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Experimental determination of scattering matrices of
randomly oriented fly ash and clay particles at 442 and
633 nm
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Abstract. We present measurements of the scattering angle distribution of
the whole scattering matrix for randomly oriented particles of three mineral
samples: fly ash, green clay, and red clay at 442 and 633 nm. Fly ash consists
of aggregates of nearly spherical particles while green clay and red clay particles
represent irregular compact particles. We compare the measured results for fly
ash with an experimentally determined average scattering matrix which is based
on measurements for a broad selection of irregular mineral aerosol particles.
We find that the scattering matrix of our polydisperse sample of aggregates of
nearly spherical particles differs considerably from that of compact particles. In
addition, the angular distribution of the elements of the scattering matrix (except
Fy5(0)/Fy1(6)) for fly ash particles seem to be dominated by the single monomers.
The effects of small differences in composition on the scattering behavior have also
been studied by comparing our experimental results for green clay particles with
those obtained by Volten et al. [2001] for red clay particles at the same wavelengths.

1. Introduction

Most solid particles in terrestrial and planetary at-
mospheres, and other solar system bodies such as as-
teroids and comets, consist of irregular mineral parti-
cles. These mineral particles seem to occur in a broad
range of shapes [e.g., Okada et al., 1987; Warren et al.,
1997] and to be distributed in size [e.g., d’Almeida et
al., 1991]. In many cases, scattered light is the only tool
we have to retrieve information about the structure and
origin of these celestial bodies and their atmospheres.
Therefore it is important to study the scattering of light
by randomly oriented polydisperse irregular particles
with sizes comparable to the wavelength of the incident
light.

Lumme [2000] suggested that in a fairly broad sense,
small irregular particles can be divided in two classes:
aggregated and compact particles. Aggregated particles
seem to be ubiquitous in space: molecular clouds, in-
terplanetary and cometary dust, and planetary aerosols
[e.g., Greenberg and Gustafson, 1981; West and Smith,
1991; Wurm and Blum, 1998]. Compact mineral parti-
cles have been found in the Earth’s atmosphere [Pros-
pero et al., 1981; Rietmeijer, 1993], the atmosphere of
Mars [Moroz et al., 1994], comets [Jager et al., 1994;
Colangeli et al., 1995], meteorites [ Weiss- Wrana, 1983],
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and circumstellar and interstellar matter [Molster et al.,
1999].

Regarding light scattering by small particles, there
are no accurate numerical codes that can handle the ir-
regularity and broad size range of the compact particles
we find in nature (see Mishchenko et al. [2000a)] for a
detailed description of the advantages and constraints of
the more frequently used numerical codes for nonspher-
ical particles). Aggregated particles have been also un-
der theoretical study by many authors [e.g., West, 1991;
Mishchenko et al., 1995; Mackowskr, 1995; Mackowsk:
and Mishchenko, 1996; Lumme et al., 1997; Xing and
Hanner, 1997; Haudebourg et al., 1999; Yanamandra-
Fisher and Hanner, 1999; Xu and Gustafson, 1999)].
However, even the faster methods cannot give accurate
results for natural polydisperse samples of aggregated
particles.

Therefore the experimental study of the scattering
behavior of polydisperse aggregates and compact irreg-
ular particles is of main importance. However, results
of only a small number of laboratory measurements are
available in the literature.

The microwave analog technique has been used to
study light-scattering properties of particles for many
years [see Gustafson, 2000, and references therein). With
this technique the light-scattering problem is scaled to

longer wavelengths and to larger particle sizes allowing
accurate sample characterization. A disadvantage of
such measurements is that they cannot be performed for
natural polydisperse samples within a reasonable time.
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Measurements at visible wavelengths using laser light
scattered by an ensemble of particles have been report-
ed by different authors. This method has been used
to measure the angular distribution of all elements of
the scattering matrix [e.g., Perry et al., 1978; Holland
and Gagne, 1970; Kuik et al., 1991; Musioz et al., 2000;
Volten et al., 2001] or just the phase function and the
degree of linear polarization for unpolarized incident
light as a function of the scattering angle [e.g., Jaggard
et al., 1981, West et al., 1997]. Bottiger et al. [1980]
published the results of such an experimental study of
the scattering matrix as a function of the scattering an-
gle for randomly oriented monodisperse aggregates of
nearly identical micron-sized latex spheres. Their mea-
surements for bispheres have been quantitatively repro-
duced using the superposition T-matrix method as de-
scribed by Mishchenko and Mackowski [1996].

