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ABSTRACT

We present the first results of measurements on solid particles performed at the Instituto de Astrofisica
de Andalucia (IAA) cosmic dust laboratory located in Granada, Spain. The laboratory apparatus measures
the complete scattering matrix as a function of the scattering angle of aerosol particles. The measure-
ments can be performed at a wavelength (/) of 483, 488, 520, 568, or 647 nm in the scattering angle range
from 3° to 177°. Results of special test experiments are presented which show that our experimental
results for scattering matrices are not significantly contaminated by multiple scattering and that the
sizes/shapes of the particles do not change during the measurements. Moreover, the measured scattering
matrix for a sample of green clay particles is compared with measurements previously performed in the
Amsterdam light scattering setup for the same sample. New measurements on a white clay sample at 488
and 647 nm are also presented. The apparatus is devoted to experimentally studying the angle depen-
dence of scattering matrices of dust samples of astrophysical interest. Moreover, there is a great interest
in similar studies of aerosols that can affect the radiative balance of the atmosphere of the Earth and

other planets such as silicates, desert dust, volcanic ashes, and carbon soot particles.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Irregular mineral particles play an important role in the radia-
tive balance of planetary and minor bodies atmospheres in the So-
lar System (see e.g. Hovenier and Mufioz, 2009). These mineral
particles seem to occur with a broad range of shapes and to be dis-
tributed in size from the sub-micron region up to millimeters (e.g.
d’Almeida et al., 1991; Muifioz et al., 1999; Fulle, 2004; Wolff et al.,
2006). The scattering properties of this kind of dust particles are an
important diagnostic tool which contains essential information
about the nature of the grains. Light scattering properties of homo-
geneous spherical particles can be easily computed from Lorenz-
Mie theory without any restriction about the size or refractive in-
dex of the particles. However, although remarkable progress in
developing advanced numerical algorithms for computing electro-
magnetic scattering by nonspherical particles has been achieved
during the last decades (e.g. Mishchenko et al., 1996, 2000; Draine
and Flatau, 2003; Kahnert, 2003; Taflove and Hagness, 2005; Yur-
kin and Hoekstra, 2007; Muinonen et al., 2009; Wriedt, 2009, see
also http://www.scattport.org), an exact solution for realistic
polydispersions of irregular dust particles is still far from trivial.
In most cases computations for realistic polydisperse irregular par-
ticles have to be replaced by computations for simplified models.
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Consequently, laboratory measurements remain an indispensable
tool for testing the reliability of scattering calculations for model
particles (see e.g. Mishchenko et al., 1997; Nousiainen et al.,
2006; Vilaplana et al., 2004; Min et al., 2005; Moreno et al.,
2007; Zubko et al., 2009.)

In the last decades, the experimental setup located in Amster-
dam, The Netherlands (Hovenier, 2000), has produced a significant
amount of experimental data that are freely available in digital
form in the Amsterdam Light Scattering Database at http://
www.astro.uva.nl/scatter (Volten et al., 2005, 2006). Unfortu-
nately, the Dutch setup was closed in 2007. An improved descen-
dant of the Dutch experimental setup has been recently
constructed at the Instituto de Astrofisica de Andalucia, CSIC. Here-
after we will call this the IAA cosmic dust laboratory. For a detailed
description of the experimental apparatus and data reduction pro-
cess we refer to Mufioz et al. (2010).

In this work we present the first measurements with solid par-
ticles performed at the IAA cosmic dust laboratory. The measure-
ments have been performed on a sample of randomly oriented
white clay particles. Clay is believed to occur on different Solar Sys-
tem bodies such as Mars with considerable abundances in the form
of dust particles, both on the surface and in the atmosphere (Clan-
cy et al., 1995; Bandfield, 2002), and satellites and asteroids (Web-
ster, 1988; Starukhina and Shkuratov, 1997; Bland et al., 2000).
Moreover, it is an important component of mineral aerosols in
the Earth atmosphere (e.g. Sokolik and Toon, 1999; Nousiainen,
2009; Matsuki et al., 2010). Several issues relevant to the reliability
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of the experimental data obtained for dust particles are also
discussed.

A review of the theory involved in these experiments is pre-
sented in Section 2. In Section 3, we give a brief description of
the IAA cosmic dust laboratory. Various tests regarding the reliabil-
ity of the data are also presented. In Section 4 we describe the
physical properties of the clay sample together with the measured
scattering matrices. Future work is discussed in Section 5.

