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Abstract

We estimate the morphological parameters of soot particles in flames from static light scattering
measurements. For these measurements established methods based on X-ray crystal structure analysis
produce erroneous results. As an alternative method we investigate orientational and configurational
averaging methods in light scattering analysis and compare their results with that from TEM analysis of
collected clusters.
r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Combustion of oil products is the worldwide dominant process for power generation.
Optimization of combustion processes is therefore necessary to save energy as well as to reduce
carbon dioxide and to avoid harmful waste products such as soot. Nevertheless soot is also a
desired product, e.g. nano-size carbon black particles or high-tech soot have been used for tires as
reinforcement for 100 years.
The aim of this work is the identification of the morphological structure from measured light

scattering of soot clusters in flames. One other method is to collect soot cluster with a sample
see front matter r 2004 Elsevier Ltd. All rights reserved.
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holder. Then analysing the image of the cluster from an electron microscope provides the
morphological parameters [1,2]. However this method is very slow and not suitable for process
control. For in situ measurements it is convenient to use laser light scattering methods.
In the first section of this paper we will describe how to characterize fractal aggregates based on

diffusion limited aggregation and how to estimate some essential parameters. Then we show some
examples of a cluster–cluster aggregation algorithm which we developed. After a short reference
to the established analysis we demonstrate the basics of the two averaging methods used for our
structure analysis. The first is termed orientational averaging and the second is termed
configurational averaging. The first method uses the calculated light scattering intensities of one
cluster averaged over many different orientations. In the second method averaging is done after
calculating light scattering intensities of many different clusters with arbitrary geometrical
configurations. After that we describe the fitting procedure and the experimental setup which is
used to get measured scattering intensities as the data base for the fits. In the following section we
demonstrate the application of the averaging methods to the measurements and give at least an
estimate of the described new method.
2. Cluster characterization

Aggregation of small particles yields aggregates characterized by their fractal dimension Df and
the so-called pre-factor kf . These morphological parameters are related to the radius of gyration
Rg and the radius of the primary spherules rp in the form of a scaling law:

N ¼ kf
Rg

rp

� �Df

ð1Þ

with the radius of gyration determined from the position of each primary spherule ri to the
geometrical center of the cluster r0 ¼

P
i ¼ 1N ri=N,

R2
g ¼

1

N

XN

i¼1

ðri � r0Þ
2: ð2Þ

Eq. (1) is important because the values of parameters are linked to a real physical process. If
Df � 1:8 the process belongs to diffusion limited aggregation whereas Df � 2:1 belongs to a
reaction limited aggregation process.
The basis of the well established method for the characterization of clusters from measurements

originates from solid state physics, especially from X-ray structure analysis. For an estimate of the
fractal dimension one has to make many measurements in the backscattering region to be able to
use statistical methods. In the case of our measurements the RDG-theory is not able to fit
successfully the whole angular pattern of measurements, in particular, the features of the
experimental data at backscattering angles.
In this paper we use orientational as well as configurational averaging to identify the

morphological parameters of the clusters. Both methods are used in other fields, e.g. calculation of
the orientational average of spin amplitudes coming from NMR signals [3] or in mechanics of
solids [4]. Configurational average is also used in crystallography to calculate the electronic
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interaction, e.g. in X-ray absorption experiments [5] or in alloy research [6,7]. Kouzakov et al. [7]
calculates the configurational average of the differential cross sections.
3. Cluster–cluster aggregation

Based on an algorithm described by Filippov et al. [8] we have developed a fast Fortran
program to generate clusters as input data for light scattering programs. For our investigations we
generated a data base consisting of clusters with nine different values of the fractal dimensions
(Df ¼ 1:2; 1:3; . . . ; 2:0), eight different numbers of primary spherules (Np ¼ 60; 70; . . . ; 130) and
seven different radii of primary spherules (rp ¼ 5; 7:5; 10; 15; 20; 25; 30 nm). For each of these
morphological parameters we generated 300 different clusters and computed the corresponding
scattering diagrams under one orientation. Besides that we also generated three clusters for each
morphological parameter set and calculated their orientational averaged scattering quantities.
For examination of the convergence of the averaging methods we also created separate