In this work we present unique measurements at t-
wo wavelengths, 442 and 633 nm, of the (relative) s-
cattering angle distribution of the complete scattering
matrix of three samples of polydisperse randomly ori-
ented particles as examples of the two classes of small
irregular particles: fly ash (aggregates) and green clay
and red clay (compact particles). There are theoretical
indications that aggregates of spherical particles show s-
cattering properties that differ substantially from those
of compact mineral particles with similar refractive in-
dices and sizes [Mishchenko et al., 1995; Mackowski and
Mishchenko, 1996]. The main purpose of this paper is to
report an experiment that shows how scattering prop-
erties of polydisperse aggregates may differ from those
of compact irregular mineral particles with similar size
distributions and refractive indices. For this purpose
the measured results for fly ash particles have been com-
pared to the measured results for green clay and red clay
particles and the experimentally determined average s-
cattering matrix for irregular mineral aerosol particles
obtained by Volten et al. [2001]. This matrix (hence-
forth called the average scattering matrix) was obtained
by measuring at two wavelengths (442 and 633 nm) the
scattering matrices as functions of the scattering angle
of seven different mineral samples (including red clay),
all of which belong to the compact particles group but
each having a different projected surface distribution
and refractive index. The only property of fly ash that
has no overlap with the properties of these samples is
the shape of the particles.

The study of the scattering properties of fly ash parti-
cles is also important for another reason. Fly ash is a by-
product (consisting mainly of clays) of the combustion
of coal in electricity power plants. The strong influence
on climate of anthropogenic atmospheric aerosols [see,
e.g., Charlson et al., 1992] is very well known. There-
fore studying the scattering behavior of fly ash particles
is useful in order to estimate their effect on climate in
industrial regions where the concentration of this kind
of anthropogenic aerosols can be high.

In experimental light scattering studies it is impor-
tant to obtain well-characterized samples to be used in
controlled laboratory measurements. For example, if we
can obtain two samples for which just one of the phys-
ical parameters of the particles differs, we can isolate
the effect of that parameter on the scattering behavior.
This is not an easy matter because of the difficulty of
finding the right samples for such measurements. How-
ever, our green clay and red clay samples fulfill this
requirement very well. They contain particles having
size distributions and shapes that are almost identical
to each other but presenting small differences in com-
position. Thus we have studied the influence on the
scattering behavior of differences in composition, since
the influence of the other parameters (size distribution
and shape) may be assumed to be negligible.

In summary, in section 2 we present a brief review
of the theory involved in the experiments and a de-
scription of the experimental setup used to measure the
entire scattering matrix at 442 and 633 nm. In sec-
tion 3 the physical characteristics of our samples are
presented. Results of our experiments are shown in sec-
tion 4.1. In section 4.2 we compare the results obtained
for fly ash particles with the experimentally determined
average aerosol scattering matrix [Volten et al., 2001].
In addition, the measured results have been compared
to computational results. The comparison is done in a
qualitative way, since we have not found published com-
putational results for a sufficiently broad size distribu-
tion or large enough size parameters of the constituent
particles. In section 4.3 we compare the measured scat-
tering matrices as functions of the scattering angle for
green clay particles with those obtained by Volten et al.
[2001] for red clay particles and the average aerosol scat-
tering matrix. Conclusions are presented in section 5.

2. Some Concepts of Light Scattering
and the Experimental Setup

The flux and polarization of a quasi-monochromatic
beam of light can be represented by a column vector
I= {I,Q,U,V}, also called Stokes vector [ Van de Hulst,
1957; Hovenier and van der Mee, 1983]. Here I is pro-
portional to the total flux of the beam. The Stokes
parameters @ and U represent differences between t-
wo components of the flux for which the electric field
vectors oscillate in mutual orthogonal directions. The
Stokes parameter V is the difference between two op-
positely circularly polarized components of the flux. A
plane through the direction of propagation of the beam
is chosen as a plane of reference for the Stokes param-
eters.

If light is scattered by an ensemble of randomly ori-
ented particles and time reciprocity applies, as is the
case in our experiment, the Stokes vectors of the inci-
dent beam and the scattered beam are related by a 4 x4
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scattering matrix, for each scattering angle, as follows
[Van de Hulst, 1957, section 5.22],

Isc Fi1 Fi2 Fiz Fuq In

Qsc | X Fiy Fy Fy Fxu @ (1)
Usc |~ 4n2D2 | —F13 —Fu3 Fi3 F3q Ui |’
Vse Fia Foy —Fzq Faq Vin

where the subscripts 7 and s refer to the incident and
scattered beam, respectively, A is the wavelength of the
incident beam, and D is the distance from the ensemble
to the detector. The matrix with elements F,, is called
the scattering matrix. Its elements depend on the scat-
tering angle 8 but not on the azimuthal angle. Here the
plane of reference is the scattering plane, that is, the
plane containing the beams of incident and scattered
light. The elements F;; contain information about the
size distribution, shape, and refractive index of the s-
catterers. It follows from (1) that there are 10 matrix
elements to be determined. This number is further re-
duced when a scattering sample consists of randomly
oriented particles with equal amounts of particles and
their mirror particles. In that case, the four elements
Fi3(8), F14(9), F»3(8), and F4(f) are zero over the en-
tire angle range [Van de Hulst, 1957).

