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ABSTRACT

Black carbon (BC) particles are a product of incomplete combustion of carbon-based fuels. One of the possibilities
of studying the optical properties of BC structures is to use the DDA (Discrete Dipole Approximation) method.
The main goal of this work was to investigate its accuracy and to approximate the most reliable simulation
parameters. For the light scattering simulations the ADDA code was used and for the reference program the
superposition T-Matrix code by Mackowski was selected. The study was divided into three parts. First, DDA
simulations for a single particle (sphere) were performed. The results proved that the meshing algorithm can
significantly affect the particle shape, and therefore, the extinction diagrams. The volume correction procedure is
recommended for sparse or asymmetrical meshes. In the next step large fractal-like aggregates were investigated.
When sparse meshes are used, the impact of the volume correction procedure cannot be easily predicted. In
some cases it can even lead to more erroneous results. Finally, the optical properties of fractal-like aggregates
composed of spheres in point contact were compared to much more realistic structures made up of connected,
non-spherical primary particles.
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1. INTRODUCTION

Small particles tend to connect to each other and create large structures called aggregates. Their complex shape
can be described by the following fractal equation:1

Np = kf

(
Rg

rp

)Df

, (1)

where Np is the number of primary particles with the radius rp. The fractal prefactor (a proportionality constant)
is denoted as kf . The compactness of the structure is characterized by the fractal dimension which varies from
Df ≈ 1 (e.g. primary particles form a straight line) to Df ≈ 3 (e.g. primary particles form a compact ball). The
last parameter, namely the radius of gyration Rg, can be calculated with the following equation:2

R2
g =

1

Np

Np∑
i=1

(~ri − ~rc)2, (2)

where ~r is the position of the i-th primary particle and ~rc is the mass centre of the aggregate. This is a reliable
approximation providing that monodisperse primary particles are positioned in point contact (they are connected
but do not intersect). Note, that every morphological parameter has an impact on the optical properties of
investigated geometries.3 Fractal-like aggregate models used in this study were generated using the tunable CC
(Cluster-Cluster) algorithm proposed by Filippov et al.4,5 It guarantees that the fractal equation Eq. (1) is true
for every step of the aggregation process. More information about the aggregation phenomenon can be found
elsewhere, e.g. in the work by Meakin.6
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This research was focused on BC (black carbon) aggregates. Due to their absorption properties it is assumed
that they have impact on the global warming effect, and therefore, are a matter of concern for many climate
scientists.7,8 BC aggregates may consist of a few or even a few hundred primary particles with the radius
rp ≈ 15nm. The fractal parameters are Df ≈ 2.2 and kf ≈ 0.8 respectively.9 Note, that these values are rough
approximations and may vary across publications.10,11 The complex refractive index m was adapted from the
paper by Chang and Charalampopoulos.12 It is valid for particles generated in a propane-oxygen flame with the
fuel equivalence ratio φ = 1.8 and HAB (Height Above Burner) 10 mm. Additionally, it is in agreement with the
criterion proposed by Bond et al.13 Similarly to the morphological parameters, m is not considered universal
and different values have been published.14,15 The morphological parameters of fractal-like aggregates can be
approximated using different techniques16–28 which are based on different assumptions, and therefore, might lead
to slightly different results.

The light scattering phenomenon can be modelled using different techniques.29 In this work the DDA (Discrete
Dipole Approximation) method was used.30–33 It gives accurate results providing that the scatterer is divided
into a sufficient number of volume elements (dipoles). The generated mesh must resemble the original geometry,
and for this reason, it is recommended to put at least 10 volume elements (dipoles) along its smallest dimension.34

Additionally, simulations in which materials are characterized by large values of the imaginary part of the complex
refractive index m are much more time consuming and larger computational resources are required.35 Although
many DDA algorithms are available, only one of them, namely ADDA, was used.34 It is widely recognized by the
light scattering community and its frequent updates guarantee that results are reliable. Note, that light scattering
codes are not limited to fractal-like aggregates and can be used with very different geometries, including e.g.
erythrocytes and fibres.36–41

The incident wavelength varied from λ = 300nm to λ = 900nm with the step ∆λ = 20nm. The polarizability
expression was IGT and other ADDA parameters were set to their default values. A more detailed study about
the impact of different parameters on DDA simulations for BC aggregates can be found elsewhere.42 This paper
is an extension of the work by Skorupski and covers a different set of topics which might help to approximate
and diminish the simulation error.42

2. SIMULATION RESULTS

In the first part of the study a single, spherical BC particle was investigated. It was decomposed into different
meshes of volume elements (dipoles) required for DDA simulations, as presented in Fig. 1 and described in Tab. 1
in more detail. Because the distance between mesh elements d was constant, the total volume of the scatterer
V was slightly altered, i.e. V 6= Vref where Vref is the volume of a primary particle with the radius rp = 15nm.
As the reference scattering code the superposition T-Matrix algorithm by Mackowski was used.43 In this paper,
the averaged relative extinction error δCext is the arithmetic mean of all absolute relative errors |δC(λ)ext|.

