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ABSTRACT

The effects of prefactor on the optical properties of
numerically generated fractal soot aggregates were investigated
using the numerically exact generalized multi-sphere Mie-
solution method (GMM) and the approximate Rayleigh-Debye-
Gans (RDG) theory. The numerically generated fractal
aggregates consist of 50 to 400 primary particles of 30 nm in
diameter. The considered incident laser wavelength is 266 nm.
Attention is paid to the effect of prefactor on the vertical-
vertical differential scattering cross section, since such quantity
has often been used to infer the fractal dimension and prefactor
based on the RDG formulation. The fractal prefactor affects the
optical properties of the numerically generated soot aggregates
through its influence on the compactness of the structure. Using
GMM to calculate the optical properties of the numerically
generated aggregates results in a lower aggregate absorption
cross section, but a higher total scattering cross section with
increasing the prefactor. The difference between the RDG
results and those of GMM is primarily caused by multiple
scattering and such effect is found significant, especially for the
higher value of prefactor considered. The fractal dimension
derived from the GMM non-dimensional differential scattering
cross section agrees well with the morphological value in the
case of the lower prefactor of 1.3 considered; however, the
derived fractal dimension is much higher than the
morphological value for fractal soot aggregates with a prefactor
of 2.3. The light scattering derived prefactor is in general lower
than the morphological value, especially when the
morphological prefactor is higher.

Keywords: Light scattering, Fractal aggregate, Multiple
Scattering, RDG Approximation, Generalized Mie-solution

INTRODUCTION

Aggregates consisting of nano-sized small spherical
particles (hereafter called primary particles) are produced in
many practical applications, such as soot aggregates from
engines and combustors. The formation of aggregates is a result
of particle aggregation. These aggregates can often be
considered as mass fractals whose structure can be described
by the statistical scaling law (see Eq. 1 below), namely the
radius of gyration is related to the primary particle radius, the
number of primary particles in the aggregate (hereafter termed
the aggregate size), the fractal dimension and the fractal
prefactor. The optical properties of fractal aggregates are of
great interest and importance for various reasons, such as for
accurate calculations of thermal radiative transfer in sooting
flames and accurate measurements of particle concentration
and morphology using optical diagnostics. For combustion
generated soot measurements, the conventional techniques
include light extinction and soot thermal emission in the visible
and near infrared. The more recently developed approaches
include the laser-induced incandescence (LII), laser scattering
(LS), or a combination of LII/LS. The accuracy of these
techniques is largely determined by our knowledge of the
optical properties of fractal soot aggregates.

Owing to the complex structure of fractal aggregates their
optical properties cannot be described by the classical Mie
theory for spherical particles [1,2], but can be reasonably
predicted by the relatively simple Rayleigh-Debye-Gans
(RDG) approximation [3,4]. The RDG approximation has been
commonly used to interpret the experimental results in LS
experiments to infer the morphological parameters of soot and
other fractal aggregates. The validity of the RDG
approximation has been investigated in several studies, e.g.
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[4,5], and these numerical simulations suggest that the RDG
approximation, which neglects the multiple scattering within
the aggregate, underestimates the aggregate absorption cross
section by up to about 15% and can also lead to poor accuracy
for the aggregate scattering properties under certain conditions
such as large primary particle size parameter and aggregate
size.

Besides the primary particle radius and the aggregate size,
the radius of gyration of the aggregate depends on both the
fractal dimension and the fractal prefactor. Compared to the
fractal dimension, the fractal prefactor has received less
attention [6]. It is worth pointing out that for a given aggregate
size the compactness of the aggregates is dependent on both the
fractal dimension and the prefactor in such a way that an
increase in the value of either of these two parameters results in
a more compact structure, although the effect of fractal
dimension is much stronger, especially for very large
aggregates. Therefore, the optical properties of fractal
aggregates are dependent on both the fractal dimension and the
prefactor. The latter is the concern of the present study.

