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a b s t r a c t

We present a new apparatus for measuring the complete scattering matrix as a function

of the scattering angle of dust irregular particles. The design is based on the well-known

apparatus located in Amsterdam, The Netherlands. In this improved version we have

extended the scattering angle ranging from 31 to 1771. Moreover, the measurements are

performed with a tunable argon–krypton laser that emit at a wavelength ðlÞ of 483, 488,

520, 568, or 647 nm. The apparatus has been developed at the Instituto de Astrofı́sica de

Andalucı́a (IAA), Granada, Spain. To measure the scattering matrix elements we use a

number of different optical components such as polarizers, a quarter-wave plate, and an

electro-optic modulator. These components are used to manipulate the polarization

state of light. By using eight different combinations for the orientation angles of the

optical components, all scattering matrix elements are obtained as functions of the

scattering angle. The accuracy of the instrument is tested by comparing the measured

scattering matrices of water droplets at 488, 520, and 647 nm with Lorenz–Mie

calculations for a distribution of homogeneous water droplets.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Irregular dust particles play an important role in the
study of the Solar System, especially as far as planetary
atmospheres and minor bodies are concerned [1]. Most
solid particles in terrestrial and planetary atmospheres,
and other solar system bodies such as asteroids and
comets, consist of irregular mineral particles. These
mineral particles seem to occur in a broad range of shapes
and to be distributed in size from the sub-micron region
up to millimeters (e.g. [2–6]). Light scattering is an
important tool to retrieve information about the structure
and origin of these celestial bodies and their atmospheres.
Therefore, it is extremely important to study the light
scattered by samples of polydisperse irregular particles.
ll rights reserved.

+34 958 814530.
Even with ever-increasing computer power and sophisti-
cation of algorithms, the characterization of cosmic dust
from the observed scattered light remains an extremely
difficult task due to the mentioned complicated morphol-
ogy of these particles. Remarkable progress in developing
advanced numerical algorithms for computing electro-
magnetic scattering by nonspherical particles has been
achieved during the last decades (e.g. [7–17] and
references therein). Still, many of these methods are
restricted to quite simple particle geometries and specific
size ranges. Consequently, controlled experimental stu-
dies of light scattering by irregular dust particles, remain a
unique and indispensable tool for interpreting space- and
ground-based observations.

There are several ways of studying the light scattered
by mineral dust particles. One approach is to measure at
visible wavelengths the phase function and degree of
linear polarization for incident unpolarized light [18–22],
or the full scattering matrix as a function of the scattering
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angle [23–26] of an ensemble of randomly oriented dust
particles. In the last decades, the experimental setup
located in Amsterdam, The Netherlands [27], has pro-
duced a significant amount of experimental data that are
freely available in a digital form in the Amsterdam Light
Scattering Database at http://www.astro.uva.nl/scatter
[28,29]. It was capable of measuring all elements of the
scattering matrix in the scattering angle ranging from
about 31 to 1741 at two different wavelengths (442 and
633 nm). Unfortunately, this setup was officially closed
last year. In this paper we present an improved descen-
dant of the Dutch experimental setup recently constructed
at the Instituto de Astrofı́sica de Andalucı́a (IAA) in
Granada, Spain. The Dutch instrument was designed in
the 1980s. Therefore, the main improvements of the IAA
apparatus derive from technical developments in the last
decades. In the new apparatus the detectors have been
designed so that the blockage of the laser beam at
positions close to the forward and backward directions
is minimum. This allows us to extend the measured
scattering angle range from �3�2174� to 3�2177�. More-
over, the accuracy of the measurements at small and large
scattering angles has been improved by including in the
measuring/reduction process corrections for the back-
ground signal. Additionally, we have extended the number
of wavelengths of the incident light. In the IAA apparatus,
we use a tunable argon–krypton laser (483, 488, 520, 568,
and 647 nm) as a light source.

