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ABSTRACT

Black carbon particles soon after emission interact with organic and inorganic matter. The primary goal of
this work was to approximate the accuracy of the DDA method in determining the optical properties of such
composites. For the light scattering simulations the ADDA code was selected and the superposition T-Matrix
code by Mackowski was used as the reference algorithm. The first part of the study was to compare alternative
models of a single primary particle. When only one material is considered the largest averaged relative extinction
error is associated with black carbon (δCext ≈ 2.8%). However, for inorganic and organic matter it is lowered
to δCext ≈ 0.75%. There is no significant difference between spheres and ellipsoids with the same volume, and
therefore, both of them can be used interchangeably. The next step was to investigate aggregates composed of
Np = 50 primary particles. When the coating is omitted, the averaged relative extinction error is δCext ≈ 2.6%.
Otherwise, it can be lower than δCext < 0.2%.
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1. INTRODUCTION
Black carbon particles are a product of incomplete combustion of carbon-based fuels.1 Soon after emission they
connect to each other and create complex structures, namely aggregates. They can consist even of a few hundreds
primary particles (which are usually modeled as spheres positioned in point contact). Additionally, they reveal
fractal properties,2 and therefore, their complex geometry can be approximated by the following equation:3

Np = k f

Rg
rp

Df
.

(1)

The radius of gyration is denoted as Rg . Np is the number of primary particles with the radius rp . The fractal
dimension Df defines the compactness of the structure and the last parameter, namely kf , is the fractal prefactor.
The equation is true for monodisperse particles positioned in point contact. However, even if connections between
primary particles exist,4 they intersect4, 5 or are polydisperse,6 aggregates do not loose their fractal properties.7
Yet, the value of Df might be increased.6 There are many different algorithms for creating fractal-like aggregate
models, e.g. DLCA (Diffusion Limited Cluster-Cluster Aggregation)8 or RLCA (Reaction Limited ClusterCluster Aggregation).9 In this study, the tunable algorithm proposed by Filippov et al. was used.10, 11 It
guarantees that Eq. (1) is true for every step of the aggregation process. More information about fractal-like
aggregates and their optical properties can be found elsewhere.6, 12
In this work, the morphological parameters of BC aggregates were: Df = 2.2, kf = 0.8 and rp = 15nm.
Selected values were based on different measurements which can be found in the literature, e.g. in the work by
Adachi et al.13 Note, that they are rough approximations and might vary across publications.14–18 Many different
techniques for retrieving morphological parameters are known. Each of them is based on a different algorithm,
and therefore, might lead to slightly different results.19–32 The complex refractive index of black carbon mc was
based on the work by Chang et al.33 who studied particles generated in propane-oxygen flame (see Fig. 1). The
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fuel equivalence ratio was φ = 1.8 and the height above burner was HAB = 10mm. Additionally, the selected
value of mc was in agreement with the criterion proposed by Bond et al.34
Black carbon is not the only material which can be found in tropospheric soot particles.35 Furthermore, its
volume fraction is relatively low and can be estimated as ca. 7%.36 Soon after emission black carbon interact
with organic and inorganic matter what significantly alter its optical properties. Here, sulphate particles and
organic acids are also studied. In contrast to black carbon, their absorption properties are negligible in the visible
part of the electromagnetic spectrum. The refractive index for sulphate ms was based on the OPAC database37
and the refractive index for organic acids ma was adapted from the work by Myhre et. al.38 (see Fig. 1).
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Figure 1: Refractive indices used in this study. The imaginary part of the complex refractive index
for sulphate and organic acid is negligible.
Many alternative techniques can be used to model the light scattering phenomenon.39 Here, for the reference
code the superposition T-Matrix algorithm by Mackowski was selected.40 It gives accurate results providing that
the scatterer is composed of non-intersecting spheres. Due to this limitation it could not be used in the final
part of the study where more complex structures were investigated. The second technique was DDA (Discrete
Dipole Approximation).41–44 It can predict the amount of the light scattered by any geometry composed of a
sufficient number of volume elements (dipoles). However, it can be much more time consuming, especially when
the imaginary part of the complex refractive index m is large.45 For this work the ADDA algorithm, which
is widely recognized by the light scattering community, was choosen.46 Light scattering techniques have been
successfully used to characterize many different objects, including e.g. erythrocytes and fibres.47–52
The incident wavelength varied from λ = 300nm to λ = 900nm with the step ∆λ = 20nm. ADDA parameters
were optimized for black carbon.53 It was the only absorbing material in the study, and therefore, it had the
most significant impact on the light scattering error. The polarizability expression was IGT and the volume
correction procedure was not used. The averaged relative extinction error δCext was the arithmetic mean of all
absolute relative errors |δC(λ)ext |. Unless otherwise specified, the results were not averaged.