One of the important results of the RDG approximation for
the optical properties of fractal aggregates is that the fractal
dimension can be recovered from the slope of the non-
dimensional differential scattering cross section in the power-
law regime when plotted against the non-dimensional modulus
of the scattering vector on a log-log scale [6,7]. This result has
been commonly used to infer the fractal dimension of soot
aggregates experimentally using the LS technique, e.g. [7].
However, it was shown by Brasil et al. [6] that the numerically
predicted scattering properties of numerically generated
monodisperse fractal aggregates of known fractal dimension
and prefactor in general do not recover the expected
morphological fractal dimension and prefactor. In their study,
the optical properties of fractal aggregates were calculated
using the integral equations formulation for scattering (IEFS),
which accounts for multiple scattering among primary particles
and is believed to be reasonably accurate for primary particle
size parameters up to 0.4 [6]. It was shown by Brasil et al. [6]
that the fractal dimension recovered from the slope of the non-
dimensional differential scattering cross section in the power-
law regime is in general different from the morphological
fractal dimension. Although the study of Brasil et al. [6] suffers
the drawbacks that there are variations in the morphological
fractal dimension and prefactor among the aggregates
investigated and insufficient orientations (only 16) were used to
conduct orientation averaging, the disagreement revealed in
their study between the fractal dimension recovered from the
predicted differential scattering cross section and the
morphological one can indeed be expected from the fact that
multiple scattering is accounted for in the IEFS calculations,
but absent from the RDG approximation, which serves the
basis for recovering the fractal dimension from the slope of the
differential scattering cross section in the power-law regime.
The study of Brasil et al. [6] also made an attempt to highlight
the importance of fractal prefactor.

The present study was motivated by the lack of adequate
understanding of the effect of multiple scattering on the slope
of the non-dimensional differential scattering cross section in
the power-law regime on a log-log scale. In particular, the
effects of the fractal prefactor on the optical properties of
fractal aggregates and on the extent of multiple scattering were
investigated numerically. The objective of this study is to gain
an improved understanding of the contribution of multiple
scattering to the discrepancy between the morphological fractal
dimension and that inferred from the slope of the non-
dimensional differential scattering cross section in the power-
law regime.

METHODOLOGY
Numerically Generated Fractal Aggregates

For the purpose of the present numerical study, fractal
aggregates of identical fractal dimension but different
prefactors need to be generated. Soot, like many other fractal
objects, is formed by the aggregation of small, nearly identical
and spherical primary particles into complex geometries. This
assumption (primary particles are uniform and identical spheres)
has been commonly made in almost all previous numerical
studies and it was also made here. The fractal-like structure of
such aggregates obey the following statistical scaling law [8]

RO\

A

where N is the number of primary particles within the

aggregate (aggregate size), k¢ and Dy are the prefactor and

fractal dimension, respectively, a is the primary particle radius,
and R, is the radius of gyration defined as [9]

1 N
R’ = ﬁ;(r[ -r'y +d’ )
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where vectors r; and r’ define the position of the centre of ith
primary particle and the centre of the aggregate, respectively.
In this study, fractal aggregates with prescribed values of Dy
and k; were numerically generated using the particle-cluster
aggregation algorithm for small aggregates (up to N = 31) and
cluster-cluster aggregation algorithm for larger aggregates. The
algorithms follow closely those described by Filippov et al. [9]
and the details of our numerical implementation of these
algorithms can be found in [5]. Compared to some other
algorithms based on mimicking the physical processes of
aggregate formation, such as [6,10], which generate aggregates
with a certain variation in the fractal dimension and/or the
fractal prefactor, the method used here offers the advantage that
there is excellent consistency in the fractal parameters (Df and
kr) among the numerically generated aggregates, since Eq. (1)
is strictly satisfied under specified values of Dy and k. As a
result, the fractal aggregates generated using the present
method are suitable for investigating the effect of either Dy or k¢
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on the optical or other properties (such as thermal) of fractal
aggregates.

The following morphological parameters were used in the
generation of all fractal aggregates: Dy = 1.78, a = 15 nm,
which are typical values for flame-generated soot. Two
different values of the prefactor, kr =1.3 and 2.3, were used to
generate aggregates of different compactness. Fractal
aggregates consisting of N = 50, 100, 200, and 400 primary
particles were generated for both prefactors. It is noticed that
for a given set of morphological parameters (a, N, Dy, and k)
there are endless possibilities in the arrangement of individual
primary particles. It has been shown in previous studies, e.g.
[11], that it is important to perform configuration averaging, in
addition to orientation averaging, to achieve more accurate
optical properties of a random-oriented ensemble of
monodisperse aggregates. In this study, at least 10 different
realizations were generated for a given set of morphological
parameters.