A review of the theory involved in these experiments is
presented in Section 2. In Section 3, we give a detailed
description of the new apparatus, including the data
acquisition and reduction processes. The calibration mea-
surements with water droplets are presented in Section 4.
Future plans are 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. If such a beam of light
is scattered by an ensemble of randomly oriented particles
separated by distances much larger than their linear
dimensions and in the absence of multiple scattering, the
flux vectors of the incident beam pU0ðl; yÞ and scattered
beam pUdetðl; yÞ, are for each scattering direction, related
by a 4� 4 matrix as follows [30,31]:

Udetðl; yÞ ¼
l2

4p2D2

F11 F12 F13 F14

F12 F22 F23 F24

�F13 �F23 F33 F34

F14 F24 �F34 F44

0
BBBB@

1
CCCCAU0ðl; yÞ,

(1)

where the first elements of the column vectors are fluxes
divided by p and the other elements describe the state
of polarization of the beams by means of the Stokes
parameters. Furthermore, y, is the scattering angle, i.e.,
the angle between the directions of propagation of the
incident and the scattered beams, l is the wavelength, and
D is the distance between the ensemble of particles and
the detector. The scattering plane, i.e., the plane contain-
ing the directions of the incident and scattered beams, is
the plane of reference for the flux vectors. The matrix F,
with elements Fi;j, is called the scattering matrix of the
ensemble of particles. The scattering matrix elements
Fij are dimensionless, and depend on the number and
physical properties of the particles (size, shape, and
refractive index), the wavelength of the incident light,
and the scattering angle. For randomly oriented particles,
all scattering planes are equivalent. Thus, the scattering
direction is fully described by the scattering angle y.

According to Eq. (1), a scattering matrix of randomly
oriented particles has in general 10 different matrix
elements. If, in addition, the ensemble presents equal
amounts of particles and their mirror particles, the four
elements F13ðyÞ, F14ðyÞ, F23ðyÞ, and F24ðyÞ are zero over the
entire scattering angle range (see e.g. [30]). The ensemble
of particles in our experiment satisfy this condition. This
leaves us with only six non-zero scattering matrix
elements to be determined. For unpolarized incident light,
F11ðyÞ is proportional to the flux of the scattered light
and is also called the phase function or the scattering
function. Also, for unpolarized incident light, the ratio
�F12ðyÞ=F11ðyÞ equals the degree of linear polarization of
the scattered light.
3. Experimental procedure

3.1. Experimental apparatus

In Fig. 1 we present a photograph of the IAA light
scattering apparatus. The principle of the setup is similar
to that developed by Hunt and Huffman [32]. The design
of this new instrument is based on the Dutch instrument
developed in the group of Hovenier in Amsterdam by
Stammes [33], and Kuik [34], and subsequently revised
and significantly improved by Volten et al. [35,36]. A
detailed description of the Dutch instrument is given by
Hovenier [27]. In this section we extensively describe
the instrument including the main improvements with
respect to the Dutch instrument.

An schematic overview of the experimental apparatus
is presented in Fig. 2. Light from a linearly polarized
continuous-wave tunable argon–krypton laser (that emit
at l equal to 483, 488, 520, 568, or 647 nm) passes
through a polarizer (P) oriented at an angle gP and an
electro-optic modulator (M) oriented at an angle gM

(angles of optical elements are angles between their
optical axes and the horizontal plane, measured counter-
clockwise when looking in the direction of propagation of
the light). The modulated light is subsequently scattered
by randomly oriented particles located in a jet stream
produced by either a nebulizer that produces water
droplets, or 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 anything
between the particles and the detector decreases the
accuracy of the measurements and limits the angular
range. A filter wheel (FW) equipped with gray filters
of different density is located between the laser and
polarizer. It is operated from the computer so that the flux

http://www.astro.uva.nl/scatter
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Fig. 2. Schematic overview of the experimental light scattering apparatus as seen from above. The detected signal is separated into its cDC and aS sinot

and bC cos 2ot components where a ¼ c1:383 and b ¼ c0:8635.

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 nebulizer located vertically in the

center of the ring, and the green spot is where the laser beam interacts with the aerosol cloud.
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of the incident beam can be scaled to its most appropriate
value for each scattering angle. The unscattered part of the
incident beam is absorbed by a beam-stop.