2. The scattering matrix

The flux and state of linear and circular polarization of a quasi-
monochromatic beam of light can be described by means of the so-
called flux vector whose elements are Stokes parameters (Van de
Hulst, 1957; Hovenier et al., 2004). If such a beam of light is scat-
tered by an ensemble of particles separated by distances much lar-
ger than their linear dimensions and in the absence of multiple
scattering, the flux vectors of the incident beam nd, and scattered
beam mdy., are, for each scattering direction, related by the so
called scattering matrix, as follows (Van de Hulst, 1957; Hovenier
et al., 2004):
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Here the first elements of the column vectors are fluxes divided by
7 and the other elements describe the state of polarization of the
beams. Furthermore, / is the wavelength of the incident light, and
D is the distance between the ensemble of particles and the detec-
tor. The 16 elements of the scattering matrix, Fj, with i, j = 1-4, are
dimensionless, and depend on the number and physical properties
of the particles (size, shape, structure, and refractive index), orien-
tation of the particles, the wavelength of the incident light, and
the directions of incidence and scattering. For randomly oriented
particles, all scattering planes are equivalent. Thus, the scattering
direction is fully described by the scattering angle 0, i.e. the angle
between the directions of propagation of the incident and the scat-
tered beams.

When randomly oriented particles and their mirror particles are
present in equal numbers in the ensemble, the scattering matrix
has the simple form (see e.g. Van de Hulst, 1957):

Fn F O 0
2 | Fp Fo 0 0
Dot = ——
42D 0 0 F33 F3y
0 0 —Fy Fy

@. )

For convenience, we divide all scattering-matrix elements (ex-
cept F11(0) itself) by F;41(0), i.e.,, we consider Fy(0)/F11(0), with i,
j=1-4 except for i=j=1. The values of F;;(0) are normalized so
that they are equal to 1 at 0 = 30° (Volten et al., 2006). The function
F11(0), normalized in this way, is proportional to the flux of the
scattered light for unpolarized incident light and called the phase
function or scattering function in this paper. Also, for unpolarized
incident light, the ratio —F;5(0)/F;1(0) is called the degree of linear
polarization of the scattered light.

3. Experimental procedure
3.1. Experimental apparatus
A photograph of the IAA cosmic dust laboratory is presented in

Fig. 1. The design of this instrument is based on the Dutch
instrument developed in the group of Hovenier in Amsterdam by
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Fig. 1. Photograph of the experimental apparatus. On the right we can see the
detector that moves along the ring. The ring is placed horizontally in the laboratory
with an outer diameter of 1 m. The monitor is located on the left. In the middle, we
see the nozzle of the aerosol generator located vertically in the center of the ring,
and the green spot is where the laser beam interacts with the dust cloud. Q and A
are the quarter-wave plate and analyzer, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Stammes (1989) and Kuik (1992), and subsequently revised and
significantly improved by Volten (2001) and Volten et al. (2001).
Here we briefly summarize the main characteristics of the IAA
apparatus. A detailed description of the instrument and reduction
process is given by Mufioz et al. (2010).

Light from a linearly polarized continuous-wave tunable Argon-
Krypton laser (483, 488, 520, 568, and 647 nm) passes through a
polarizer and an electro-optic modulator. The modulated light is
subsequently scattered by randomly oriented particles located in a
jet stream produced by an aerosol generator. Thus, no vessel is
needed to contain the sample at the point where the scattering takes
place. This is a great advantage, since any object between the parti-
cles and the detector may cause e.g. reflections or stray light that de-
creases the accuracy of the measurements and limits the angular
range. The particles of a particular mineral sample are brought into
the jet stream as follows. A compacted amount of powder is loaded
into a cylindrical reservoir. A piston pushes the powder onto a rotat-
ing brush at a certain speed. An air stream carries the aerosol parti-
cles of the brush through a tube to a nozzle above the scattering
volume. In Fig. 2, we present a schematic picture of the aerosol gen-
erator. Afilter wheel equipped with grey filters of different density is
located between the laser and the polarizer. It is operated from the
computer so that the flux of the incident beam can be scaled to its

aerosol stream

» L 1

reservoir hozzlel

laser beam

piston R
jet

Fig. 2. Schematic picture of the aerosol generator. A piston in the cylindrical feed
stock reservoir with a diameter of 10 mm pushes powder onto a rotating brush at a

certain speed. An air stream carries the aerosol particles of the brush through a tube
to a nozzle right above the scattering volume.
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most appropriate value for each scattering angle. The scattered light
passes through a quarter-wave plate, Q, and an analyzer, A, (both op-
tional) and is detected by a photomultiplier tube, the detector. An-
other photomultiplier tube (the monitor) is located at a fixed
position and is used to correct for fluctuations in the aerosol stream.
By using eight different combinations for the orientation angles of
the optical components, and assuming reciprocity of the sample
(in particular Fy1/Fy1 = F12/F11; F31/F11 = —F13/F11; and F41/Fy1 = F4f
Fq1), all scattering-matrix elements are obtained as functions of the
scattering angle (Hovenier, 2000).