A detailed description of the experimental setup that
we used to measure the scattering matrix is given by
Hovenier [2000]. A brief summary is given here. We
use either a HeNe laser (633 nm, 5 mW) or a HeCd
laser (442 nm, 40 mW) as a light source. The laser light
passes through a polarizer oriented at an angle yp and
an electro-optic modulator oriented at an angle v, (an-
gles of optical elements refer to the angle between their
optical axis and the scattering plane, measured counter-
clockwise when looking in the direction of propagating
of the light). The modulated light is subsequently scat-
tered by the ensemble of randomly oriented particles
located in a jet stream produced by an aerosol genera-
tor. The scattered light passes through a quarter-wave
plate oriented at an angle vo and an analyzer oriented
at an angle v4 (both optional) and is detected by a pho-
tomultiplier tube which moves in steps along a ring. A
range in scattering angles is covered from approximate-
ly 5° (nearly forward scattering) to about 173° (nearly
backward scattering). A monitor, that is, a photomul-
tiplier placed at a fixed position, is used for normaliza-
tion purposes. We employ polarization modulation in
combination with lock-in detection to determine all el-
ements of the 4 x 4 scattering matrix, in the sense that
we obtain the phase (scattering) function, Fi;(8), in a
relative way and the other elements divided by Fi;(6).
The procedure during the measurements is as follows:
the aerosol jet in the scattering center is produced by an
aerosol generator, which consists of a reservoir, a brush,
and an airflow control. The reservoir is filled with the
aerosol sample which is pushed upwards against a ro-
tating brush. An airflow blows the particles from the
brush through a tube in the scattering zone, where the

light, from the laser beam is scattered by the aerosols. In
order to investigate whether the shape of the particles
had changed after passing the aerosol generator, we put
a glass plate under the aerosol jet to recover the sample
as it was measured during the experiment. We look at
it through a microscope and compare the particles with
particles of the same sample that are not used for the
experiment. In all cases the particles before and after
the experiment did not look different.

Errors in the measured matrix elements originate
from fluctuations in the measured signal or signals. For
each data point at a given scattering angle, 720 mea-
surements are conducted in about 2 s. The values ob-
tained for the measured matrix elements or combina-
tions of matrix elements are the average of several data
points (about five or more) and the corresponding ex-
perimental error is the standard deviation in these (see
also Volten et al. [2001]).

We investigated the reliability of the measurements p-
resented in this paper by applying the Cloude coherency
test [Hovenier and van der Mee, 1996]. We found that
for all matrix elements the values measured for scatter-
ing angles from 5° to 173° are in agreement with the
Cloude coherency test within the experimental errors.

Measurements with water droplets were done in order
to test the setup. Since the water droplets had spheri-
cal shapes, we could compare the experimental results
with those obtained from Mie calculations. We found
excellent agreement over the entire angle range mea-
sured for all scattering matrix elements. The results
of the experiments and calculations for water droplets
have been published by Volten et al. [2001].

3. Characterization of the Samples

In this section we discuss physical characteristics of
the samples considered in this paper. They consist of
small particles of fly ash, green clay, and red clay. In
particular, we consider the shapes, chemical composi-
tions, the size distributions and the complex refractive
indices of the particles.

3.1. Origin and Shapes

Fly ash can be produced by a number of process-
es, such as the combustion of coal in power stations,
the gasification of coal and the combustion of waste,
each of which may lead to fly ashes with specific char-
acteristics. Our sample of fly ash originates from the
inorganic fraction, mainly clays, of the combustion of
powdered coal in an electricity power plant. It consist-
s of aggregates of nearly spherical particles. A scan-
ning electron microscope (SEM) photograph of the fly
ash particles is presented in Figure 1 (top). Our clay
particles are natural particles that, in contrast, exhibit
irregular shapes with a layered structure. In Figure 1
(bottom) we present a SEM picture of green clay. Red
clay particles also present the typical layered structure
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Figure 1. Scanning electron microscope (SEM) pho-
tographs of the (top) fly ash particles and (bottom)
green clay particles. The white bar denotes (top) 100
pm and (bottom) 10 pm.

of clay particles. See Volten et al. [2001] for a SEM
picture of red clay particles.