simulation series. Examples of two clusters under two different perspectives are shown in Figs. 1
and 2. The clusters have the same morphological parameters: Df ¼ 1:8, Np ¼ 110, rp ¼ 15 nm and
kf ¼ 1:5. The resulting radius of gyration is for both clusters Rg ¼ 0:163 mm and their geometrical
radius of a surrounding sphere is R0 ¼ 0:2503 and 0:2498 mm for cluster 1 and cluster 2,
respectively.
We also examine our cluster–cluster generation program regarding the correctness of the

preseted morphological parameters Df , Np, kf and rp. The geometrical data of a cluster consists of
the radius of primary particles rp, each spatial position of them and of course their number Np.
This data determine the radius of gyration Rg using Eq. (2). So the only unknown parameter of
the scaling law (Eq. (1)) are Df and kf . With a method described by Bushell and Amal [9] we
calculate the distance distribution function cðrÞ of big clusters with at least Np ¼ 500 primary
particles. The slope of cðrÞ in the range of 5rpor�R corresponds with the fractal dimension Df .
Smaller clusters show too much oscillations so it is in practice impossible to fit a straight line on
the curve of cðrÞ. However the big clusters shows very good agreement with the preseted fractal
dimension Df .
Fig. 1. Cluster 1 under an azimuthal and an elevation angle of 66� and 20� (left) and �10� and 10� (right).
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Fig. 2. Cluster 2 under the same two viewpoints as in Fig. 1.
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4. Light scattering simulation

A program based on the T-matrix method [10] was used to calculate the T-matrix of the
clusters. This method produces exact light scattering quantities and it is energetically conservative,
in opposite of e.g. the Rayleigh–Debey–Gans approximation used in the conventional structure
analysis described below.
With the T-matrices we calculate the single as well as the orientational averaged light scattering

quantities. All diagrams shown in this paper are vertical polarized intensities as response to
vertical polarized incident beam.
The intensity IðyÞ corresponds with the differential scattering cross section (DSCS) dCsca=dO

[11,12]:

Csca ¼

Z 2p

0

Z p

0

dCsca

dO
sinðyÞdydf ¼

1

I inc

Z
4p

Ið~nscaÞd~nsca ð3Þ

with the total scattering cross section Csca, the solid angle dO, the azimuthal angle f which define
the scattering plane, the scattering angle y, the incident radiation intensity I inc and the unit vector
of scattering ~nsca ¼~r=r.
For f ¼ 0 and in a spherical coordinate system the unit vector~nsca corresponds to the scattering

angle y and thus Ið~nscaÞ ¼ IðyÞ.
5. Analysis methods

5.1. Conventional structure analysis

A method to estimate all parameters of the scaling law for cluster aggregates are described by
Oh and Sorenesen [13], Megaridis and Dobbins [14,15], Samson et al. [16] and other authors. Here
we only want to sketch the basics of this methods.
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In the power law regime the fractal dimension is related to the vertical–vertical polarized
intensity Ivv:

Ivv � q�Df ; q2R2
g	1: ð4Þ

So a log–log plot of the vertical–vertical polarized intensity Ivv versus high values of the scattering
vector q gives the fractal dimension:

logðIvvÞ

logðqÞ
� �Df : ð5Þ

In the Guinier regime where q2R2
g�1 the radius of gyration is related with the intensity Ivv:

IvvðqÞ

Ivvð0Þ
¼ expð�q2R2

g=3Þ: ð6Þ

An approximation of the exponential gives:

Ivvð0Þ

IvvðyÞ
¼ 1þ q2R2

g=3 ð7Þ

and a graphical plot of the intensity against the squared scattering vector gives the radius of
gyration Rg.
Based on measuring the turbidity and the extinction cross sections Sorensen et al. [17] described

a graphical network-analysis scheme to evaluate the number and the radius of primary particles N

and rp.

