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Abstract: We have simulated the elastic light scattering by small
dielectric particles with different shapes as well as different compositions.
Backscattered angularly resolved Mueller images are obtained from the
simulation. Our results show that the images are not only sensitive to the
shape, size and orientation of the particle, but also sensitive to the
composition. Thus the Mueller images act in reality like a Muellermicroscope, and can thus lead to the detection and classification of
aerosols.
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Introduction

Bioaerosols such as spores, pollens, some viruses and cells have dimensions of the order of
micrometers. There are large variations in both the morphology and composition of these
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particles. In recent years the detection and classification of bioaerosols, such as anthrax, has
gained the attention of many research groups because of bioterrorism threats [1]. Of all the
detection methods proposed thus far, DNA analysis is perhaps the most accurate. However
DNA analysis not only requires complex equipment, it also takes a long time to complete. In
reality, hazardous bioaerosols may be mixed with similar but benign particles, it then takes
even longer in detection time for DNA analysis to separate the benign from the hazardous
ones. Many methods have been applied and are under further research to speed up the analysis
procedure, such as FASTCARs [2], fluorescence [3], etc.
Images based on the Mueller matrix have previously been explored in studying optical
properties of turbid media [4, 5], such as tissues. In this paper, we study light scattered from
isolated single particles. With recent developments in detection schemes, complete
backscattered light can be detected [6]. We have computed the backscattered Mueller matrix,
and from it constructed angularly resolved Mueller images. There are three models used in
this paper; namely, a homogenous ellipsoid, an ellipsoid with core, and homogenous cylinders.
Since the sizes of these particles are comparable with the incident wavelength, geometric
optics is not an option. We therefore used the finite-difference time-domain (FDTD) [7-9]
technique to perform the numerical simulation involved in this study.
2.

Models and image construction

In our simulation, the models are constructed as shown in Fig. 1. They are: one homogenous
ellipsoid (Fig. 1(a)), one spore (Fig. 1(b)) (same shape as the Fig. 1(a) but with
inhomogeneous compositions) and homogenous cylinders with different heights (Fig. 1(c)).
The refractive indexes for the homogenous ellipsoid and cylinder are m=1.34. In case of the
spore model, the refractive index is chosen according to Fig. 1(d) based on the relative radial
distance from the boundary. As described in [10], the spore model used in this paper
represents a spore with a core in the center and a single layer coat. In our simulation, the
scatterers are placed in the air, which has refractive index m=1.0.

Fig. 1. Particle geometries used in this study: (a) a homogenous ellipsoid with a major axis of
1.0 μm and a minor axis of 0.8 μm; (b) the same ellipsoid with a centered core and one layer
coat; (c) homogenous cylinders with heights 1.0 μm or 2.0 μm, and width 0.5 μm; (d) the
refractive index for (b).

The backscattered region (polar angle from 90 to 180 degree) is the one we chose in this
paper. An actual experimental setup has been done in [6] as shown in Fig. 2(a), in which
almost all the backscattered light can be detected.
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Fig. 2. (a) An experimental setup to measure the backscattered light in [6]. This experimental
setup collects most of the backscattered light and projects it to the detector. (b) Coordinates
used in this paper. The scatterer is fixed in the yz-plane, θ is the angle between the symmetry
axis of the scatterer and z axis.

The Mueller matrix is the transformation matrix between the incident Stokes vector and
the outgoing Stokes vector. Since the Stokes vector is only meaningful when defined with
respect to a coordinate system, Mueller matrix elements also depend on the coordinate system.
Fig. 2(b) shows the coordinate system used in this paper, the x, y, and z axes form a righthanded Cartesian coordinate system, where z is the direction of the incident illumination beam.
To simplify the simulation process, the particle’s symmetry axis is fixed in the yz plane.
Mueller matrix elements are dependent on particle orientation (denoted by θ) and the
scattering angle in the coordinate system defined here. For any given θ, the constructed
images are angularly resolved images. The image has a disk shape with 180-degree polar
angle at the center of total backscattering and the 90-degree polar angle at the boundary. The
polar angle is uniformly divided along the radius in the image. The uniform division of the
polar angle may not be satisfied in the experimental setup as shown in the Fig. 2(a).
3. Results of simulation
The Mueller matrix (M={mi,j(θ,ϕ), i,j=1,2,3,4}) is a 4x4 matrix and therefore the
corresponding complete Mueller images contain 16 sub-images. In this paper, the reduced
Mueller matrix is used, which means all values except m11 are normalized by m11. Thus all
matrix elements except m11 are in the region (-1,1). In Fig. 3, an example of the complete
Mueller images is shown. These images show the simulation results of the homogenous
ellipsoid as in Fig. 1(a) with an orientation angle of 90° (broadside illumination). The first
image element m11 represents the angular distribution of scattered light intensity with an
unpolarized illuminating beam. The color bar of m11 represents the values in the sense of the
following equation:

σ=

1
k2

∫m

11

(θ, φ )dΩ ,

where the integral is over the whole 4π steradian solid angle; σ is the scattering cross section,
which equals to 2.23 μm2 in this case for unpolarized incident light; k is the wave vector
defined as k=2π/λ and λ is the wavelength. Since we are interested in the pattern character,
values for m11 in the following figures are not specified although the color scale in the image
is from blue to red corresponding to the minimum and maximum values of m11 in
backscattered region. The color used in all the other element images except m11 scales from -1
to 1. It is worthy to note that values are zero along x and y-axis for elements (m13, m14, m23,
m24, m31, m32, m41, and m42), which is because the particle simulated has mirror symmetry
with respect to xz and yz-plane.
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Fig. 3. A complete set of Mueller images for broadside illumination of the homogenous
ellipsoid with a major axis of 1.0 μm and a minor axis of 0.8 μm, the refractive index is 1.34
and the illuminating wavelength is 0.5 μm.

As mentioned earlier, Mueller images depend on the orientation of the scatterer, each
orientation has a unique 4x4 Mueller image. In the following, three orientations with polar
angle θ=0°, 30° and 90° are simulated. To compare the differences in Mueller images of
different shapes and compositions, m11 and m44 are used as representatives for Mueller images.
Figure 4 shows the comparison between the homogenous ellipsoid and the spore model.
For Mueller images of m11 and m44 there are significant differences. The presence of the core
and the coat greatly change the backscattered image pattern. The spore gives more fine
structure in the m44 images. One can also see the scattering patterns change with the
orientation angle. From these patterns, it should be possible to retrieve the composition and
orientation information.

Fig. 4. Comparison for Mueller elements m11 and m44 between homogenous ellipsoid and spore
at different orientations. Both spores have a major axis of 1.0 μm and a minor axis of 0.8 μm,
the illuminating wavelength is 0.5 μm.
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Figure 5 compares the scattering image patterns for the homogenous ellipsoid, the spore
with core and coat and a homogenous cylinder with height 1.0 micrometer. They are all
broadside illuminated, i.e., θ=90°. Although the three small particles are similar in size scale
compared with the wavelength of the illuminating beam, there are distinct differences in the
patterns between the cylinder’s images and the ellipsoid’s. One can easily distinguish the
cylinder shape from the ellipsoid shape.

Fig. 5. Comparison for Mueller element m11 and m44 between the homogenous ellipsoid, the
spore and the homogenous cylinder for broadside illumination.

To study how the size affects the scattering patterns, we doubled the height of the
cylinder while keeping the radius unchanged. The results are shown in Fig. 6. Overall the
patterns for these two cylinders are similar. The increase in the height brings more fine
structure. Size information could possible be derived from this fine structure.

Fig. 6. Comparison for Mueller element m11 and m44 between homogenous cylinders with
different heights of 1.0 μm and 2.0 μm, and the same diameter of 0.5 μm, refractive index is
1.34 and illuminating wavelength is 0.5 μm.

To compare with forward scattering results, in Fig. 7 we calculated forward scattered
Mueller images for the same case as used in Fig. 5. There is less information contained in the
forward scattering pattern compared with results in Fig. 5. For three m11 images, their patterns
look similar, which means that forward scattering m11 is not as sensitive to the shape and
internal structures as for the m44 images. Although there are some differences in regions away
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from the center for m44, the differences are not as distinct as backscattered images. This is the
reason we feel backscattering is more important in classifying aerosols.

Fig. 7. Same as Fig. 5 except for the Mueller images for forward scattering.

4. Discussions and conclusions
In this paper, backscattered Mueller images are simulated for several small dielectric particles
whose sizes are comparable to the wavelength of the illuminating light. Compared with
forward scattering results as shown in Fig. 7, backscattered Mueller images are much more
sensitive to the shape, size and composition of the particle. Even in the simplest case where
only the scattered intensity is detected with an unpolarized illuminating source, backscattered
intensity image (m11) still shows more variation between different cases. However, when the
polarization is taken into account, the other Mueller images contain more pattern variations.
To obtain complete identification would require solving the inverse problem, which will
be quite difficult to do. However even without inverse methods, one can setup databases for
known particles and do pattern recognition to distinguish different kinds of particles.
In addition to the classification of particles, the results shown in this paper can be applied
to rapid detection of hazardous biological agents. Together with proper experimental setup
(such as the one shown in [6]), pattern recognition can be used to identify particles having
similar Mueller images as the hazardous biological agents stored in the database. The selected
particles can then undergo further analysis by other methods, such as DNA analysis. The
sample number is greatly minimized as well as the total detection time. Since this method uses
the strong elastic scattered signals, it does not require sophisticated equipment for signal
amplification.
The simulations in this paper are only for a single particle. It is straightforward to apply
this simulation to clusters. We also want to explore the possibility of using two wavelengths
and looking at differences in the Mueller images.
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