3.2. Particle Sizes

The projected surface area distributions have been
measured by using a Fritsch laser particle sizer [Konert
and Vandenberghe, 1997]. Figure 2 (top) shows nor-
malized projected surface area distributions S(log r) as
functions of  in micrometers on a logarithmic scale for
fly ash, green clay, and red clay particles. Here r is the
radius of a sphere having the same projected surface
area as the irregular particle has, and S(log r)d log r
gives the relative contribution by spheres with radii in
the size range [log r,log r+ d log r] to the total project-
ed surface per unit volume of space. This implies that
equal areas under a curve correspond to equal contribu-
tions to the total projected surface. Since for irregular
particles larger than about 1 pm, the projected surface

area is proportional to the scattering cross section [Hod-
kinson, 1963], Figure 2 gives us information about how
particles of different size contribute to the scattering.
In Figure 2 (bottom), normalized number distribu-
tions, N (log r) are presented, since these are often used
in calculations and reported in the literature. Here N
(log r)d log r gives the relative contribution by spheres
with radii in the size range [log r,log r+d log r] to
the total number of spheres per unit volume of space.
N(log r) was computed from the corresponding S(log
7). The normalized number distributions of the samples
studied in this work are similar to number distribution-
s of mineral samples found in the Earth’s atmosphere
[d’Almeida et al., 1991]. Although the SEM pictures
are not necessarily representative for the size distribu-
tions of the aggregates as a whole (for that purpose we
refer Figure 2), we can make an estimate of the size of
the constituent particles in the aggregates of the fly ash
sample. It appears that most of the constituent spheres
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Figure 2. (top) Measured projected normalized sur-
face area distributions, and (bottom) corresponding
normalized number distributions, of the fly ash, green
clay, and red clay particles. The distributions are plot-
ted as functions of the radius in micrometers on a log-
arithmic scale.
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Table 1. Overview of Properties of the
Aerosol Samples Studied

Teff,

Sample pm ver  Color
Fly ash 3.65 10.9 grey
Green clay 1.55 1.4 green
Red clay 1.50 1.6 red

in the fly ash aggregates have diameters d such that
their size parameters (x = wd/)) are larger than 15 at
442 nm and larger than 10 at 633 nm.

Values of the effective radius (req) and variance (veg)
of each sample are given in Table 1. These two param-
eters are defined as follows:

fooo rar?n(r)dr

- Jo mr2n(r)dr’

[ (r - reg)?mr?n(r)dr
Veff = ,
of i o mrin(r)dr

()

Teff

(3)

where n(r)dr is the fraction of the total number of
spheres with radii in the size range [r,r+dr] per unit
volume of space [Hansen and Travis, 1974]. Here n(r)
is computed from N (log r).

3.3. Refractive Indices and Composition

In Table 2 we present the most abundant minerals of
the samples considered in this paper. The exact values
of the refractive indices of the samples are unknown.
Based on literature values [Kerr, 1959; Tréger et al.,
1971; Egan and Hilgeman, 1979; Gerber and Hindman,
1982; Klein and Hurlbut, 1993], we can safely assume
that at visual wavelengths the real part of the refrac-
tive index lies between 1.5 and 1.7, while the imaginary
parts likely lie in the range between 1072 and 1075.
Since the three samples have similar compositions, we
estimate their refractive indices to be also very similar
except, perhaps, for the imaginary part of the colored
clay particles.

4. Results and Discussion
4.1. Measurements

In Figures 3-5 we present elements of the complete
scattering matrices at 442 and 633 nm as functions of
the scattering angle for the randomly oriented particles
of fly ash, green clay, and red clay. For convenience,
we normalized all matrix elements (except Fy; itself)
to Fi;, that is, we consider Fj;/Fi,, with i, = 1 to
4. All scattering functions or phase functions Fj;(f)
considered in this paper are shown on a logarithmic
scale and are normalized to 1 at 30°.

Instead of Fi2/F1; we have plotted

I. -1
L+

P/ =

where, for unpolarized incident light, I, and I; represent
the flux of the scattered light polarized perpendicular
and parallel to the plane of scattering, respectively.

We refrained from showing the element ratios
F13(0)/ F11(0), F14(0)/F11(0), F23(6)/F11(6), and
F54(0)/ F11(0) since they were found to be zero over the
entire range of scattering angles within the accuracy
of the measurements. This is in agreement with the
assumption of randomly oriented particles with equal
amounts of particles and their mirror particles [ Van de
Hulst, 1957]. Therefore in this case —F;2/Fi; equals
the degree of linear polarization of the scattered light
for incident unpolarized light. The experimental errors
are indicated in Figures 3-5 by error bars. When no
error bar is shown, the value of the standard deviation
is smaller than the symbol plotted.