5.2. Orientational averaging

No particle comes alone in a measurement setup. In the case of simulating light scattering
measurements, one has to average the physical quantities in the measuring volume. Usually this
will be done for one cluster. The principal equation for orientational averaging is a triple integral
over the three Euler angles [3,4]:

hIðyÞi ¼
Z 2p

0

Z p

0

Z 2p

0

Iðy; a;b; gÞ sinðbÞdadbdg: ð8Þ

This equation is sometimes called ‘‘ensemble averaging’’ [12].
There are different methods to get orientational averaged results. In one method the averaged

values is calculated analytically over continuous particle orientations [18,19]. In the other method
results are integrated over discrete orientations [20]. A comparison of both methods is given by
Xu et al. [21].
In this paper we use the discrete method. The orientation of the cluster will be changed in

equally sized steps of Na, Nb, Ng for each of the three Euler angles a;b; g [20],

hIðyÞi ¼
XNa

na¼1

XNb

nb¼1

XNg

ng¼1

Iðy; a; b; gÞ sin
nb2p
Nb

� �
na2p
Na

nbp
Nb

ng2p
Ng

; ð9Þ

where IðyÞ is the intensity at the scattering angle y. Instead of IðyÞ each other scattering quantity
can be averaged like the Mueller matrix elements.
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Fig. 3. Convergence of the orientational averaged vv scattering diagrams.
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Fig. 4. Discrepancy of the scattering diagrams of the two orientational averaged cluster of Fig. 1.
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Usually the number of different orientations needed for convergence of the average is within the
range of 300 to 1000 for complex aggregates. As an example Fig. 3 shows the differential
scattering cross sections (DSCS) of three orientational averaging runs with 64, 216 and 512
different orientations for one cluster. In our case Na ¼ Nb ¼ Ng ¼ 8 are sufficient for
convergence of the scattering diagrams even for clusters with small fractal dimension of
Df ¼ 1:2. Such clusters are long and narrow and orientational averaging would need more
different orientations than in the case of clusters with Df ¼ 1:8 which are more symmetric.
Alltogether in our light scattering simulations we always averaged over 512 different orientations.
Fig. 4 shows a remarkable fact. Even after orientational averaging the two clusters from Figs. 1

and 2 give different scattering diagrams although they have the same morphological parameters.
Increasing the number of orientations did not change this result. Such a variation was also seen
experimentally by Lu et al. [22] and by Seeley et al. [23].
As a consequence for our averaging method we take into account the orientational averaged

results of three different clusters with the same morphological parameters.
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5.3. Configurational averaging

The other method for identification of morphological parameter uses different clusters with
arbitrary spatial geometry but with the same morphological parameters. To our knowledge there
are only a few references concerned with configurational averaging of scattering quantities. Farias
et al. [24] compared the smoothing of scattering patterns due to orientational averaging of one
cluster under 128 orientations and configurational averaging of 128 different clusters with the
same morphological parameters. The orientational averaged scattering diagrams show more
oscillations than the configurational averaged. But if one increase the number of orientations
these oscillations will vanish, as we demonstrated in Fig. 3.
Saltiel et al. [25] used a database of agglomerates to match measured scattering matrix results to

results obtained from theoretical calculations. However they did not describe how they performed
their matching procedure.
To get an averaged light scattering quantity of Ncl different cluster configurations, we add up

the wanted physical quantity in a simple manner:

hIðyÞi ¼
1

Ncl

XNcl

n¼1

InðyÞ ð10Þ

with the intensity InðyÞ at the scattering angle y for the nth cluster.
In our case of using a database of aggregates and scattering quantities of different

morphological parameters it is necessary to ensure the uniqueness of the cluster for
configurational averaging. Therefore a control routine was implemented in the fit algorithm to
avoid repeated use of one and the same cluster.
Convergence of the computed DSCS is reached for more than 300 different clusters, see Fig. 5.

