colloidal suspensions, dusty plasma, ITER
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