The results are presented together with the average
scattering matrix obtained by Volter et al. [2001]. This
average was obtained from seven samples of irregularly
shaped mineral particles including red clay particles at
two wavelengths (442 and 633 nm). The main inter-
est of this average is that, although the seven samples
of irregularly shaped mineral particles present a broad
range in refractive indices and size distributions, the ex-
perimentally determined values of the scattering matrix
elements, when plotted as functions of the scattering
angle, are confined to rather limited domains. Physical
characteristics (refractive indices and size distributions)
of the samples of fly ash and green clay considered in
this paper lie within the values presented by the sam-
ples studied by these authors, but fly ash particles differ
considerably in shape (see section 2.1).

4.2. Discussion of the Scattering Matrices of
Fly Ash Particles

In Figure 3 we present the experimentally determined
scattering matrices at 442 and 633 nm for the aggre-
gates of nearly spherical fly ash particles, together with
the average scattering matrix. Manifestations of non-
sphericity are clearly present, for example, the ratios
F33(0)/F11(6) and Fy4(0)/F11(8) differ from each other
and the ratio Fy;(6)/Fi;(6) deviates considerably from

Table 2. Main Components of the Samples of
Fly Ash, Green Clay, and Red Clay®

Fly Ash  Green Clay Red Clay

5109 48.0 50.6 50.2
Al O3 25.4 14.1 20.0
Fe; O3 6.8 4.8 7.0
CaO 7.1 9.2 6.2
MgO 3.9 2.3 2.4
K20 - 4.0 3.7
Mn - - 0.1
Na,O 1.2 0.2 -
P20s - 0.1 -
SO3 1.3 - -
TiO» 0.2 - -

%Units in percent by weight.
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Figure 3. Measured scattering matrix as functions of the scattering angle for fly ash particles
at 442 nm (triangles) and 633 nm (circles). The measurements are presented together with
their error bars. In case no error bars are shown, they are smaller than the symbols. Solid lines
correspond to the average mineral scattering matrix for compact particles. The domains occupied

by the aerosol measurements presented by Volten et al. [2001] are indicated by shading.

unity. The measured scattering matrices of fly ash par-
ticles also do not follow the general trends presented by
irregularly shaped compact particles [Mishchenko et al.,
2000b; Volten et al., 2001] as will be discussed below.
For instance, the scattering functions Fi;(6) for the
fly ash particles show a relatively strong increase at
backscattering angles compared to experimental results
obtained for green clay and red clay particles and the av-
erage scattering curve for irregular mineral particles. In
Table 3 we present values of Fi;(6) at 173°, divided by
the measured minimum values over the scattering angle
range from 5° to 173°, (F1:(173°)/Fi1min). We find a
value of F1;(173°)/ F11min of 3.0 at both wavelengths for
fly ash particles. This increase of Fi;(#) at backscatter-
ing angles is reminiscent of results of Mie calculations
for polydisperse spheres with similar size distributions
as the constituent monomers of the aggregates. In con-
trast, for green clay and red clay particles and the aver-
age scattering matrix the values of (F11(173°)/Fi1min)
are close to 1 (1.1-1.2). These flat phase functions at
large scattering angles seem to be commonly found for
irregularly shaped particles [e.g., Holland and Gagne,
1970; Perry et al., 1978; Kuik et al., 1991; West et
al., 1997, Musioz et al., 2000; Volten et al., 2001]. In
contrast, F11(f) curves for rounded particles [Perry et
al., 1978], randomly oriented packed clusters of spheres

[Mackowski and Mishchenko, 1996] and polydisperse
randomly oriented bispheres [Mishchenko et al., 1995]
present an enhanced backward peak compared to ir-
regularly shaped compact particles. Therefore the en-
hancement of Fj;(f) at backscattering angles for the
fly ash sample seems to be related to the shape of its
particles, which are aggregates of spheres.

In Table 3 we also present the steepness of Fi;(f)
curves, defined as the measured maximum value of
F1;(0) divided by the measured minimum value over
the scattering angle range from 5° to 173°. The steep-
ness of Fi; () depends strongly on the effective size pa-
rameter of the particles, since forward diffraction peaks
are steeper for large particles than for small particles.
However, our measurements do not include the forward
diffraction peaks for angles smaller than 5° and, in fact,
we see that the green and red clay particles show larger
steepnesses than the larger fly ash particles.