For testing the reproducability of our method we generated two independent data sets. Each set
consists of 1000 different clusters with the same parameters Df ¼ 1:8, N ¼ 110, kf ¼ 1:5 and
rp ¼ 15 nm together with their corresponding scattering diagrams. They show identical behaviour
for a high number of clusters included for averaging in Fig. 6. However the result for another run
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Fig. 5. Convergence of the configurational averaged vv scattering diagrams.
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Fig. 6. Convergence of different data sets for 500 clusters.
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Fig. 7. Convergence of different data sets for another averaging run for 500 clusters.
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of the averaging procedure shows some minor discrepancies (Fig. 7). The reason for this might be
the arbitrary choice of clusters in the averaging procedure. Another run of the procedure uses
altogether more different clusters than in a previous run and so there are two different averaging
results.
Fig. 8 shows a comparison between configurational and orientational averaging, again with the

morphological parameter like before. The diagrams of the orientational averaging are one and the
same like those of Fig. 4. They show more discrepancies than the configurational averaged
diagrams. However all results lie within the same region.

5.4. Fitting procedure

To find the morphological parameter of the aggregates in a flame we fitted the measured
intensities using a least squares method. Therefore the angle resolved simulated scattered
intensities had to be scaled. We use two scaling methods. The first method takes the measured
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intensity at one angle, for example at Imeasð90
�Þ, and calculates the scaling factor of the simulated

scattering diagram at this angle with the corresponding simulated intensity I sim,
sfix ¼ I simð90

�Þ=Imeasð90
�Þ. All other simulated intensities will be multiplied by sfix.

The other method scales the complete simulated scattering diagram as smooth as possible to the
measured diagram over the observed angles y:

ssmooth ¼
X
y

I simðyÞ=
X
y

ImeasðyÞ: ð11Þ

In the experiment the detector will have a certain aperture. Therefore we implemented a
detector integration. The routine integrates the simulated light scattering intensities over a
specified range of angles correspondingly to the detector aperture for each scattering angle
measured in the experiments.
The fitting procedure is a least square method. The sum of the squared differences between

measured and simulated intensities gives a measure of the quality of the simulated scattering
diagram. The differences are calculated logarithmically over a specific scattering range i of
measured intensities:

D ¼
X

i

ðlog10ðImÞ � log10ðI sÞÞ
2: ð12Þ

Generally the logarithm gives better results than using pure intensities because of the great range
of different intensities.
Because the averaged results vary for different clusters with exactly the same morphological

parameter (see Fig. 8), it is necessary to run the averaging procedure more than once. In the case
of orientational averaging we created three clusters for each morphology and calculated the
orientational averaged scattering quantities. In the case of configurational averaging we
introduced the number of combinations Ncomb. The procedure of taking Ncl different clusters
from the data base and average their scattering quantities will be repeated for Ncomb times.
Without this the probability of getting a wrong result for the correct morphology is high especially
for small values of Ncl. So repeated averaging makes the result more stable. The morphological
parameter for the best fit should at least correspond with that of the real measured aggregate.
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Fig. 8. Comparison between configurational and orientational averaged vv scattering diagrams.
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6. Experiments

The experiments are fully described in details in previous work [26–28]. In the following only a
short description will be given.
Soot aggregates are produced in air atmosphere by a Bunsen burner of 10 mm inner diameter,

burning ethylene (purity better than 99%). The properties of the gas at the burner exit are
represented by a Reynolds number of about 110–170, which corresponds to efflux velocities of
9.1–14:5 cm=s. The light source is a vertically polarized argon-ion laser tuned on the line at
514:5 nm. The laser beam is mechanically chopped at 931 Hz. The burner is fixed on a goniometer,
which allows determination of the scattering angles y. A scheme of the detection system is
reported in Fig. 9. A measurement volume MV � 40
 10�6 mm3 at 90�, corresponding to a
detection angle DA ¼ 6:38�, is located at the center of the flame on the flame axis at different
heights above the burner. The ethylene–air diffusion flame has cylindrical symmetry and both the
soot volume fraction and primary size have an inhomogeneous radial profile. Nevertheless, all the
measurements are taken at radial coordinate zero, namely on the flame axis. At different height-
above-burner (HABs) we expect, apart from morphological variations of aggregate shape and size
variation of primary particles, also some variations of refractive index, owing to the continuous
dehydrogenation process occurring within the flame. In any event, the conventional analysis for
inferring fractal dimension and radius of gyration is poorly depending on the possible variations
of soot optical properties due to the scarce variations with respect to the refractive index of the
scattering angular pattern functions FðyÞ for vertical–vertical light Ivv ¼ NpIvv;RF ðyÞ scattered by
aggregates of Rayleigh primary particles, Ivv;R is the vertical–vertical light intensity scattered by a
single isolated primary particles [29,30].
The measurement volume (MV) is determined in the experiments by the intersection of the laser