To demonstrate the effect of the prefactor on the
compactness of the fractal structure and the variability in the
arrangement of primary particles in aggregates of identical
morphology, several typical aggregate configurations for N =
100 are displayed in Fig. 1. It is evident that the aggregates can
have very different arrangements of individual primary
particles for identical morphological parameters of a, N, Dy,
and kg, compare Figs. 1(a)-1(c) or Figs. 1(d)-1(f). The overall
structure of the aggregates becomes more compact as kg
increases, compare the bottom row figures to the top row ones.
It is expected that both the primary particle size parameter and
the compactness of the fractal structure affect the importance of
multiple scattering.

(a) | ) | © o

)"

Fig. 1 Typical fractal aggregates consisting of N = 100 primary
particles of d, = 30 nm with D¢=1.78. For (a)-(c) k¢= 1.3. For
(d)-() k=23
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Fig. 2 Variation of the radius of gyration with aggregate size N
for two different values of k¢

The effect of the prefactor on the overall appearance or
compactness of an aggregate can also be revealed by examining
the variation of the radius of gyration with k; from Eq. (1). Fig.
2 compares the radii of gyration of different aggregates sizes
for k= 1.3 and 2.3. It is clear that k; affects significantly the
radius of gyration in such a way that it becomes much smaller
as k; increases, especially for large aggregates. A smaller radius
of gyration for given a and N implies that the structure is more
compact.

Besides the statistical scaling relationship, Eq. (1), it is also
expected that the density autocorrelation function of fractal
aggregates have the following functional form [12]

C(r)=Ar""h(r/ &) 4)
where C(r) is the density autocorrelation or two-point density-
density correlation function, r is the distance variable, A is an
appropriate constant, 4 is a cutoff function associated with the
finite size of aggregates, and & is a characteristic length
representing the size of the aggregate. Eq. (4) implies that the
autocorrelation function C(r), when plotted on a log-log scale,
should display a slope of (D¢3) over an intermediate range of r.
It is noticed that although the scaling law, Eq.(1), is satisfied by
all the numerically generated fractal aggregates, there is no
guarantee that the autocorrelation functions of these aggregates
have the correct slope. Therefore, it is important to check this
aspect of the numerically generated aggregates before their
optical properties are calculated, since it is well known that the
autocorrelation function is directly linked to the scattering
behavior of fractal aggregates [9,12].

The autocorrelation function was calculated as the distance
distribution function described by Hasmy et al. [13] and
Filippov et al. [9]. Some typical results of C(r) vs. the non-
dimensional distance 7/dj, are shown in Fig. 3. These results are
averaged over 10 aggregate realizations of identical parameters.
Two observations can be made from Fig. 3. First, all curves
display the correct slope at an intermediate range of r/d,,
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though it is more evident for larger N. Secondly, the
autocorrelation functions for k; = 1.3 are lower at small
distances but higher at larger ones. This is expected since their
structures are more open as shown in Figs. 1 and 2. The results
shown in Fig. 3 confirm that the numerically generated fractal
aggregates indeed satisfy the fractal property given in Eq. (4).
1e+0

c(r)

Fig. 3 Autocorrelation functions for fractal aggregates
generated using the following parameters: a = 15 nm, Dy = 1.78,
ke=1.3 or 2.3. The black and grey curves are for k;=2.3. The
colored curves are for ks=1.3