Figure 1. Different meshes of volume elements (dipoles) of a single BC particle required for DDA simulations. More
information about each geometry can be found in Tab. 1.

Relative extinction errors δC(λ)ext, which are presented in Fig. 2, cover two different simulation techniques.
In one of them the volume correction procedure was used, i.e. the value of d was modified to fit the real volume of
the investigated BC particle, what resulted in V = Vref (δV was negligible). The results show that the absolute
value of δC(λ)ext decreases along with the number of volume elements (dipoles). When the volume correction
procedure is used, diagrams are more smooth and predictable. However, in some cases they can be slightly more
erroneous. The most significant improvement was observed for the most sparse mesh, namely M0.
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Table 1. The description of the symmetrical DDA meshes presented in Fig. 1. The number of volume elements (dipoles)
is denoted as Nd and the distance between them is d.

M0 M1 M2 M3 M4
Nd 485 4139 13997 33371 65117
d [nm] 3.00 1.50 1.00 0.75 0.60

Figure 2. The relative extinction error δC(λ)ext for different meshes of volume elements (dipoles). Two simulation
techniques are compared: without (right) and with (left) the volume correction procedure.

In the previous study the centre of the BC particle was positioned in the middle of the coordinate system, and
therefore, every generated mesh was symmetrical. For the following simulations, the BC particle was translated
by t = l · d along all three axes (X, Y and Z). After this procedure the symmetry was broken and many different
meshes of volume elements (dipoles) were generated, as presented in Fig. 3. This is a more realistic approach,
especially when large fractal-like aggregates are investigated and every BC particle is characterized by a slightly
different mesh. Relative extinction errors for M0 are presented in Fig. 4. They prove that different meshes lead
to very different results. However, when the volume correction procedure is used, resulting curves are much
more similar to each other. The averaged relative extinction error δCext and the relative volume error δV can
be found in Tab. 3.

Figure 3. A single BC particle decomposed into different meshes of volume elements (dipoles). Each geometry is a result
of a translation of the geometric centre of the investigated BC particle. The translation length varies from l = 0.0 to
l = 0.9 with the step ∆l = 0.1. The distance between volume elements (dipoles) is d = 3nm in every case.
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Table 2. The description of the meshes presented in Fig. 3. The number of volume elements (dipoles) is denoted as Nd.
The relative volume error is δV . The distance between mesh elements is d = 3nm.

A B C - D E F G H - I J
l 0.00 0.10 0.20 0.25 0.30 0.40 0.50 0.60 0.70 0.75 0.80 0.90
Nd 485 515 516 528 522 522 552 522 522 528 516 515
δV [%] -7.37 -1.64 -1.45 0.84 -0.31 -0.31 5.42 -0.31 -0.31 0.84 -1.45 -1.64

Figure 4. The relative extinction error δC(λ)ext for the most sparse mesh used in this study, namely M0 (d = 3nm), and
three different translations: l = 0.00, l = 0.25 and l = 0.50.

Table 3. The averaged relative extinction error δCext and the relative volume error δV for geometries used in this study.

Different volume, V 6= Vref Exact volume, V = Vref
M0 M1 M2 M3 M4 M0 M1 M2 M3 M4

Translation δV [%] δV [%]
l = 0.00 -7.37 -1.19 -0.99 -0.42 -0.51 - - - - -
l = 0.25 0.84 0.12 0.01 0.01 0.07 - - - - -
l = 0.50 5.42 0.84 1.35 0.12 0.46 - - - - -
Translation δCext [%] δCext [%]
l = 0.00 4.46 0.84 0.36 0.55 0.31 3.30 2.01 1.28 0.97 0.80
l = 0.25 4.25 2.04 1.31 0.99 0.87 3.36 1.91 1.30 0.98 0.80
l = 0.50 9.24 2.70 2.68 1.13 1.28 3.51 1.82 1.29 1.00 0.81

Additionally, the orientational averaging procedure2 was used to check whether the rotation of a non-perfect
mesh of volume elements (dipoles) influences DDA results. The averaging was performed using the Romberg
integration technique in the adaptive regime. The estimated integration error was 0.001 and the maximum
number of orientations was 256. As expected, the results were slightly different. However, the difference between
DDA curves was lower than 0.1% in every case, and therefore, it was considered negligible. Averaged results
were compared to those presented in Tab. 3 (30 different geometries were investigated).

In the next part of this study four different fractal-like BC aggregates were generated (see Fig. 5). They
consisted of Np = 25, Np = 50, Np = 75 and Np = 100 spherical particles positioned in point contact. Simulations
for M0, i.e. when d = 3nm, were performed for fixed orientations and the corresponding extinction diagrams
are presented in Fig. 6. Fig. 7 in Fig. 8 present the relative extinction error δC(λ)ext. The diagrams show two
orthogonal polarization states, namely A (plane ZX) and B (plane ZY). The impact of the volume correction
procedure turned out not to be as significant as before, i.e. when a single particle was investigated. The absolute
volume error |δV | was already low and did not exceed the value of 0.24% in any case. The results for M1, i.e.
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when d = 1.5nm, are presented in Fig. 9 and in Fig. 10. For these meshes the initial absolute volume error |δV |
was always lower than 0.13%. In this case, when the volume correction procedure was used, resulting curves were
more similar to each other, regardless of the number of primary particles Np. Note, that the volume correction
procedure might shrink or enlarge the investigated mesh, and therefore, the centres of primary particles can be
slightly moved. More information about the extinction error when different DDA parameters are used can be
found elsewhere.42