The scattered light passes through a quarter-wave
plate (Q) oriented at an angle gQ and an analyzer (A)
oriented at an angle gA (both optional) and is detected by a
photomultiplier tube (9828A Electron tubes&), the detec-
tor. The analyzer and quarter-wave plate are assembled to
the photomultiplier by motorized rotating holders (DMT
40 OWIS&) controlled from the computer. In this way, we
can orientate the optical axis of A, and Q with an accuracy
of H8 arcsec. Another photomultiplier tube (the monitor)
is located at a fixed position and is used to correct for
fluctuations in the aerosol stream. Detector and monitor
are positioned on a ring with an outer diameter of 1 m
with an angular resolution of 1/81. This precision is
obtained by using absolute rotary encoders of 12 bits.
The detector moves along the ring in steps of 5�, or steps
of 1� or even smaller if a higher angular resolution is
required, covering a scattering angle range from 3� (nearly
forward scattering) to 177� (nearly backward scattering).
As shown in Fig. 1, the monitor and detector are mounted
on dove tails so that they can be moved forward and
backward. In this way, we can optimize the distance
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O. Muñoz et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 187–196190
between the detector and the sample. In case the flux of
the scattered light is high enough, the detectors can be
located further from the sample allowing us to measure
at very small and very large scattering angles. In contrast,
if the sample under study is not an efficient scatterer, i.e.,
the flux of the scattered light is very low, the detectors will
be fixed closer to the sample improving the signal-to-
noise ratio although decreasing the measurable scattering
angle range. To carry out the experiments without
ambient dust contamination, we have installed an inlet
ceiling Luwa CG&. The ceiling produces a clean laminar
airflow, creating a constant over-pressure in the experi-
ment area and preventing an exchange with dirty outside
air that could distort the measurement.

The electro-optic modulator in combination with lock-
in detection, increases the accuracy of the measurements
and allows simultaneous determination of several ele-
ments of the scattering matrix from the detected signal.
The electro-optic modulator consists of a birefringent
crystal in which a certain birefringence can be induced by
applying an electric field. This causes the parallel and
perpendicular components of a polarized beam of light to
emerge from the modulator with an induced phase
difference. If the voltage over the crystal is varied
sinusoidally in time, the induced phase shift, f, varies in
the same way, i.e.,

f ¼ fm sinot, (2)

where fm is the maximum phase shift and o is the
angular frequency of the voltage.

The Mueller matrix of a modulator with an orientation
angle gM between the scattering plane and its principal
axis is [37]

MgM
ðfÞ ¼

1 0 0 0

0 C2
þ S2 cosf SCð1� cosfÞ �S sinf

0 SCð1� cosfÞ S2
þ C2 cosf C sinf

0 S sinf �C sinf cosf

2
66664

3
77775,

(3)

where C ¼ cos 2gM and S ¼ sin 2gM . Since f is itself a
sinusoid, both sinf and cosf posses a complicated
harmonic content which depends on the relative phase
amplitude fm. The strength of each harmonic can
be conveniently expressed as Fourier series of Bessel
Table 1
Configurations of the orientation of polarizer P, modulator M, quarter-wave pla

Configuration gP (deg) gM (deg) gQ (deg)

1 90 �45 –

2 90 �45 –

3 90 �45 –

4 90 �45 0

5 45 0 –

6 45 0 –

7 45 0 –

8 45 0 0

The coefficients DCðyÞ, SðyÞ, and CðyÞ correspond to DC, sinot, and cos 2ot com
functions ðJnÞ as follows:

sinf ¼ sinðfm sinotÞ ¼ 2
X1
k¼1

J2k�1ðfmÞ sinð2k� 1Þot, (4)

cosf ¼ cosðfm sinotÞ ¼ J0ðfmÞ þ 2
X1
l¼1

J2lðfmÞ cos 2lot,

(5)

where only terms of frequency 2o and lower are of further
interest.