Generalized Multi-sphere Mie-Solution

In this study GMM was used to calculate the orientation-
averaged radiative properties of the numerically generated
fractal aggregates. GMM is numerically exact and much more
efficient than many other numerical techniques based on an
explicit solution of the Maxwell equations. GMM was
developed by Xu [14,15] based on the framework of the Mie
theory for a single sphere and the addition theorems for
spherical vector wave functions. GMM provides a rigorous and
complete solution to non-overlapping multisphere light
scattering problems and can be readily applied to fractal
aggregates [5,10]. The key steps involved in the development
of GMM include: (a) expansion of the scattered, internal, and
incident electromagnetic fields in terms of vector spherical
functions, (b) formation of a linear equation system through the
boundary condition at each primary particle in the aggregate,
(c) transformation of the waves scattered by an individual
primary particle into the incident waves of the other particles in
the aggregate through the addition theorems for vector
spherical functions, and (d) solution of the linear system of
interactive coefficients. The absorption and scattering cross
sections and the four scattering matrix coefficients are
analytically given by Xu [14,15]. GMM rigorously accounts for

the multiple scattering within the aggregate. However, GMM is
very computationally demanding and memory intensive for
large aggregates containing several hundred primary particles,
especially when the size parameter of primary particle is
relatively large.

RDG theory for fractal aggregates
The RDG theory applied to monodisperse fractal aggregates
has been described in detail in the literature, e.g. [7]. Only the
main results are summarized here. RDG theory is based on the
assumption that primary particles are in the Rayleigh regime,
where the absorption and scattering cross-sections are given as
»_ 47txp3E(m) »_ STC)C;F(WZ) »_ xPGF(m) )
a kZ > s 3k2 ’ w k2
where superscript p denotes primary particle, m is the refractive
index, E(m) = Im((m*-1)/(m*+2)), F(m) = |(m*-1)/(m*+2)*, and
k is the wave number (2n/A). The differential scattering cross
sections of an aggregate of size N for polarized light are given
as

C,(0)=C,,"(0)/cos> 0= N°C,” f(4R,) (6)

where superscript a stands for aggregate, subscripts vv and hh
stand for vertical-vertical and horizontal-horizontal (where the
first symbol is for the incident light and the second is for the
scattered light), ¢ = 2ksin(6/2) is the modulus of scattering vector
and flgR,) is the so-called aggregate form factor, which can be
written in two different expressions in the small angle Guinier
regime and in the large angle power-law regime, e.g. [7], as
f(qR,)=exp(—(¢R,)* /3), Guinier regime 7

f(gR,) =(qR, )", Power-law regime ®)
The boundary between the Guinier and the power-law regimes is
taken as gR, = (1.5D)"* [7]. The total scattering cross-section is
given as [7]

Cw:zza = N2Crmpg(kRg H Dj) (9)
where the aggregate total scattering factor takes the following
expression [7]

g(kR,,D,)=1-2(kR,)* /3, if p=3D,/(8k*R ) =1 (10)

g(kRg,Df)=%(3—3B+2B2)

_(kRP) (3-4p+3B?)
+(2kR,) " (11)
3

12 1-D, /2
[Z—Df _(6—Df)(4—Df.)_3B

1 28 2p? .
(2—Df i-p, "6-p, ) TP<!

The effect of aggregation on aggregate absorption is
completely neglected so that the absorption cross-section in
RDG is simply calculated as

Cahsa = NCahsp (12)
It is expected from Egs. (6) and (8) that the non-dimensional
vertical-vertical differential scattering cross-section from the
RDG theory can be written as
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In deriving the second part of Eq. (13) the radius of gyration
from Eq. (1) is substituted into the first part. Eq. (13) can be
used to recover the fractal dimension Dy and prefactor k¢ once
the aggregate differential scattering cross-section is available
either from experimental measurement or numerical
calculations. Eq. (13) indicates that

a P
log((C,, / NC,,”)/ k) (14)

log(ga)
ie., Dy is the slope of the non-dimensional differential
scattering cross-section vs. ga in the power-law regime on a
log-log scale. k¢ is simply the value of the non-dimensional
differential scattering cross-section at ga = 1 (or equivalently
qd, = 2). It should be pointed out that extrapolation in general
is required since ga = 1 is often not reached.