The measured —F13(0)/F11(6) curves for fly ash par-
ticles are found to differ appreciably from the average
aerosol curve. In Tables 4 and 5 we present the main
features of this function at 442 and 633 nm, respective-
ly. The measured results for —Fj3(8)/F; () at 442 nm
show positive values at almost all scattering angles with
three relative maxima near 25°, 100°, and 170°. The
shape of the function at 633 nm is similar to that at 442
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Figure 4. Comparison of the measured scattering matrix elements as a function of the scattering
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presented together with their error bars. In case no error bars are shown, they are smaller than
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Figure 5. Same as Figure 4, but at 633 nm.
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Table 3. Values of Fi;(#) at 173° Divided by the Minimum Values Measured
Over the Scattering Angle Range From 5° to 173° and Steepnesses of Fi1(6)

at 442 and 633 nm?®

F11(173°)/ Fi1min Steepness
Sample 442 nm 633 nm 442 nm 633 nm
Fly ash 3.0 3.0 262 215
Green clay 1.1 1.1 423 392
Red clay 1.2 1.2 430 390
Av.Sc.M. 1.2 187

®The results are compared with those obtained for the average mineral aerosol

scattering matrix (Av.Sc.M.).

nm, but the values are nearly zero at side-scattering an-
gles and become negative at backward directions with
a minimum near 160° (see Table 5). Besides the d-
ifferences in shape for —Fj,5(8)/F1(#) relative to the
average scattering curve, the values of the degree of
linear polarization for the fly ash are generally lower.
Low values of the degree of linear polarization were al-
so found by Bottiger et al. [1980], for measurements
on monodisperse quadruplets of micron sized spheres
at 441.6 nm. According to Gustafson and Kolokolova
[1999], the shape of —F},(6)/F11(0) and the amount of
polarization depend strongly on the size parameter of
the constituent particles of the aggregate. They find an
oscillation around small polarization values when the
size parameters of the constituent particles are of the
order of 20 which is similar to the values of our particle
constituents (see section 3.2).

The measured F34(6)/F11(6) for fly ash particles also
presents appreciable deviations from the average scat-
tering curve for compact irregular particles. This ratio
presents a negative branch at small scattering angles
and has a maximum at much higher angles (165° and
155° at 442 and 633 nm, respectively see Tables 4 and
5). The shapes of -Fi2(6)/F11(8) and F34(6)/F1:1(9)
resemble the result for polydisperse spheres with simi-
lar size distributions and refractive indices as the con-
stituent particles of the aggregates [see e.g., Perry et
al., 1978; Mishchenko et al., 1995].

Differences between the ratios F33(0)/F11(0) and
F14(0)/ F11(8) for fly ash particles compared to irregular
mineral particles are largest at backscattering angles, e-
specially at 633 nm. For the fly ash both Fs3(8)/Fy;(6)
and Fy4(6)/F11(0) decrease suddenly at backscattering
angles at 633 nm. This sudden decrease was also found

by Mishchenko et al. [1995] for spheres and polydis-
perse randomly oriented bispheres but was not found
for irregular mineral particles such as the green and red
clay. These authors considered bispheres with a power
law size distribution with veg = 0.2 and reg = 1 pm.
The computations were carried out at 628.3 nm with
the refractive index fixed at 1.5 + 0.005:. Although
our measured results for fly ash particles at 442 nm do
not clearly show this sudden decrease, Figure 3 seems to
indicate that the decrease could start at higher angles
for which we do not have measured results.

The measured Fy;(8)/F11(0) for fly ash decreases
from almost 1 at angles close to the forward direction
to a minimum at side-scattering angles and increases
again at backscattering angles to high values (see Ta-
bles 6 and 7). As shown in Figure 3, Fy(6)/F1,1(6)
at backward directions and at both wavelengths (442
and 663 nm) lies outside the domain occupied by the
aerosol measurements of Volten et al. [2001]. A very
similar shape of Fy;(#)/F);(#) with a sudden increase
around 130° was again also found by Mishchenko et
al. [1995] for the polydisperse randomly oriented bi-
spheres mentioned above. Similar behavior was also ob-
tained from calculations by Mackowski and Mishchenko
[1996] for monodisperse aggregates of N spheres with
a size parameter of the single sphere of 5 and N rang-
ing from 2 to 5. The refractive index for these cal-
culations was fixed to 1.5 + 0.005:. Although the
shape of the measured Fy2(0)/F;;(f) curve for fly ash
particles is quite similar to that of the results for bi-
spheres, the minimum of this ratio for our fly ash par-
ticles is much lower (0.5) than for the bispheres con-
sidered (~0.7). However, according to Mackowski and
Mishchenko [1996], the minimum value of Fy5(0)/F1(6)

Table 4. Maximum and Minimun Values of —F13(8)/Fi1(6) and F34(8)/F1:1(6)
at 442 nm and Angles at Which These Values Are Reached®

—F12(0)/F1.1(8); 0

F54(0)/F1.1 (9); 6

Sample maximum minimum maximum minimum
Fly ash 0.06 ; 100° -0.02 ; 170° 0.20 ; 165° -0.04 ; 10°
Green clay 0.18 ; 95° -0.02 ; 170° 0.09 ; 75° -0.01; 5°
Red clay 0.16 ; 95° -0.01 ; 172° 0.09 ; 80° -0.01 ; 10°
Av.Sc.M. 0.12 ; 105° -0.02 ; 172° 0.11; 90° -0.02 ; 15°