2. SIMULATION RESULTS
In the preliminary part of the study a single black carbon particle with the radius rp = 15nm was generated.
Next, it was coated with an external layer (organic acid) with a variable thickness tc , as presented in Fig. 2. The
refractive indices of both materials, namely mc and ma , were associated with the incident wavelength λ0 . All
results (ADDA and T-Matrix) were compared and the averaged extinction error δCext was calculated, see Tab. 1.
It shows that the simulation error does not necessarily diminish along with the number of volume elements
(dipoles). This phenomenon might be associated with the fact that the volume correction procedure was not
used and the volume of the composite particle was slightly different from the reference one (i.e. the volume of
a sphere with the radius r = rp + tc ). Additionally, the DDA mesh must resemble the investigated geometry,
what is difficult when the external organic layer is relatively thin. For further study, the value of d = 2.4nm was
chosen. It is recommended to put at least Nd,x = 10 volume elements (dipoles) along the smallest dimension of

Proc. of SPIE Vol. 9526 95260N-2
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/26/2015 Terms of Use: http://spiedl.org/terms

O
Figure 2: Three geometries used in the first part of the study. They are composed of two materials:
black carbon (coloured in black) and organic matter (coloured in gray). Left) A spherical BC particle
covered by an external organic layer. Middle) An ellipsoidal BC particle covered by an external
organic layer. Right) A spherical particle composed of mixed materials.
Table 1: The averaged extinction error δCext for a coated, spherical BC particle. The distance
between volume elements (dipoles) in the resulting mesh is denoted as d.
d [nm] tc = 5nm tc = 10nm tc = 15nm tc = 20nm
3.00
6.31
8.71
6.14
7.15
2.40
1.77
0.23
0.91
0.86
2.00
2.38
0.68
1.93
0.39
1.50
0.18
1.12
0.87
0.83
1.00
0.47
0.51
0.91
0.89
0.75
0.40
0.54
0.35
0.45
0.60
0.51
0.48
0.46
0.60

