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The in situ optical characterization of smokes composed of soot particles relies on light
extinction, angular static light scattering (SLS), or laser induced incandescence (LII). These
measurements are usually interpreted by using the Rayleigh-Debye-Gans theory for
Fractal Aggregates (RDG-FA). RDG-FA is simple to use but it completely neglects the
impact of multiple scattering (MS) within soot aggregates. In this paper, based on a scaling
approach that takes into account MS effects, an extended form of the RDG-FA theory is
proposed in order to take into account these effects. The parameters of this extended
theory and their dependency on the number of primary sphere inside the aggregate
(1 <N, <1006) and on the wavelength (266 nm < 1 < 1064 nm) are evaluated thanks to
rigorous calculations based on discrete dipole approximation (DDA) and generalized
multi-sphere Mie-solution (GMM) calculations. This study shows that size determination
by SLS is not distorted by MS effect. On the contrary, it is shown that fractal dimension can
be misinterpreted by light scattering experiments, especially at short wavelengths. MS
effects should be taken into account for the interpretation of absorption measurements
that are involved in LII or extinction measurements.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction/theoretical background

Soot particles are well known for their toxicological
impact due to their ultrafine size and content in carcino-
genic molecules (PAH) [1] and for their strong influence on
global warming [2]. These particles appear as aggregates
composed of primary spheres with optical properties
similar to the graphitic carbon. Their specific spatial layout
permits to establish a fractal like behavior, i.e., a power
law relationship between the aggregate mass m and its
gyration radius R, [3-6]
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In this equation, N, is the number of primary spheres in the
aggregate and D,, is the diameter of the primary spheres, Dy
and kf are respectively the fractal dimension and prefactor
which permit to define the aggregates morphological
properties. There is a rise in the use of optical diagnostics
for in situ characterization of soot particles. Indeed, mea-
surement of light extinction by soot particles is often
considered as a reliable and convenient way to determine
soot volume fraction. Laser induced incandescence (LII) has
also been widely used to measure soot volume fraction in
many applications or to evaluate the wavelength depen-
dence of soot radiative properties [7,8]. However, light
extinction yields no soot particle size information and LII
is potentially able to provide primary soot particle size
information, but not aggregate size or soot morphology.
Angular light scattering is usually used to determine the
particle size or fractal dimension Dy (morphological para-
meter) with the help of the Rayleigh-Debye-Gans theory
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for fractal aggregates (RDG-FA) [9-11]. The RDG-FA theory
predicts that light absorption is proportional to the number
of primary spheres in the aggregates (proportional to the
particle volume) and the light scattering to Nﬁ [12,13]:
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In these equations CS,, Ci, and dCj,/de are respectively
the aggregate absorption, total scattering and angular
scattering for vertical-vertical polarization cross sections.
E and F are the absorption and scattering functions depend-
ing on the optical index m, 4 is the wavelength of the
incident light source and ¢ is the scattering angle. Different
expressions of the g and f functions can be found in the
literature [14] including the ones defined by Dobbins and
Megaridis [12]:
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The f function permits the description of the angular
dependency of the scattered intensity by fractal aggregates
and is of key importance for the determination of the
particle size or fractal dimension by the angle resolved
light scattering method.

The simplicity of the RDG-FA theory comes from
several important hypotheses that are made in the devel-
opment of this theory. The first one requires that primary
spheres are in the Rayleigh limit, implying that the optical
index and the primary sphere size have to be such that the
phase shift hypothesis [m—1|<1 and 2x,|m—1| <1 is satis-
fied and x,<1 [15]. Second, each primary sphere is sup-
posed to be exposed to the incident light source and
multiple scattering inside the aggregate is assumed negli-
gible. Indeed, by neglecting internal multiple scattering,
the structure factor f can be derived numerically from the
knowledge of the autocorrelation function by applying
Fourier transform [16].

Despite these important hypotheses, many studies deal-
ing with the optical characterization of soot aggregates
employed the RDG-FA theory to interpret the detected light
scattering signals. This was supported by several numerical
studies that evaluated the accuracy of RDG-FA [13,17-20]
and experiments that showed that the RDG-FA theory
appears to be reasonably reliable relative to the experi-
mental uncertainties [21-23]. Nevertheless, several studies
have demonstrated that the RDG-FA theory often give rise
to 10-30% error in the prediction of soot absorption and
scattering properties [14,18-20,24]. Because of the complex

morphology of these particles, the accurate evaluation of
their radiative properties is difficult and time consuming
[25]. Interpretation or inversion of optical data by the use of
look up tables generated using numerical results from exact
numerical approaches is impractical since the number of
parameters involved is too large (primary sphere diameter
Dy, fractal dimension Dy and prefactor k; wavelength 4, soot
size distribution, optical index m). For these reasons, it is
highly desirable to employ a simple yet accurate theory,
naturally an extended RDG-FA theory based on extensive
accurate numerical results, in the interpretation of the
detected angle resolved scattering signals or extinction
measurements to infer morphological parameters and soot
concentrations.

The role played by MS on the scattered intensity was
considered negligible for D; < 2 by Berry and Percival [26]
and important (within 10%) “when parameters appropriate
to soot are used” following the results of Nelson [27]. The
same order of magnitude of MS effects was found by di
Stasio and Massoli [28]. Chen et al. [17] also shown by a
numerical study that MS can alter the magnitude of the
scattered intensity but not the slope of the structure factor
in the power law regime. This is in agreement with the
experimental observations by Cai et al. [29] who compared
Dy determined by angular light scattering and by TEM
analysis. They found similar results; however, they also
recognized that a possible difference between the two
methods could exist, though the difference cannot be
clearly distinguished due to the different uncertainties in
the two methods and the small size of the considered
aggregates. Nevertheless, a shift between the theoretical Dy
(RDG-FA) and the one deduced from accurate numerical
light scattering results has been observed by Brasil et al.
[30], by Farias et al. [31] who considered a “possible artifact
of the computer-simulated aggregates” and also by Yon et al.
[20] who attributed that effect to MS. This effect is
illustrated in Fig. 1 by comparing the structure factor f
determined by the rigorous numerical calculations using
DDA approach (described in the next section) shown in
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Fig.1. Comparison between rigorous calculations (DDSCAT, black dots) of
aggregate structure factor f=1I,,(6) /Nﬁ (x;3 /k2 )F(m) and prediction by
RDG-FA theory (solid red lines) at =266 nm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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