D, =-

RESULTS AND DISCUSSION

Numerical calculations were conducted for 266 nm
wavelength to achieve a relatively large primary particle size
parameter of x, (nd,/A) = 0.354 so that the power-law regime
can be reached comfortably for a relatively small aggregate size
of 50. However, it is noticed that this value is still quite small
and is considered on the borderline for the RDG approximation
to be valid, which is normally taken as x, < = 0.3. The
refractive index of soot was assumed to be m = 1.6 + 0.6i.
Orientation averaging was achieved numerically in the GMM
calculations by dividing each Euler angle into at least 15 equal-
intervals, giving the total orientations more than 3375. Such
level of orientation averaging is considered adequate based on
previous studies [16], i.e., further division of the three Euler
angles would not significantly affect the orientation averaged
results. It is noticed that this study employed far more
orientations in the orientation averaging than the study of
Brasil et al. [6], where only 16 orientations were considered.
All the GMM results presented below were also averaged over
at least 10 aggregate realizations of identical parameters (a, N,
Dy, k). Such level of realization averaging is considered
adequate based on our recent study [11].

Differential scattering cross-section C,,”

The non-dimensional differential scattering cross sections
C,.%, normalized by NC,,” for k; = 1.3 are compared with those
from RDG in Fig. 4. The vertical dotted lines mark the
boundary between the Guinier and the power-law regimes. The
difference between the GMM and RDG results is small for N =
50 and 100, Figs. 4(a) and 4(b), but becomes more pronounced
for N =200 and 400, Figs. 4(c) and 4(d). It is noticed that the
RDG results recover the morphological fractal dimension and
prefactor, as expected.

The fractal parameters (D and k) recovered from the GMM
results shown in Fig. 4 are compared with those of
morphological ones in Table 1. In this case, where the specified

prefactor is kr = 1.3, the inferred fractal dimensions from the
predicted light scattering properties of different aggregate sizes
are only slightly higher than the specified value of 1.78 and
there is no clear trend for the variation of Dy s with aggregate
size. However, it is evident that k;; s decreases with increasing
the aggregate size. This is attributed to the fact that the GMM
differential scattering cross section becomes increasingly lower
than the RDG one in the power-law regime as N increases
(recall that kgpsis the value of C,,"/(NC,\) at qd, = 2). As
pointed out earlier, RDG neglects multiple scattering among
primary particles within aggregate while GMM fully account
for multiple scattering. Therefore, the deviation of the GMM
results from the RDG ones can be largely attributed to the
effect of multiple scattering. It is well known that multiple
scattering yields less scattering as a result of interference [12].
This explains why GMM results are consistently less than those
of RDG in the entire range of gd,,.

Results shown in Table 1 suggest that in this case (kev =
1.3) the calculated light scattering property can be used to infer
the fractal dimension. However, the inferred prefactor is likely
to be lower than the morphological value.

100 4 (a) N =50

C,’/(N*C )

(b) N=100

C,’/(N*C )

(c) N = 200

C,’/(N*C )

(d) N = 400

C,.’/(N*C )

0.01 0.1 1
q'd,
Fig. 4 Comparison of the non-dimensional differential
scattering cross-sections C,,* calculated by GMM and RDG for
D;=1.78, kg= 1.3, a = 15 nm, and different aggregate size N
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Table 1 Comparison of fractal dimension and prefactor
recovered from the GMM non-dimensional differential
scattering cross section and the corresponding morphological
values for k¢ =1.3.

N kiis Dy1s kim Dim
50 1.346 1.785 1.3 1.78
100 1.196 1.791 1.3 1.78
200 1.105 1.782 1.3 1.78
400 1.019 1.785 1.3 1.78

The non-dimensional vertical-vertical differential scattering
cross sections calculated by GMM for k; = 2.3 are compared
with those from RDG in Fig. 5. Again, the vertical dotted lines
mark the boundary between the Guinier and the power-law
regimes. Compared to the results shown in Fig. 4, two
observations can be readily made. First, the slope of GMM
results in the power-law regime is significantly steeper than
that of RDG for all the aggregate sizes considered. Secondly,
the GMM differential scattering cross sections are more
significantly lower than those of RDG. It is therefore expected
that the recovered fractal dimension and prefactor based on the
GMM results can be quite different from the morphological
values. Table 2 compares the fractal dimension and prefactor
inferred from the GMM scattering results and those of the
morphological ones, which are the same as those inferred from
the RDG results. The fractal dimensions inferred from the
GMM scattering property, Drrs, are significantly larger than the
morphological one. In addition, Dy sdecreases with increasing
the aggregate size N, reflecting the fact that the slope of the
non-dimensional C,," in the power-law regime becomes more
gentle as N increases, Fig. 5. On the other hand, the GMM
scattering property inferred prefactor, k¢ s, are much smaller
than the morphological value of 2.3. Both the steeper slope of
the GMM results and the departure of the GMM results from
those of RDG contribute to the smallness of k¢ s. The former is
more significant at small N (e.g., 50), while the latter is more
pronounced at large N (e.g., 400). As a result, the inferred
prefactor is more or less independent of aggregate size N, Table
2. It is noticed that fractal prefactors less than unity have not
been reported in previous studies.