The accuracy and reliability of the apparatus have been tested
by comparing the measured scattering matrices of size-fitted water
droplets at 488 nm, 520 nm, and 647 nm with Lorenz-Mie calcula-
tions for a distribution of homogeneous water droplets. As pre-
sented in Mufioz et al. (2010), the water droplets measurements
showed an excellent agreement with the Lorenz-Mie computa-
tions over the entire angle range at the three studied wavelengths.
Moreover, we always verify the reliability of the measurements by
applying the Cloude coherency matrix test as suggested by Hove-
nier et al. (2004).

3.2. Single or multiple scattering

As mentioned in Section 2, the measurements of our experi-
mental apparatus must be performed under single scattering con-
ditions to fulfill Eqs. (1) and (2). Therefore, we must have enough
particles in the scattering volume to be representative for the
ensemble of randomly oriented particles under study but not so
many that multiple scattering may start playing a role. To check
if multiple scattering effects can be neglected in our experiments
we performed a series of flux measurements with the detector in
a fixed position as suggested by Hovenier et al. (2003). The speed
of the piston that pushes the particles onto the rotating brush is
then increased varying in this way the number of scattering parti-
cles. Since the number density of particles in the stream is propor-
tional to the speed of the piston, the measured flux must increase
linearly with the speed of the piston only under single scattering
conditions, as the measured flux is proportional to the number
density of particles in such conditions (see e.g. Van de Hulst,
1957; Kerker, 1969). In Fig. 3, we present the results of a multiple
scattering test for a sample of white clay particles. The
measurements were performed at 647 nm, fixing the detector at
10° scattering angle. Because small fluctuations in particle density
in the continuous aerosol jet stream occur, we integrated the sig-

0 50 100 150 200 250 300
aerosol piston speed (mm/h)

Fig. 3. Flux of scattered light (in arbitrary units) versus aerosol generator speed for
white clay particles. The detector is placed at a scattering angle of 10°. No indication
of multiple scattering is found.

nals over relatively long periods of time to get reasonable accuracy.
During a normal light scattering measurement with a dust sample,
the piston speed must be high enough to obtain a stable aerosol
stream but not too high to avoid an unnecessary waste of sample.
Thus, the piston speed usually ranges from 40 to 100 mm/h
depending on the sample under study. In this multiple scattering
test the piston speed was varied from 50 mm/h to 250 mm/h in
steps of 50 mm/h. As shown, even at speeds as high as 250 mm/h
we do not find any significant deviation from a linear behavior,
which means that multiple scattering effects can be neglected in
our experiments.

3.3. Particle aggregation

One of the most common questions about light scattering
experiments is if the aerosol beam may change the shape/size of
the particles, either by breaking them up in smaller particles or
by aggregating them into larger particles. To test this, we perform
Field Emission Scanning Electron Microscope (FESEM) images for
the sample under study as it is during the light scattering measure-
ments. A FESEM slide is used to collect particles directly in the jet
stream by holding the slide briefly in the jet at the place where it
intersects with the laser beam. A second FESEM slide is prepared
with particles taken directly from the container.

In the upper panels of Fig. 4 we present FESEM images of some
white clay particles directly collected from the aerosol jet (left panel)
and from the container (right panel), at the same magnification.
Comparison of the two images shows no evidence of a significant
alteration of the particles due to the aerosol generator. In the bottom
panel we present another FESEM image at a different magnification
of the white clay particles collected from the aerosols jet.

3.4. Test sample

As mentioned in Section 3.1, the accuracy of the apparatus was
tested by comparison of the measured scattering matrices for water
droplets with results of Lorenz-Mie calculations for homogeneous
spherical water droplets (Mufioz et al., 2010). As an extra test, we
have performed measurements on a sample of green clay particles
previously studied in the Amsterdam light scattering setup. For a de-
tailed description of the physical properties of the green clay sample
and the measured scattering matrix we refer to Mufioz et al. (2001).
The measurements in Amsterdam were performed in 1999 at a
wavelength of 632.8 nm. Ten years later, we have repeated the mea-
surements with the same sample in the IAA cosmic dust laboratory.
The measurements in Granada have been performed at a wavelength
of 647 nm. In Fig. 5, we compare the measured scattering matrices in
Amsterdam and Granada. Despite the fact the two scattering matri-
ces have been measured so far away in time and with a different
experimental apparatus in a different laboratory, the agreement in
the measured results is really impressive. Within experimental er-
rors each scattering-matrix element measured in Granada is on
top of the same scattering matrix element measured in Amsterdam
at nearly all measured scattering angles. The small deviations may at
least partly be due to small differences in the wavelengths of the inci-
dent light and in some physical properties of the particles that could
have changed over the years such as the size distribution and refrac-
tive index.