beam and the optical detection cone, which collects light scattered by the particles inside MV
Fig. 9. Experimental setup. LBS = Laser Beam Section; DA = Detection Angle; L1 = collecting Lens (diameter 25:4 mm; focal

length 300 mm); L2 = focusing Lens (diameter 25:4 mm; focal length 50 mm); IF = Interference Filter; P-H = Pin-Hole (1mm dia);

PBS = Polarizing Beam Splitter; PMT1, PMT2 = Photo-Multiplier Tubes; SA = scattering angle y; MV = Measurement Volume;

BBM = Bunsen Burner Mouth.
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(Fig. 9, top). Thus, the measurement volume result reaches its minimum MV90� at 90
� scattering

angle (SA). Several thousands of clusters are located within the MV at y ¼ 90� depending on
HAB. For instance at HAB ¼ 16 mm we estimate from scattering and separate extinction
measurements that about 2000 clusters lie inside MV. At scattering angles y different from 90� the
measuring results will vary according to the geometry factor 1= sinðyÞ. After emerging out of the
flame, the scattered light is collected by an optical detection system (Fig. 9, bottom), which is
composed by two lenses (focal length 300 mm and 50 mm), an interference filter (FWHM 1 nm), a
pinhole ð1 mmÞ, a polarizing beam splitter, and two photomultiplier tubes (PMT). Measurements
of vertical–vertical light intensities Ivv, are performed. A lock-in amplifier is used to discriminate
light-scattering signals against flame luminosity and out-of-band noise.
Measurements at scattering angles y between 10� and 160� are taken. This corresponds, for

l ¼ 514:5 nm, to scattering wave vector moduli q � ð4p=lÞ sinðy=2Þ within the range
2:0 mm�1pqp24 mm�1. The signal at the output of the lock-in amplifier is then multiplied by
sinðyÞ to account for variation of the volume focused by the optical system when y is changed.
Scattering measurements are then corrected to account for the extinction (about 1%) undergone
by the laser beam in passing through the flame.
7. Results and discussion

First we want to show results from the conventional structure analysis applied to our
measurements. Figs. 10 and 11 shows the graphically evaluation of the fractal dimension Df and
the radius of gyration Rg for measured intensity at HAB ¼ 16 mm and Figs. 12 and 13 for
HAB ¼ 30 mm, respectively.
On experimental basis the scattering patterns are measured, from which the Df and Rg are

obtained. Moreover, the Np and rp are inferred again from the experimental data relative to the
dissymmetry ratio Rvvð20=90Þ ¼ Ivvð20

�Þ=Ivvð90
�Þ and from the SEM measurements, respectively,

along a trial-and-error procedure described elsewhere [31,32]. It was also demonstrated with
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Fig. 10. Estimation of the fractal dimension Df for HAB ¼ 16 mm.
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previous work that the dissymmetry ratios are poorly sensitive to the refractive index variations
thus being very attractive diagnostic tools [30].
The conventional structure analysis does not require any a priori knowledge of the soot

properties, including the soot refractive index and present all the advantages to employ only
scattering measurements.
For examining the applicability of the orientational and the configurational averaging method

we begin with no a priori information about the morphology of the measured soot aggregates
except the refractive index of soot n ¼ 1:57þ i0:56 [33], a standard value which do not correspond
to the work of Dalzell and Sarofim [34]. They proposed a value of n ¼ 1:57þ i0:46 at l ¼ 550 nm.
The other presumed value is kf ¼ 1:5 for the fractal prefactor in Eq. (1) [35]. This value is not

identical with that reported in the cited literature, but it is very similar. Our detector integration
routine integrates the simulated light scattering intensities from �3�; . . . ;þ3� around each
measured intensity.
In the fitting procedure the parameter variation runs over nine values of different fractal

dimensions Df , eight different numbers of primary spherules Np and seven different radii of
primary spherules rp, so alltogether a fit over the complete data base uses 504 different
morphologies. In the case of orientational averaging, there are three different clusters for each
combination of the 504 morphologies. We tried to fit the measurements of angular scattering
pattern and the rp from SEM reported in previous work [27,28] with our simulations which takes
into account the configurational averaging. The starting Df and Np in our simulations will be
taken from the values inferred by the trial-and-error procedure, described in [28], to match
measurements of scattered intensities in the Guinier and power law regimes and the measured
dissymmetry ratio Rvvð20