the investigated geometry (in this case the internal BC particle). Here, it was Nd,x = 13 (Nd = 1021). Next,
three different particles with the radius rp = 15nm were generated. The averaged relative extinction error was
δCext = 2.71% (black carbon), δCext = 0.53% (organic acid) and δCext = 0.67% (sulphate). As expected, the
maximum error was observed for the first material. However, its value, which is in agreement with the previous
study,53 was not surprising. The optical properties of the investigated spheres are presented in Fig. 3.
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Figure 3: The scattering cross section Csca and the absorption cross section Cabs for a single,
uncoated particle with the radius rp = 15nm. The
° superposition T-Matrix algorithm was used.
The light scattering results for a coated black carbon particle are presented in Fig. 4. They show that the
scattering cross section Csca is significantly enhanced by the external layer. Additionally, the absorption cross
section Cabs also increases along with the thickness of the coat tc . However, these changes are not as significant
as for Csca .
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Figure 4: The scattering cross section Csca and the absorption cross section Cabs for coated
particles. The ADDA algorithm was used.
Next, to investigate the impact of the particle shape on the light scattering results, an ellipsoid was generated
(see Fig. 2). Its dimensions were rp,x ≈ 14.26nm, rp,y ≈ 17.75nm and rp,x ≈ 13.33nm. Therefore, its volume was
equal to the volume of the core black carbon particle with the radius rp = 15nm. Because the geometry was not
symmetrical the results were orientationally averaged using the Romberg integration technique in the adaptive
regime.54 The estimated integration error was 0.001 and the maximum number of orientations was 256. The
distance between volume elements (dipoles) was d = 2.4nm and the results were compared to those calculated
with the superposition T-Matrix code for coated, spherical particles. The resulting averaged extinction error
was δCext = 1.89% (tc = 5nm), δCext = 0.87% (tc = 15nm), δCext = 0.84% (tc = 15nm) and δCext = 0.75%
(tc = 20nm). The most significant, but still barely visible by the naked eye, difference was observed for tc = 5nm,
where the absorption cross section Cabs was increased. Nevertheless, ellipsoidal particles (providing that their
size ratio is not very distinct) can be modeled as spheres.
The aim of the next part of the study was to check whether the position of volume elements (dipoles)
can significantly alter the light scattering results. Four different meshes of coated particles were generated
(d = 2.4nm). However, this time volume elements (dipoles) were positioned at random, what is presented in
Fig. 2. The volume ratio of both materials was not altered. As before, because the investigated geometries
were not symmetrical, the results were orientationally averaged. The resulting averaged extinction error was
δCext = 5.87% (tc = 5nm), δCext = 6.49% (tc = 15nm), δCext = 11.13% (tc = 15nm) and δCext = 13.73%
(tc = 20nm). The results are presented in Fig. 5. This time changes were more visible, especially for thick layers.
The absorption cross section Cabs did not increased along with the coat size, what was observed in the previous
study.

1.8
1.6
N^ 1.4
E 1.2

0

_t
___t

',

,

c
c

=10nm

---t =10nm

(N,

c

-- .t =20nm
c

0.6
0.4

-t =05nm

5

t =15nm

O.8

0.2'
03

x10-4 ADDA (spheres, mixed materials)

0 4 ADDA (spheres, mixed materials)
=05nm

2x

t.

t =15nm

3

--

.0

m2

=20nm

1

0.4

0.5
0.6
0.7
Wavelength [p.m]

0.8

09

03

0.4

0.5

0.6

0.7

0.8

Wavelength [Ilm]

Figure 5: The scattering cross section Csca and the absorption cross section Cabs for coated
particles. The ADDA algorithm was used and volume elements (dipoles) were positioned at random
(see Fig. 2).
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For the following part of the study two fractal-like aggregate models were generated, as presented in Fig. 6.
They consisted of Np = 50 primary particles with the radius rp = 15nm. The first of them was composed
of Np,c = 25 particles of black carbon and Np,s = 25 sulphate particles. The composition of the second one
was Np,c = 19, Np,s = 16 and Np,a = 15 (organic acid). No connections were implemented and the distance
between volume elements (dipoles) was d = 2.4nm. To precisely compare both scattering algorithms and exclude
possible errors caused by the averaging procedure, only fixed positions were investigated. Therefore, in Fig. 7
two orthogonal polarization states are presented, namely pol. A (plane ZX) and pol. B (plane ZY). The averaged
extinction errors for the geometry without organic acid were δCext ≈ 2.25% (pol. A) and δCext ≈ 2.43% (pol.
B). For the second geometry they were estimated as δCext ≈ 2.61% (pol. A) and δCext ≈ 2.47% (pol. B)
respectively. These values are with agreement with the previous study.

Figure 6: Two fractal-like aggregates composed of Np = 50 primary particles with the radius
rp = 15nm. The components are: black carbon (black spheres), sulphate (white spheres) and
organic acid (gray spheres).
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Figure 7: The scattering cross section Csca and the absorption cross section Cabs for fractal-like
aggregates composed of mixed particles (see Fig. 6). The superposition T-Matrix algorithm was
used.
Next, two coated fractal-like aggregates, which are presented in Fig. 8, were generated. One of them was made
of Np,c = 50 primary particles with the radius rp = 15nm. The composition of the second one was Np,c = 25
(black carbon) and Np,s = 25 (sulphate). In both cases the thickness of the organic layer was tc = 5nm and
particles were positioned in point contact. The simulation parameters and the distance between volume elements
(dipoles), i.e. d = 2.4nm, were identical to those used in the previous study. In this case the averaged extinction
error was not greater than δCext < 0.2% in every case, regardless of the number of materials or the polarization
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state. This value was much lower than expected (see Tab. 1). The light scattering results are presented in Fig. 9.