4. White clay measurements
4.1. Shapes and refractive index

Clay particles present a wide variety of irregular shapes. Fig. 4
shows Field Emission Scanning Electron Microscope (FESEM) of
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Fig. 5. Measured scattering matrices elements in Granada (stars) and Amsterdam (triangles) for a sample of green clay particles. Errors are presented by bars that sometimes

are not seen because they are within the size of the symbols.

our sample of white clay particles. The particles in the sample pres-
ent the typical sheet-like structure of clay particles.

The exact values of the refractive index of the white clay sample
is unknown. Based on literature values (Kerr, 1959; Troger et al.,
1971; Egan and Hilgeman, 1979; Gerber and Hindman, 1982; Klein
and Hurlbut, 1993), we can assume that the real part of the refrac-
tive index lies between 1.5 and 1.7, while the imaginary parts
likely lies in the range between 102 and 10> at visual wave-
lengths. Because of the white color of this clay sample the

imaginary part of the refractive index is estimated to be in the
neighborhood of 1075,

4.2. Size distributions

The great difficulty in getting accurate size distribution mea-
surements for samples of irregular mineral particles is well known
(see e.g. Reid et al., 2003). Most laser particle-sizing devices are
based either on the Fraunhofer diffraction theory for spheres or
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on the Lorenz-Mie theory. The Fraunhofer diffraction theory does
not make assumptions about the refractive indices of the particles.
However, it is only applicable to particles larger than the wave-
length of the incident light. Lorenz-Mie theory provides exact re-
sults for any type of homogeneous spherical particles without
any restriction about their sizes. In this case we need an estimation
of the refractive index of the particles.

We use a Mastersizer 2000 from Malvern instruments to measure
the volume distribution of our samples of irregular particles. The
Mastersizer measures the phase function of the sample at 633 nm
in a certain scattering angle range with special attention to the for-
ward scattering peak. Once it is measured it uses either Lorenz-
Mie theory or Fraunhofer theory for spheres to retrieve the volume
distribution that best fits the measured scattering pattern. It is clear
that the retrievals from both methods are simplifications based on
the assumption that the particles of the sample under study are
spherical. Moreover, the Fraunhofer method puts restrictions on
the size of the particles. In the majority of the cases our samples of
interest contain particles with irregular shapes distributed over
broad size distributions with sizes ranging from sub-micron up to
hundred microns. However, at this moment this is the best that
can be done as far as particle sizing for broad distributions of irregu-
lar particles is concerned. Thus, we decided to present the volume
distributions retrieved from both, Fraunhofer and Lorenz-Mie the-
ory so that the reader can choose which one is more appropriate
for her/his purposes or take the average. In general, increasing the
size of a particle with a certain shape promotes diffraction and the
shapes of diffraction peaks of collections of particles are similar for
different shapes of the particles as confirmed by various computa-
tions (Mishchenko, 2009). Thus, results of both sizing methods tend
to converge as the particles become larger. In Fig. 6, we plot the
V(logr) as a function of logr for the sample of white clay particles.
Here r is the radius of the volume-equivalent sphere of a particle.
The V(logr) is obtained from the measured volume distribution,
©(r), as suggested in the Amsterdam Light Scattering Database
http://www.astro.uva.nl/scatter (an extensive explanation of the size
distributions) and in Volten et al. (2005). In this way, equal areas un-
der parts of the curve mean equal relative volumes of particles per
unit volume in the range considered. From the measured volume dis-
tributions we calculate the values of the effective radius, res and
effective variance, v, as defined by Hansen and Travis (1974). The
resulting values are presented in Table 1.

White Clay

size distributions
IS T T T

= —-a V(log r) Mie
e—e V(log r) Fraunhofer

0.5

log r (r in micrometers)

Fig. 6. Normalized volume distributions as a function of logr measured by a
Mastersizer 2000 from Malvern instruments. The volume distributions have been
retrieved by assuming Lorenz-Mie (dashed-squared line) and Fraunhofer (dashed-
circled line) theories.