The flux vector reaching the detector, pUdetðl; yÞ, is
obtained by multiplying the flux vector of the incident
light pU0ðl; yÞ by all Mueller matrices of the components
in the optical train. Thus we have

Udetðl; yÞ ¼ c1AgA
Q gQ

FðyÞMgM
PgP

U0ðl; yÞ, (6)

where c1 is a real constant, and A, Q , M, and P, are the
Mueller matrices of the analyzer, quarter wave plate,
modulator and polarizer, respectively. FðyÞ is the scatter-
ing matrix of the ensemble of particles, and gA, gQ , gM ,
and gP are the orientation angles of the corresponding
components. The amplitude of the sinusoidal signal
applied to the modulator is adjusted so that the amplitude
of the induced phase shift, fm, is the first zero of J0, i.e.,
fm ¼ 2:40483 rad. The flux reaching the detector is then
given by

Udetðl; yÞ ¼ c½DCðyÞ þ 2J1ðfmÞSðyÞ sinot þ 2J2ðfmÞCðyÞ cos 2ot þ � � ��,

(7)

where the coefficients DCðyÞ, CðyÞ, and SðyÞ contain
elements of the scattering matrix, 2J1ðfmÞ ¼ 1:0383,
2J2ðfmÞ ¼ 0:8635, and c is a constant that depends on
the measuring conditions. By using lock-in amplifiers
that are tuned to the first and second harmonic of o
the 2J1ðfmÞSðyÞ sinot and 2J2ðfmÞCðyÞ cos 2ot terms can
be selected. In our apparatus these two components
together with the DC part of the detected signal are
sufficient to determine all elements of the scattering
matrix as functions of the scattering angle. The detected
signal is then separated into cDCðyÞ and each of the
varying parts c2J1ðfmÞSðyÞ and c2J2ðfmÞCðyÞ. The modu-
lator voltage and the lock-in amplifiers are synchronized
by using the same oscillator. Subsequently, we divide
c2J1ðfmÞSðyÞ and c2J2ðfmÞCðyÞ by cDCðyÞ, belonging to the
same configuration, so that the constant c is eliminated.
te Q , and analyzer A used during the measurements.

gA (deg) DCðyÞ SðyÞ CðyÞ

– F11 F14 �F12

0 F11 þ F21 F14 þ F24 �F12�F22

45 F11 þ F31 F14 þ F34 �F12�F32

45 F11 þ F41 F14 þ F44 �F12�F42

– F11 �F14 F13

0 F11 þ F21 �F14�F24 F13 þ F23

45 F11 þ F31 �F14�F34 F13 þ F33

45 F11 þ F41 �F14�F44 F13 þ F43

ponents of the detector signal, respectively.
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By using different combinations for the orientation angles
of the optical components we are able to determine all
relevant scattering matrix elements (see Table 1). Due to
the lack of measurements between 0� and 3� and between
177� and 180�, we cannot measure the absolute angular
dependency of the phase function, e.g. normalized to
unity when averaged over all scattering directions.
Instead, we normalize the measured phase function to
unity at an arbitrary scattering angle ð30�Þ. We present the
other scattering matrix elements divided by the original
measured phase function.

3.2. Data acquisition

The measurement and reduction programs have been
implemented in Labview 7.1, a programming language
specific for instrumentation control. The program has
been designed so that the pre-reduced data, i.e., the
coefficient DCðyÞ together with SðyÞ, and CðyÞ, divided by
their corresponding DCðyÞ value normalized to the signal
of the monitor, are shown in the front panel of the
program during the measurement run. In this way we are
able to detect a possible error in, e.g. the alignment of the
optics during a measurement run. This gives us the chance
to interrupt the measurement run before completion
thus avoiding the sample to be wasted in a spoiled
measurement.

For each data point at a given scattering angle, 800
measurements are conducted in about 1 s. Therefore, one
single data point is an average of 800 distinct measure-
ments. The error of one data point is the standard
deviation of the series of 800 measurements. To obtain
good statistics we generally perform at least three
measurement runs for each optical configuration. The
obtained scattering matrix elements or combinations
of matrix elements are the mean value of several data
points and the adopted experimental error is the mean
quadratic error of the selected data points. In some cases,
due to the limited amount of sample material, there is just
one data point per angle. In that case, the adopted error
is due to the variation of the signal during the single
series of 800 measurements. When a matrix element is
not measured directly but is obtained from a measured
combination of matrix elements (see Table 1 and [27]), its
standard deviation is calculated by quadratic propagation
of the directly measured matrix elements or combinations
of matrix elements. The resulting experimental errors are
indicated by error bars (see e.g. Figs. 4–7). We must note
that accumulation of systematic errors due to small
inaccuracies in the alignment of the optical elements,
are not accounted for in the error bars.