The results shown in Figs. 4 and 5 and Tables 1 and 2
illustrate a fundamental drawback of using light scattering
property to infer the fractal parameters of fractal aggregates:
effects of multiple scattering are inherently present in either
experimentally measured or numerically calculated (using
sufficiently accurate methods) light scattering properties while
as the current theory behind this practice is based on the RDG
approximation,  which  neglects multiple scattering.
Consequently, it is not surprising to find out that the inferred
fractal dimension and prefactor from the calculated light
scattering properties are in general different from the
morphological values, as shown above and in the study of
Brasil et al. [6]. Therefore, multiple scattering is the cause
responsible for the discrepancy between the light scattering
inferred fractal parameters and the morphological ones in the

present context. Besides multiple scattering, the potential effect
of primary particle bridging discussed by Brasil et al. [6] and
polydispersity of aggregates could also affect the fractal
parameters derived from experimentally measured light
scattering properties of soot.

Table 2 Comparison of fractal dimension and prefactor
recovered from the GMM non-dimensional differential
scattering cross section and the corresponding morphological
values for k¢ = 2.3.

N kers Dy1s kem Diym
50 0.727 2.812 2.3 1.78
100 0.705 2.565 2.3 1.78
200 0.714 2.373 2.3 1.78
400 0.729 2.232 2.3 1.78
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o ]
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o (b) N =100
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~ () N = 200

9>

<
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o (d) N =400

3

z

i

0.01 0.1 1
q'd,
Fig. 5 Comparison of non-dimensional differential scattering
cross-sections calculated by GMM and RDG for Dy = 1.78, k=
2.3, and different aggregate size N

A closer look at Figs. 4 and 5 indicate that the prefactor k¢
affects the RDG and GMM vertical-vertical differential
scattering cross sections. The effect of ks on C,,* can be
illustrated by plotting the aggregate form factor given in Egs.
(7) and (8). Fig. 6 shows the aggregate form factor for different
values of k¢ and aggregate size N. It is evident that for a given
aggregate size the form factor is larger for a larger k¢ over the
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entire range of gd,. This result can be explained as follows. A
larger value of k; means a more compact aggregate. Therefore,
the scattered light by primary particles within this aggregate are
more likely to be in-phase, leading to higher scattering cross
section.

1.0 1

0.8 A

0.6 1

HqR,)

0.4

021 Solid lines: k= 2.3

Dashed lines: k; = 1.3

0.0 T e
0.01 0.1 1

qd,
Fig. 6 Aggregate form factors for different k; and aggregate
size N (50, 100, 200, and 400) with a = 15 nm, Dy=1.78

N =400
100 §
5-\; ]
I
£
N\>
o 10 1
1 T T
0.01 0.1 1

q*d,
Fig. 7 Comparison of non-dimensional differential
scattering cross section for k= 1.3 and 2.3 and N =400

The effect of kr on the GMM results is less straightforward
due to two competing influences of increasing ki, i.e., the
increase in k; results in a more compact structure, which
enhances scattering on one hand as the scattered light by
primary particles are more likely to be in-phase and also
weakens scattering on the other hand through multiple
scattering. Fig. 7 illustrates these two processes through the
comparison of non-dimensional vertical-vertical differential
scattering cross section for N = 400. It is seen that in the small
angle forward directions (small values of gd,) the differential
scattering cross sections for k = 2.3 are actually lower than
those for k¢ = 1.3, while as the RDG results are just the
opposite. At larger scattering angles, the differential scattering
cross sections for k¢ = 2.3 become higher, in agreement with the

trend of the RDG approximation. At the backward directions,
the differential scattering cross sections for k; = 2.3 become
smaller again due to a steeper slope of the differential scattering
cross section.