4.3. Measurements

In Fig. 7, we present all measured scattering-matrix elements as
a function of the scattering angle of our sample of white clay par-
ticles. The measurements are performed at 647 nm. As mentioned,
the measured phase functions are normalized to 1 at 30°. The other
matrix elements are plotted relative to F11(0). As shown in Fig. 7, it
is verified that in our experiments the scattering matrix has indeed
the form given by Eq. (2), within experimental error. For that rea-
son, we usually only plot the 8 elements that are not equal to zero
for all scattering angles (cf. Figs. 5 and 8). In Fig. 8, we compare the
measured scattering matrices at two different wavelengths,
namely 488 and 647 nm. The scattering matrices fulfill the Cloude
coherency matrix test within the experimental errors at all mea-
sured scattering angles (see e.g. Hovenier et al., 2004). The mea-
sured F;;(0) presents a strong forward peak and almost no
structure at side- and back-scattering angles. The degree of linear
polarization for unpolarized incident light, —F;5(0)/F11(0), presents
the typical bell-shape with a maximum around 90° and a negative
branch at large scattering angles. The F44(0)/F11(0) ratios are larger
than the F33(0)/F;1(0) at scattering angles larger than about 100°
whereas the F,,(0)/F11(0) is different from unity at nearly all mea-
sured scattering angles. In general the measured scattering-matrix
elements as functions of the scattering angle present the typical
behavior of irregular compact mineral particles with moderate
refractive indices (see e.g. Volten et al., 2001, and the Amsterdam
Light Scattering Database, http://www.astro.uva.nl/scatter).

When comparing the measurements at the two studied wave-
lengths we observe that the maximum of the degree of linear
polarization increases when increasing the wavelength of the inci-
dent light. This wavelength dependence is probably due to the
change in the apparent size of the particles i.e. the smaller the size
parameter, the higher the maximum of the degree of linear polar-
ization. Another possibility would be a strong wavelength depen-
dence of the refractive index of the particles. However, that is
highly unlikely for such a white sample. Moreover, the measured
F»,(0)[F11(0) at 647 nm presents the highest values at almost all
measured scattering angles. In contrast, the F33(0)/F11(0), F34(0)/
F11(0), F44(0)/F11(0) do not seem to show any significant wave-
length dependence at the two studied wavelengths. Similar wave-
length dependence was presented by previous measurements
performed in Amsterdam with red and green clay particles and
many other mineral particles (Volten et al., 2001; Mufioz et al.,
2001, and http://www.astro.uva.nl/scatter).

5. Summary and outlook

We present the first scattering matrices for irregular dust parti-
cles obtained at the IAA cosmic dust laboratory. The reliability of
the experimental apparatus has been tested by comparison of the
measured scattering matrices for a sample of green clay particles
with similar measurements previously performed at the Amster-
dam light scattering setup. Moreover, we have checked that multi-
ple scattering effects and changes in the sizes/shapes of the
particles during the measurements are insignificant.

New measurements on a white clay sample are also presented.
The measurements have been performed at 488 and 647 nm, in the

Table 1
Calculated effective radii, ry, and effective variances, vy, for the
white clay sample.

Method Tegr (Lm) Veff
Fraunhofer 1.61 1.42
Lorenz-Mie 2.56 0.71
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Fig. 8. Measured scattering matrices elements for a sample of white clay particles. The measurements are performed at 488 and 647 nm. Errors are presented by bars that

sometimes are not seen because they are within the size of the symbols.

scattering angle ranges from 3° to 177°. The measured scattering-
matrix elements present the typical behavior of irregular mineral
particles (see e.g. Volten et al., 2001, and the Amsterdam Light
Scattering Database, http://www.astro.uva.nl/scatter) showing
the Fy1(0), —F12/F11(0), and F»»(0)/F;1(0) to have a clear wavelength
dependence at almost all measured scattering angles. In contrast
the F,5/F11(0), F33/F11(0), and F44/F;1(0) ratios do not present any
significant differences at the two studied wavelengths. The new
white clay data will be included in tabular form in the new

Amsterdam-Granada Light Scattering Database at http://
www.iaa.es/scattering, which is currently under construction.
The apparatus is devoted to experimentally studying the angle-
dependent scattering matrices of dust samples of astrophysical
interest. We are especially interested in mineral dust particles that
are potential candidates for being present in the planetary and
cometary atmospheres of the Solar System (e.g. olivines, pyrox-
enes, calcite, carbon, etc.). Moreover, there is great interest in
measuring aerosol samples that can affect the radiative balance
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of the Earth’s atmosphere such as desert dust, volcanic ashes, and
carbon soot.
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