3.3. Data reduction

First of all, obtaining the pre-reduced data mentioned
in the previous section includes a correction for the
inherent noise produced by the electronics involved in the
data acquisition. As the noise may vary with time, a set of
measurements in dark conditions at all possible amplifi-
cation values is performed right before each measurement
run. Thus, the values of the coefficients DCðyÞ, SðyÞ, and
CðyÞ are always corrected for the electronic noise of the
amplification at which the data point has been obtained.

A traditional limitation of nephelometers is the lack of
data at very small and very large scattering angles. There
are two main technical reasons for such a limitation. On
the one hand, at positions close to the forward direction,
the laser light may be reflected by the holder of the
detector distorting the actual measurements. On the other
hand, when approaching the backward direction the
detector blocks the laser beam. Moreover, the unscattered
light of the incident beam that is reflected back by the
beam-stop, strongly distorts the measurements at back-
ward direction. To decrease the technical problems the
detectors have been designed narrow enough to minimize
the blockage of the laser beam at positions close to the
forward and backward directions. Even so, the stray-light
at forward and backward directions is significant. In
addition, at short wavelengths Rayleigh scattering by gas
molecules within the path beam also plays a role mainly
at positions close to the forward and backward directions.
To subtract the background signal from the measure-
ments, we measure the contribution of background by
doing an additional measurement with the aerosol jet
turned off immediately after each actual measurement. In
this way, we assure that the measuring conditions will be
the same during both the measurements with aerosols
and their corresponding background measurements. The
coefficients corresponding to the background measure-
ments, DCbackgðyÞ, SbackgðyÞ, and CbackgðyÞ are subtracted
from the coefficients of the aerosol measurements DCðyÞ,
SðyÞ, and CðyÞ. An example of the resulting data before and
after correcting the background corresponding to config-
uration 7 of Table 1, is presented in Fig. 3. As shown,
the background signal is significant at 31 and close to the
backward direction.

From the pre-reduced data corrected for inherent noise
and background, the F11ðyÞ is normalized to 1 at 301 and
the scattering matrix element ratios FijðyÞ=F11ðyÞ with i,
j ¼ 1–4 ði ¼ ja1Þ are extracted from the measured DCðyÞ,
SðyÞ, and CðyÞ coefficients by following the description
given by Hovenier [27].

Once we have the reduced experimental 4� 4 scatter-
ing matrix, FðyÞ, we check that the measured matrix can
be a sum of pure scattering matrices. The reduction
program verifies the reliability of the measurements by
applying the Cloude coherency matrix test as suggested
by Hovenier and van der Mee [38].
4. Calibration measurements

The reliability of the measurements is tested by
comparing results of water droplets measurements to
results of Lorenz–Mie calculations for a distribution of
homogeneous spherical particles. As a starting point we
have constrained the calibration measurements to the
wavelengths of 488, 520, and 647 nm since the other
wavelengths are too close to each other to develop any
significant differences in the Lorenz–Mie calculations.
However, in case a special sample/project would require



ARTICLE IN PRESS

45
0.01

0.1

1

10

100

raw data
corr. back.