�=90�Þ.
The ‘‘bump’’ in the scattering pattern near y ¼ 135� (see Fig.14) is due to the transition

between the fractal power law IðqÞ � qDf and the Porod power law IðqÞ � q�4. Unfortunately, the
Porod’s law is valid for primary units which are perfectly spherical, homogeneous and
with smooth surface. This is not the case for soot primary particles. In particular, the higher
the HAB the more they are carved. This corresponds to the fact that oxidation proceeds
towards the interior through pores. This irregularity on the surface will be reflected in so-called
‘‘interference effects’’ which are due to the interference between the scattering by the
main structure unit (primary spherule) and the characteristic size of the irregularities at their
surface.
A fit over the complete data base delivers good agreement with the SEM analysis for the fractal

dimension Df , see Fig. 14 for the measurement at height of the burner HAB ¼ 16 mm and Fig. 15
at HAB ¼ 30 mm. However, the results for the numbers of primary spherules Np and radius of
primary spherules rp seems to be wrong compared to SEM analysis.
A better result for HAB ¼ 30 mm follows after narrowing the evaluated measurement range of

the scattering angles to values between 47� and 146�, see Fig. 16. However, further narrowing to
the smaller range between 55� and 125�, the results get worse, see Fig. 17. The result and fits using
other ranges of y indicates that there is no typical scattering range like the Guinier regime which
have to be used to estimate e.g. the fractal dimension.
For a HAB ¼ 16 mm there is a similar trend for getting results with higher fractal dimension as

well as higher number of primary spherules and primary particle radius after narrowing the
measurement range.
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Fig. 15. Orientational averaging fit for HAB ¼ 30 mm.

0 45 90 135 180

100

101

Scattering Angle / Degree

D
S

C
S

measurements
D

f
=1.2, N

p
=110, r

p
=20

D
f
=1.2, N

p
=130, r

p
=15

D
f
=1.2, N

p
=60, r

p
=25
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In the case of configurational averaging there are more parameters which have to be varied.
Besides Df , Np and rp another important parameter is the number of clusters Ncl from Eq. (10).
First we consider the measurements with HAB ¼ 16 mm. The best fit for the fractal dimension

does not corresponds as well as that from the orientational averaging, see Fig. 18. Narrowing the
data range for the fit to a scattering range of 10�–100�, the result for the fractal dimension agrees
with that from SEM analysis, see Fig. 19. However the number and the radius of the primary
particles fits worse.
In the case of measurements with HAB ¼ 30 mm, (Fig. 20) the result for the fractal dimension

Df ¼ 1:7 agrees with the value obtained in previous experimental work [27], see Fig. 18. However,
we did not get very good results for Np and rp from a fit using the complete data base. After
narrowing the data range for the fit, the result for the fractal dimension is smaller than the
expected Df ¼ 1:7, but the values of Np and rp agrees better with that from SEM analysis, see Fig.
21. Narrowing to a small range around y ¼ 90� gives very good agreement for these parameters,
see Fig. 22.
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Fig. 16. Orientational averaging fit for HAB ¼ 30 mm for scattering range of 47�–146�.
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Fig. 17. Orientational averaging fit for HAB ¼ 30 mm for scattering range of 60�–115�.
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Fig. 18. Configurational averaging fit for HAB ¼ 16 mm over the complete data range.
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Fig. 19. Configurational averaging fit for HAB ¼ 16 mm for a scattering range of 10�–100�.
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Fig. 20. Configurational averaging fit for HAB ¼ 30 mm over the complete data range.
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Fig. 21. Configurational averaging fit for HAB ¼ 30 mm for scattering range of 47�–115�.
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Fig. 22. Configurational averaging fit for HAB ¼ 30 mm for scattering range of 60�–115�.