Absorption and total scattering cross sections

The non-dimensional aggregate absorption cross sections
for different prefactors are compared in Fig. 8. Since the effect
of aggregation on aggregate absorption is completely neglected
in RDG, the RDG non-dimensional aggregate absorption cross
section remains unity regardless the value of ks or N. However,
the prefactor does affect the aggregate absorption cross section
predicted by GMM in such a way that a higher ; yields lower
absorption cross sections. This influence of the prefactor may
be explained in terms of the shielding effect, which is expected
to be stronger for a more compact aggregate associated with a
higher k. The decreasing absorption ability of aggregate with
increasing size can also be explained by the shielding effect. It
is noticed that the GMM absorption cross sections can become
smaller than those of RDG for sufficiently large aggregates.
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Fig. 8 Non-dimensional aggregate absorption cross sections
from RDG and GMM and different prefactors. The following
parameters are fixed: a =15 nm, Dy=1.78

The non-dimensional aggregate total scattering cross
sections from RDG and GMM and different values of k; are
compared in Fig. 9. It is first noticed that a higher k; gives rise
to higher total scattering cross sections due to the likelihood of
being in-phase for the scattered light by primary particles for a
more compact structure. This trend is just opposite to the effect
of k¢ on the aggregate absorption cross section shown in Fig. 8.
For k¢ = 2.3, the total scattering cross sections from GMM are
increasingly smaller than those of RDG as N increases, which
is consistent with the differential scattering cross sections
shown in Fig. 5. For k; = 1.3, the discrepancies between the
RDG and GMM results are fairly small, again consistent with
the relatively small differences between the RDG and GMM
differential scattering cross sections shown in Fig. 4. It is
noticed that for N =50 and 100 the GMM total scattering cross
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sections are actually greater than those of RDG. For larger
aggregates, i.e., N = 200 and 400, the results of GMM are
smaller. The difference between the RDG and GMM total
scattering cross sections shown in Fig. 9 can be attributed to the
effect of multiple scattering and Fig. 9 is another way, in
addition to the results shown in Figs. 4 and 5, to quantity such
effect.
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Fig. 9 Non-dimensional aggregate total scattering cross
sections from RDG and GMM and different prefactors. The
following parameters are fixed: @ =15 nm, D;=1.78

CONCLUSIONS

The effects of prefactor on the optical properties of fractal
soot aggregates were investigated by employing the generalized
Mie-solution method for numerically generated fractal
aggregates. The methodology used in this work is superior to
previous studies in terms of the accuracy of the numerical
method for calculating the optical properties and the
consistency of fractal parameters from one aggregate
realization to another of the same size.

Numerical results show that the prefactor affects both the
absorption and scattering properties of numerically generated
fractal soot aggregates. A smaller prefactor gives rise to larger
absorption cross sections but smaller total scattering cross
sections. The effect of prefactor on the vertical-vertical
differential cross section is dependent on the scattering angle.
In the forward small angle regime, the differential scattering
cross section is smaller for a larger prefactor. However, it
becomes larger for intermediate scattering angles.

Large differences were found between the RDG and GMM
results, suggesting the effect of multiple scattering is
significant. For a relatively open aggregate structure with a
prefactor of 1.3, the inferred fractal dimensions from the GMM
scattering results are in good agreement with the morphological
value; however, the inferred prefactor is somewhat lower. For a
more compact aggregate structure with a prefactor of 2.3, the
recovered fractal dimension from the GMM results is much

higher than the morphological value while as the recovered
prefactor is much lower than the morphological one.

The discrepancy between the inferred fractal parameters
based on either numerically calculated or experimentally
measured scattering properties, which inherently contain the
effects of multiple scattering, and the morphological ones is
attributed to multiple scattering. The current theory behind this
practice neglects the role of multiple scattering. Therefore, the
fractal parameters of soot inferred from light scattering
experiments may not be as reliable as previously thought.
Further studies are required to investigate the effect of
polydispersity of soot aggregates and how to properly recover
fractal parameters from light scattering experiments in the
presence of multiple scattering.
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