Figure 5. Fractal-like aggregates composed of Np = 25, Np = 50, Np = 75 and Np = 100 primary particles. The geometries
were generated using the tunable CC (Cluster-Cluster) algorithm by Filippov.4

Figure 6. The extinction diagrams for BC structures used in this study. Only one polarization state, i.e. A (plane ZX),
is presented. The results were calculated using the T-Matrix code.

Figure 7. The relative extinction error δC(λ)ext for fractal-like aggregates. The volume correction procedure was not used
and the light scattering results were not averaged. The distance between volume elements (dipoles) was d = 3nm.
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Figure 8. The relative extinction error δC(λ)ext for fractal-like aggregates. The volume correction procedure was used.
The results were not averaged and the distance between volume elements (dipoles) was d = 3nm.

Figure 9. The relative extinction error δC(λ)ext for fractal-like aggregates. The volume correction procedure was not
used and the light scattering results were not averaged. The distance between volume elements (dipoles) was d = 1.5nm.

Figure 10. The relative extinction error δC(λ)ext for fractal-like aggregates. The volume correction procedure was used.
The results were not averaged and the distance between volume elements (dipoles) was d = 1.5nm.

Next, primary particles were replaced with ellipsoids characterized by the following morphological parameters:
ravg,i = 15nm and σi = 3nm where σ is the standard deviation and i denotes the axis (X, Y or Z). Each ellipsoid
was rotated and its volume was adjusted to fit the volume of a single sphere with the radius rp = 15nm. The
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centres of primary particles did not change their positions, what resulted in some gaps and intersections. To
adjust the volume of the investigated fractal-like aggregates and remove mentioned gaps, cylindrical connectors
were implemented.44–46 Cylinders were put between the centres of previously connected pairs of primary particles
and their radii were rc ≈ 4.8nm (Np = 25), rc ≈ 3.6nm (Np = 50), rc ≈ 3.6nm (Np = 75) and rc ≈ 2.7nm
(Np = 100) respectively. After this procedure the absolute relative volume error was lower than |δV | < 0.05% in
every case. The volume correction procedure was not needed, and therefore, centres of primary particles remained
exactly in the same position. One of the investigated geometries is presented in Fig. 11B. The light scattering
results (see Fig. 12) were not averaged. Note, that when the absolute (not relative) extinction difference ∆C(λ)ext
is considered the diagrams are very similar to those presented in Fig. 6, regardless of the particle shape.

Figure 11. A) The initial fractal-like aggregate composed of Np = 75 primary particles, B) Primary particles are non-
spherical, C) Connections between primary particles are not negligible.

Figure 12. The relative extinction difference between aggregates composed of ellipsoidal particles and those made up of
particles in point contact, see Fig. 6.

The influence of the necking phenomenon is presented in Fig. 13. As before, the volume correction procedure
was not used and the light scattering results were not averaged. The radii of cylinders positioned between
connected pairs of primary particles were rc = rp = 15nm what resulted in increased volume of the scatterer
(see Fig. 11C). The diagrams show that connections between primary particles alter the optical properties of
investigated geometries, and therefore, large connections should not be neglected in fractal-like aggregate models.

Finally, the particle radius rp was diminished to reduce the volume of the scatterer and make it more similar
to the reference one, i.e. δV < 0.05%. As before, the centres of primary particles remained in the same place.
In this part of the study the particle radius was rp = rc ≈ 12.5nm. The volume correction procedure was not
used and results, which are presented in Fig. 14, were not averaged. They prove that thick necks should not be
omitted in fractal-like aggregate models, even if the volume of the scatterer is conserved.
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Figure 13. The relative extinction difference between aggregates enriched with cylindrical connectors and those made up
of particles in point contact, see Fig. 6. The volume was not adjusted to fit the reference value.

Figure 14. The relative extinction difference between aggregates enriched with cylindrical connectors and those made up
of particles in point contact, see Fig. 6. The volume was adjusted to fit the reference value, i.e. the particle radius rp was
diminished.

3. CONCLUSIONS

The aim of this work was to investigate the impact of different BC geometries and simulation techniques on
the extinction diagrams. The results might lead to more accurate fractal-like aggregate models that can be
used in further study.47 When a geometry is complex, e.g. when fractal-like aggregates are investigated, the
volume correction procedure is not necessary. Furthermore, it can slightly shrink or enlarge the investigated
geometry. Large connections between primary particles, due to their impact on the optical properties of BC
aggregates, should always be taken into account, and therefore, included in fractal-like aggregate models. Non-
spherical primary particles might alter extinction diagrams. These changes might be meaningful when very
precise calculations are needed. Otherwise, primary particles can be modelled as spheres.
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