o
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Figure 8: Two fractal-like aggregates composed of coated particles with the radius rp = 20nm
(including the external layer, i.e. tc = 5nm). Left) Coated black carbon Np,c = 50 particles. Right)
Coated black carbon Np,c = 25 and sulphate Np,s = 25 particles.
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Figure 9: The scattering cross section Csca and the absorption cross section Cabs for fractal-like
aggregates composed of coated particles (see Fig. 8). The superposition T-Matrix algorithm was
used.
Finally, a more realistic soot model was created. The core element was a fractal-like aggregate composed of
Np,c = 50 primary particles. They were modeled as ellipsoids generated at random with the following parameters:
rp,c,i = 15nm and σc,i = 1.5nm where σc,i is the standard deviation and i is the axis (X, Y or Z). The volume
of the structure was equivalent to the volume of an assembly of Np = 50 spherical particles with the radius
rp = 15nm. Next, connection between particles were implemented. They were modeled as cylinders with the
size parameter Ycon = 0.5, i.e. the radius of each cylinder was half the radius of the smaller of two spheres
inscribed in connected ellipsoidal particles. More information about modelling of the necking phenomenon can
be found elsewhere.4 Later, five Np,s ellipsoidal sulphate particles were added. They were generated at random
with the following parameters: rp,s,i = 30nm and σs,i = 3nm. The volume of each particle was equivalent to
the volume of a spherical particle with the radius rp = 30nm. Every sulphate particle was positioned in point
contact with at least one black carbon particle. Moreover, the number of surrounding (not necessarily touching)
particles was at its maximum. Finally, every neck and every primary particle was coated with an external organic
layer with a variable thickness tc . The generated soot particle is presented in Fig. 10 and the resulting diagrams
can be found in Fig. 11 and in Fig. 12. Similarly to the study for a single coated particle the scattering Csca

Proc. of SPIE Vol. 9526 95260N-6
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/26/2015 Terms of Use: http://spiedl.org/terms

and the absorption Cabs cross sections increase along with the coat thickness tc . In this case, due to the complex
shape of the investigated geometry, only the DDA algorithm was used.

Figure 10: The soot particle used in the study. The core black carbon fractal aggregate (coloured
in black) is composed of Np,c connected ellipsoidal particles. The sulphate particles are coloured in
white. The thickness of the coat is tc = 5nm.
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Figure 11: The scattering cross section Csca for the soot particle used in the study. The DDA
algorithm was used.
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Figure 12: The absorption cross section Cabs for the soot particle used in the study. The DDA
algorithm was used.
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3. CONCLUSIONS
The main goal of this work was to generate realistic soot aggregate models and approximate the accuracy of
DDA simulations.55 As the reference program the superposition T-Matrix code by Mackowski was used. Three
different materials were investigated, namely: black carbon, organic acid and sulphate. The most significant
simulation error was associated with the most absorbing material, i.e. black carbon. No large difference between
coated spherical and ellipsoidal particles was observed, and therefore, they can be used interchangeably. The
position of volume elements (dipoles) in the resulting DDA mesh is crucial. They must precisely resemble the
original geometry. Otherwise, the increase in absorption caused by an external layer might be diminished. When
large fractal-like aggregates composed of mixed, uncoated particles are investigated, the averaged extinction error
δCext is similar to the one obtained for a single black carbon particle (the most absorbing material). However,
when a fractal-like aggregate is made up of coated particles, δCext is much smaller and there is almost no
difference between the two investigated scattering algorithms, i.e. ADDA and T-Matrix. Finally, when more
realistic geometries are examined, the scattering Csca and the absorption Cabs cross section increase along with
the coat thickness tc .
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