-1

-0.5

0

0.5

1

-1

-0.5

0

0.5

1

scattering angle

-1

-0.5

0

0.5

1

1.5

raw data-corr. background

scattering angle

-1

-0.5

0

0.5

1

scattering angle

-1

-0.5

0

0.5

1

F11+F31 (F14+F34)/(F11+F31) (F13+F33)/(F11+F31)

F11+F31 (F13+F33)/(F11+F31)(F14+F34)/(F11+F31)

90 135 180 45 90 135 180 45 90 135 180

45 90 135 180 45 90 135 180 45 90 135 180

Fig. 3. Upper panels: intermediate results of the data reduction process for the optical configuration 7 in Table 1. Full circles denote the pre-reduced raw

(uncorrected) data. The corresponding pre-reduced data corrected for background (corr.back.) are denoted by open triangles. Lower panels: full squares

correspond to the measured differences of the DC, SðyÞ, and CðyÞ of the corrected and uncorrected data, respectively.
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it, we are able to perform the measurements at the other
emission wavelengths of the argon–krypton laser, i.e., 483
and 568 nm.

As mentioned in Section 3.1, the water droplets are
produced by a nebulizer. For the Lorenz–Mie calculations,
we assume a log-normal size distribution. In the fitting
procedure, the refractive index of water is assumed as
a fixed parameter at the three studied wavelengths
ðm ¼ 1:33� 0:0iÞ. The two parameters that define the size
distribution, sg and rg are defined as [39]

ln rg ¼

Z 1
0

ln rnðrÞdr, (8)

s2
g ¼

Z 1
0
ðln r � ln rgÞ

2nðrÞdr, (9)

where nðrÞdr is the fraction of the total number
of equivalent spheres with radii between r and r þ dr

per unit volume of space. They are chosen so that the
differences between the measured and the calculated
values for the F11ðyÞ and �F12ðyÞ=F11ðyÞ are minimized.
The method to find the best-fitted values for rg and sg is
based on the downhill simplex method of Nelder and
Mead [40], particularly the FORTRAN implementation
described in the Numerical Recipes book [41], subroutine
AMOEBA. The method is independently applied to fit the
F11ðyÞ and �F12ðyÞ=F11ðyÞ at the three studied wave-
lengths, namely 488, 520, and 647 nm. The averaged
values obtained from the best fits for the six studied
functions give a value of sg ¼ 1:50� 0:04 and rg ¼

0:80� 0:07mm.
In Figs. 4–6, we present the measured and the

calculated scattering matrices as functions of the scatter-
ing angle at l equal to 488, 520, and 647 nm, respectively.
The measured and the calculated F11ðyÞ are plotted
on a logarithmic scale and normalized to 1 at 301.
The other matrix elements are plotted relative to F11ðyÞ.
We refrain from showing the four element ratios F13ðyÞ=
F11ðyÞ, F14ðyÞ=F11ðyÞ, F23ðyÞ=F11ðyÞ, and F24ðyÞ=F11ðyÞ,
since we verified that these ratios do not differ from
zero by more than the error bars, in accordance with
Lorenz–Mie theory. The measurements satisfy the
Cloude coherency matrix test at all measured scattering
angles.

As shown in Figs. 4–6, the water droplet measure-
ments show an excellent agreement with the Lorenz–Mie
computations over the entire angle range at the three
studied wavelengths. The small deviations may at least
partly be due to differences in the size distributions and



ARTICLE IN PRESS

0
0.01

0.1

1

10

100
measurements
Mie calculations

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.6

0.7

0.8

0.9

1

1.1

Scattering Angle (deg)

-1

-0.5

0

0.5

1

Scattering Angle (deg)

-1

-0.5

0

0.5

1

Scattering Angle (deg)

-1

-0.5

0

0.5

1

F11

-F12/F11

F22/F11

F33/F11 F34/F11 F44/F11

WATER DROPLETS MEASUREMENTS AND CALCULATIONS at 488 nm
(rg = 0.8 micron; sigma = 1.5)

45 90 135 180 0 45 90 135 180 0 45 90 135 180

0 45 90 135 180 0 45 90 135 180 0 45 90 135 180

Fig. 4. Scattering matrix elements F11ðyÞ, normalized to 1 at 30� , element ratios �F12ðyÞ=F11ðyÞ, F22ðyÞ=F11ðyÞ, F33ðyÞ=F11ðyÞ, F34ðyÞ=F11ðyÞ, and F44ðyÞ=F11ðyÞ
for water droplets at l ¼ 488 nm. Solid lines correspond to results of Lorenz–Mie calculations at 488 nm for a log-normal size distribution (rg ¼ 0:8mm

and sg ¼ 1:5). Errors are presented by bars that sometimes are not seen because they are within the size of the symbols.