“The results are compared with those obtained for the average aerosol scat-

tering matrix (Av.Sc.M.).
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Table 5. Same as Table 4, but at 633 nm

—F12(0)/Fr1(6); 0

F34(0)/F1.(6); 8

Sample maximum minimum maximum minimum
Fly ash 0.01; 25° -0.12 ; 160° 0.23 ; 155° -0.06 ; 15°
Green clay 0.22 ; 95° -0.02 ; 171° 0.10 ; 70° -0.01; 5°
Red clay 0.17; 95° -0.02 ; 172° 0.10 ; 75° -0.01 ; 5°
Av.Sc.M. 0.12 ; 105° -0.02 ; 172° 0.11; 90° -0.02 ; 15°

depends significautly on the number of single spheres N
in the aggregate; the higher N, the lower the minimum
of F33(8)/F11(8). Thus the difference in the minimum
values of Fy;(6)/Fi1(8) for our measured results and
the calculated results by Mishchenko et al. [1995] could
be due to the number of single-constituent spheres in
the calculations being too small for an adequate model
of our fly ash particles.

4.3. Discussion of the Scattering Matrices
of Clay Particles.

We present in Figures 4 and 5 results of the exper-
imentally determined scattering matrices of green clay
and red clay particles at 442 and 633 nm, respective-
ly, together with the average scattering matrix. The
measured angular distributions of scattering matrix el-
ements for green clay and red clay generally agree with
the curves presented by the average of irregular shaped
mineral particles. Note that the red clay results are in-
cluded in this average. Since green clay and red clay
particles have practically identical shapes and size dis-
tributions (see section 2), any differences in their scat-
tering behavior (see Figures 4 and 5) are most likely
due to small differences in the refractive indices of the
samples.

For both clays the scattering functions or phase func-
tions F11(#) are smooth functions of the scattering angle
showing a strong forward peak; they are featureless and
flat at side-scattering angles and have almost no struc-
ture at backscattering angles. This scattering behavior,
as mentioned before, seems to be a general property
of ensembles of mineral irregular particles [Jaggard et
al., 1981; West et al., 1997; Mishchenko et al., 2000b;
Volten et al., 2001]. The values of the steepness of the
F11(8) curves are also quite similar for both clays (see
Table 3).

Table 6.

The measured —Fi2(8)/F11(8) curves, which in our
case equal the degree of linear polarization for unpolar-
ized incident light, have similar bell shapes. They show
a maximum at side-scattering angles with a negative
branch at positions close to the backward direction. For
small particles with sizes smaller than or approximate-
ly equal to the wavelength and a refractive index that
remains the same, the maximum of —Fi2(0)/Fi1(f) is
expected to increase if the size parameter of the parti-
cles decreases [Mishchenko et al. 2000c]. The results
of the measurements for green clay particles illustrate
this effect. When going from 442 to 633 nm, which
causes the size parameter to become smaller, the max-
imum value of —F}5(6)/F11(f) increases from 0.18 at
442 nm to 0.22 at 633 nm (see Tables 4 and 5). For
the red clay particles this behavior is less pronounced.
The maximum values of —Fj2(0)/F;;1(f) obtained for
the red clay particles are quite similar at both wave-
lengths, that is, 0.16 at 442 nm and 0.17 at 633 nm (see
Tables 4 and 5). This may be explained by differences
in the imaginary part of the refractive indices of both
samples. The red color of the red clay particles sug-
gests that the imaginary part of the refractive index of
the red clay particles 1s lower at 633 nm than at 442
nm. Since small particles tend to show less polarization
if the absorption decreases [see e.g. Mishchenko and
Travis, 1994], it seems that for this sample the effect of
a smaller size parameter is nearly compensated by less
absorption occurring in the particles at 633 nm.

The ratios F34(8)/F11(0) of the green and red clay
particles differ very little at both wavelengths. There-
fore we may conclude that this ratio is probably not
very sensitive to small differences in refractive index.

Small differences depending on the wavelength are
found for the F33(0)/Fi1(8) and Fyq(0)/F11(8) ratios.
The F33(0)/F11(8) curves of the two clays present rela-

Maximum and Miniinun Values of F2(f)/F)1(0) and

Angles at Which These Values Are Reached®

Fy2(0)/F11(8); 0

Sample maximum minimum Fy [ F11(173°)
Fly ash 0.90 ; 10° 0.49 ; 120° 0.80
Green Clay 091; 5° 0.33 ; 120° 0.43
Red clay 0.96 ; 5° 0.41 ; 110° 0.54
Av.Sc.M. 0.96 ; 5° 0.31 ; 130° 0.42

2Values of Fy2(6)/F11(6) at 173° These results have been obtained at 442 nm
and are compared with those obtained for the average aerosol scattering matrix

(Av.Sc.M.).
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Table 7. Same as Table 6, but at 633 nm

Fo2(0)/Fi1(0); O,deg.