Table 1

Composition of the results for HAB ¼ 16 mm

Method HAB ¼ 16 mm

Df Np rp
LS+SEM 1.2�0.1 60�10 15�3 nm

OA, Fig. 14, best fit 1:2 70 25 nm

OA, Fig. 14, average 1:2 107 18 nm

CA, Fig. 18, best fit 1.3 90 15 nm

CA, Fig. 18, average 1.3 87 17 nm

CA, Fig. 19, best fit 1:2 130 30 nm

CA, Fig. 19, average 1:2 110 28 nm
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In all results of configurational averaging the number of clusters Ncl is much smaller than the
number of real cluster of about 5000 and more in the measuring volume (see p. 11). This difference
may be explained by the fact that the cluster moves in the flame whereas in the simulation the light
scattering response is static. Another difference is that in the measurement volume the
morphological parameter of the soot particles are distributed whereas the simulations are based
on one specific parameter set.
At any rate the light scattering measurement will be represented through the light scattering of

Ncl clusters.
In Table 1 we summarized the values of the SEM analysis together with the results of the

orientational averaging (OA) and the configurational averaging (CA). We insert the best fit and
the average of the three best fitting results of each of the previous figures (Table 2). In both tables
the bold typed values agree with the SEM analysis. Altogether the CA seems to produce better
results.
With the averaged values from Fig. 18 we get a radius of gyration of Rg ¼ 350 nm if we use the

geometrical data of our clusters in the data base all having the parameters Df ¼ 1:3, Np ¼ 90 and
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Table 2

Composition of the results for HAB ¼ 30 mm

Method HAB ¼ 30 mm

Df Np rp
LS+SEM 1.7�0.1 110�15 20�4 nm

OA, Fig. 15, best fit 1.6 80 10 nm

OA, Fig. 15, average 1.6 73 12 nm

OA, Fig. 16, best fit 1:7 80 15 nm

OA, Fig. 16, average 1:7 90 15 nm

OA, Fig. 17, best fit 1.9 80 25 nm

OA, Fig. 17, average 1.9 87 25 nm

CA, Fig. 20, best fit 1:7 70 15 nm

CA, Fig. 20, average 1:7 77 13 nm

CA, Fig. 21, best fit 1.6 90 25 nm

CA, Fig. 21, average 1.6 90 27 nm

CA, Fig. 22, best fit 1.8 130 25 nm

CA,Fig. 22, average 1.8 117 20 nm
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rp ¼ 15 nm. For Df ¼ 1:8, Np ¼ 120 and rp ¼ 20 nm corresponding to the averaged results of Fig.
22 we get a radius of gyration of Rg ¼ 0:227 nm. Both values of Rg are higher compared with Fig.
11 and Fig. 13, but the tendency is the same.
8. Conclusion

We intended to test a new method for analysing the structure of soot cluster. The combination
of orientational and configurational averaging seems to be a promising method for evaluation of
morphological parameters from aggregates with laser light scattering measurements. Especially
configurational averaging fits the simulated scattering quantities very smooth to the measured.
The reason for this is that this method is able to use arbitrary numbers of clusters in contrast to
orientational averaging. Although one can average over less different orientations in an
orientational averaging, this has the disadvantage of how to interpret the result. However using
e.g. 17 different clusters for a configurational averaging have a unique meaning, namely that there
are 17 clusters necessary for the best fit (see Fig. 20). And these 17 clusters represents the
corresponding measurement.
Another advantage is that the method described in this paper uses the T-matrix method to

compute the light scattering quantities. This method is energetically conservative and it produces
exact values, especially in the backscattering region where the RDG-approximation fails.
The method outlined here is a little bit cumbersome because of the need of a previously build

data base. A more flexible computing tool seems to be desirable. Especially the fractal prefactor kf

and the refractive index n were not varied because this would blow up the size of the data base. A
fitting procedure which does not use a data base could be more suitable to fit measured data.
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