0
0.01

0.1

1

10

100
measurements
Mie calculations

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.6

0.7

0.8

0.9

1

1.1

Scattering Angle (deg)

-1

-0.5

0

0.5

1

Scattering Angle (deg)

-1

-0.5

0

0.5

1

Scattering Angle (deg)

-1

-0.5

0

0.5

1

F11

-F12/F11

F22/F11

F33/F11 F34/F11 F44/F11

WATER DROPLETS MEASUREMENTS AND CALCULATIONS at 520 nm
(rg = 0.8 micron; sigma = 1.5)

45 90 135 180 0 45 90 135 180 0 45 90 135 180

0 45 90 135 180 0 45 90 135 180 0 45 90 135 180

Fig. 5. Same as Fig. 4 but at l ¼ 520 nm.
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the not perfectly spherical shape of the water droplets
used in the experiments. The experimental data exhibit
the typical behavior of a distribution of homogeneous
spherical particles, i.e., F22ðyÞ=F11ðyÞ is equal to unity at all
scattering angles. In addition, the F33ðyÞ=F11ðyÞ and
F44ðyÞ=F11ðyÞ ratios are identical to one another at all
scattering angles.

In Fig. 7, we present enlargements of the minor
features seen in the measured phase function F11ðyÞ,
degree of linear polarization for incident unpolarized light
�F12ðyÞ=F11ðyÞ, and the F33ðyÞ=F11ðyÞ, and F44ðyÞ=F11ðyÞ
ratios at the two extreme wavelengths, 488 and 647 nm.
The measurements are presented together with the
Lorenz–Mie calculations. As seen in Fig. 7, even the minor
features presented in the measurements are very well
reproduced by the Lorenz–Mie calculations. For instance,
the measured phase functions develop a small peak at
170� and 168� in the blue and red light, respectively.
Moreover, a soft increase in the phase function is
presented at positions close to the backward direction
reaching higher values in the blue than in the red. The
measured degrees of linear polarization present a negative
branch in the backscattering region. This negative branch
is significantly deeper at 488 nm ðH11%Þ than at 647 nm
ðH4%Þ. Furthermore, the measured �F12ðyÞ=F11ðyÞ pre-
sents a flat dependence on the scattering angle between
1151 and 125� at 488 nm. This flat region is not
shown in the measurements at 647 nm. Besides, the
minimum of the F33ðyÞ=F11ðyÞ ratio (and consequently
the F44ðyÞ=F11ðyÞ) at side scattering angles is deeper at
488 nm than at 647 nm.
5. Summary and outlook

We present a new laboratory apparatus for measuring
the complete scattering matrix as a function of the
scattering angle of aerosol particles. This new instrument
is an improved descendant of the experimental setup
located in Amsterdam for many years [27]. We have
extended the scattering angle range from �3�2174� to
31–1771. Apart from the new design of the detectors, the
accuracy of the measurements at small and large scatter-
ing angles has been improved by including in the
measuring/reduction process corrections for the back-
ground signal. The number of wavelengths has been
increased from two to five, namely 483, 488, 520, 568, and
647 nm. Moreover, the instrument and measuring pro-
gram have been designed to perform faster and more
efficient measurements allowing us to work with smaller
amounts of sample. The accuracy of the system has been
tested by comparison of the measured scattering matrices
for water droplets at 488, 520, and 647 nm, with results of
Lorenz–Mie calculations for homogeneous spherical water
droplets. The apparatus is devoted to experimentally
studying the angle-dependent scattering matrices of dust
samples of astrophysical interest. We are specially inter-
ested in mineral dust particles that are potential candi-
dates for being present in the planetary and cometary
atmospheres of the Solar System (e.g. olivines, pyroxenes,
calcite, carbon, etc.). Moreover, there is a great interest in
measuring aerosol samples that can affect the radiative
balance of the Earth’s atmosphere such as desert dust,
volcanic ashes, and carbon soot.
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