Sample maximum minimum Fy /F11(173°)
Fly ash 0.90; 5° 0.49 ; 135° 0.73
Green Clay 0.93; 5° 0.40 ; 125° 0.50
Red clay 0.96 ; 5° 0.38 ; 120° 0.48
Av.ScM. 0.96 ; 5° 0.31 ; 130° 0.42

tive to each other a different behavior at both 442 and
633 nm. The measurements for green clay particles at
633 nm are above the red clay curve up to about 1309,
where the measurements for red clay particles become
higher. In contrast, the results at 442 nm show the
opposite behavior; the red clay curve is higher at small
scattering angles up to about 50° where green clay mea-
surements become higher. This different wavelength de-
pendence is probably also due to the differences in the
complex refractive index of the particles.

5. Conclusions

In this work we present measurements of the scat-
tering matrix as a function of the scattering angle of
three samples of randomly oriented mineral particles as
examples of two of the classes in which small particles
can be divided: aggregates (fly ash) and compact parti-
cles (green clay and red clay). The measurements have
been carried out at two wavelengths, 442 and 633 nm.

First, we have studied the influence of the shape of
the particles on the scattering patterns (section 4.2).
For this purpose the measured results for the fly ash
particles have been compared to the average scattering
matrix obtained by Volten et al. [2001] for a broad s-
election of compact particles (including red clay) and
the same two wavelengths. Although detailed differ-
ences are present in the measured scattering matrices,
the construction of this average was justified by the high
similarity in scattering behavior of the seven compact
samples on which the average is based. Our experi-
mental results for fly ash particles show appreciable d-
ifferences from this average aerosol scattering matrix,
that is, a strong increase of Fi;(#) at backward direc-
tions, small values of —Fi2(6)/F11(6), a maximum of
F34(0)/F1,(0) at large scattering angles, a strong in-
crease of Fyy(8)/Fi1(8) near backscattering angles and
sudden decreases of F33(8)/Fi1(0) and Fyq(0)/F11(6) n-
ear backscattering angles. Moreover, appreciable parts
of the curves representing the angular dependence of the
scattering matrix elements for the fly ash particles lie
outside the domains occupied by the aerosol measure-
ments of Volten et al. [2001]. These differences can
only be attributed to the marked difference in shape of
the fly ash particles, since the other properties (size dis-
tributions and refractive indices) fall within the ranges
that are valid for the aerosol samples considered by
Volten et al. 2001]. In addition, we found that the
scattering matrix elements for fly ash particles (except
F33(0)/ F11(6)) resemble results of Mie calculations for

polydisperse spheres with similar size distributions as
the constituent particles.

Therefore these differences indicate that scattering
properties of polydisperse samples of aggregates of n-
early spherical mineral particles tend to differ consider-
ably from those of compact mineral particles. In fact,
we compared scattering matrices of individual compact
mineral aerosol samples, as presented by Volten et al.,
[2001], with the scattering matrices of fly ash and found
similar differences for all samples of compact particles,
which is consistent with the fact that the scattering ma-
trix elements of fly ash lie outside the domain covered by
the compact mineral aerosol particles. More measure-
ments with different types of aggregates are needed to
establish general trends for such particles. In that man-
ner, an average scattering matrix might be obtained in
the same way that Volten et al. [2001] did for compact
mineral particles. This average could then be used as
a diagnostic tool for the detection of aggregates in, for
example, astronomical observations.

Second, we have studied the influence of small differ-
ences in composition on the scattering behavior (sec-
tion 4.3). The compositions of the green and red clay
particles do not differ very much and their size distribu-
tions and shapes are almost identical. Therefore the dif-
ferences in the measured scattering matrices for these t-
wo samples of clays, namely, slightly different steepness-
es of F1,(9), different maximum of —Fy,(0)/F1;(6), and
small differences in F33(0)/F11 (0) and F44 (0)/F11 (0),
are probably due to the small differences in their com-
position. The most striking result is related to the
—Fy5(0)/F11(8) ratio. Reasoning about the polariza-
tion properties of small particles is often based on the
general rule that the polarization tends to increase if the
size parameter becomes smaller (see the —Fy2(8)/Fy1 ()
results for green clay particles at both wavelengths).
However, such a rule assumes that the rest of the pa-
rameters stays the same. Here we give an example (red
clay) in which the polarization hardly increases if the
effective size parameter becomes smaller, which seems
to violate the general rule. This apparent violation of
the rule can be explained if we account for changes in
the refractive index of the particles with wavelength.
This shows that the general rule has limited validity for
strongly colored particles.
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