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Abstract
We describe the intensity fluctuations due to scattering
from sparse distributions of axisymmetric dipolar particles
illuminated by space-polarization entangled fields. We
show that, unlike traditional type of illumination, this
approach permits controlling the scattering regime and, in
certain conditions, provides means to optimize the retrieval
of asymmetry factors using the scattered intensity
measured by a single detector.

where ⟨… ⟩$ represents orientation averaging.
In the following, we will analyze the contrast 𝐶 =

'()(+)
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of intensity fluctuations for two types of illuminations
shown in Figure 1. Each of the two dipoles can be excited by
a field that is either parallel or orthogonal to the orientation
of the analyzer generating “parallel” 𝐸∥ or “crossed” 𝐸×
scattered fields, respectively. When both excitations are

1 Introduction

Traditional techniques for particle characterization by
light scattering are based on well-defined interaction
volumes [1, 2]. However, space-polarization entangled
fields allow changing this paradigm and divide the
interaction volume into distinct regions illuminated with
different polarization states [3, 4]. Further, it is known that
a polarimetric analysis of scattered fluctuations enables a
more detailed characterization of random media [5]. In this
work, we study the light scattering from a sparse group of
anisotropic but axisymmetric particles illuminated by such
a structured field and demonstrate that the contrast of
intensity fluctuations is highly sensitive to particle
anisotropy. The concepts and results of this work should be
of interest for remote sensing and the characterization of
particulate matter.

2 Scattering from 2 axisymmetric dipoles

The anisotropic polarizability of a single scattering
object can be obtained by analyzing the statistical moments
of polarimetrically measured intensity distributions[6, 7].
Here we start by examining the canonical example of two
identical axisymmetric dipoles that are coherently excited.
The particle’s polarizability tensor is a diagonal matrix 𝜶 =
#
𝑑𝑖𝑎𝑔(𝛼! , 𝛼" , 𝛼" ) characterized by the aspect ratio 𝑟 = ! .
#"

These scattering centers are at different but fixed spatial
locations. Their orientations are independent of each other
and are uniformly randomly distributed during the
measurement. Let 𝐸! and 𝐸" be the projections of the fields
scattered from each dipole onto a common polarization
state. It can be shown that the first and second moments of
the far-field scattered intensity, 𝐼 = 𝐸" = (𝐸! + 𝐸" )" , are
⟨𝐼⟩$ = ⟨𝐸!" ⟩$ + ⟨𝐸"" ⟩$ + 2⟨𝐸! ⟩$ ⟨𝐸" ⟩$
⟨𝐼" ⟩$ = ⟨𝐸!% ⟩$ + ⟨𝐸"% ⟩$ + 6⟨𝐸!" ⟩$ ⟨𝐸"" ⟩$ +
4⟨𝐸!& ⟩$ ⟨𝐸" ⟩$ + 4⟨𝐸! ⟩$ ⟨𝐸"& ⟩$ ,
(1)

parallel to the analyzer orientation, 6𝐸!1 7$ = 6𝐸"1 7$ = 6𝐸∥1 7$
in Eq. (1) and the contrast can be written as
"

𝐶! =

6𝐸∥% 7$ + 36𝐸∥" 7$ + 46𝐸∥& 7$ 6𝐸∥ 7$
" "

2 :6𝐸∥" 7$ + 6𝐸∥ 7$ ;

(2)
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Figure 1 Detected field 𝐸 is generated by the coherent

superposition of scattered fields from two independent dipoles,
which are (a) both excited by field vectors parallel to analyzer
orientation and (b) one of them is excited by field vector parallel and
the other by a field orthogonal to the analyzer.

When one of the excitation fields is “crossed”, it can be
shown that ⟨𝐸× ⟩$ = ⟨𝐸×& ⟩$ = 0 in Eq. (1) and the contrast
becomes
6𝐸∥% 7$ + ⟨𝐸×% ⟩$ + 66𝐸∥" 7$ ⟨𝐸×" ⟩$
(3)
𝐶" =
− 1.
"
:6𝐸∥" 7$ + ⟨𝐸×" ⟩$ ;

Since the scatterers are axisymmetric, the contrasts will
depend on their aspect ratio 𝑟 (𝑟 > 1 for prolate, 𝑟 < 1 for
oblate, and 𝑟 = 1 for spherical particles). The two contrasts
𝐶! and 𝐶" are plotted in Figure 2 for the case where the
dipoles are illuminated by equally intense fields. We note
23
23
that, within a certain range of aspect ratios, " > !, which
2)

2)

suggests that the statistical properties of the intensity
fluctuations are more sensitive to shape when the excitation
field are not both parallel to the analyzer’s orientation.
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interaction volume and setting 𝜈 ∈ (0,1) gives the contrast
for different volume ratios of orthogonally polarized
interaction volume. These contrasts are plotted in Figure 4
as a function of aspect ratio for the case of 𝑁 = 100 particles.
There are three key features to note. First, in a crosspolarized setting (𝜈 = 0), the contrast is independent of
particle shape. Second, within a certain range of aspect
ratios, the sensitivity of contrast to particle shape is higher
for 𝜈 < 1 than that for 𝜈 = 1 . Third, the sensitivity of
contrast is maximized when 𝜈 is minimized.
Figure 2 Contrast of intensity fluctuations as function of aspect
ratio when both excitation fields are parallel and when one of them
is orthogonal to the direction of the analyser.

3 Scattering from group of axisymmetric particles

Let us now consider a more realistic situation where 𝑁
identical axisymmetric randomly orienting dipolar particles
are randomly positioned in space. The particle group is
sufficiently sparse such that it scatters light in the so-called
“single scattering” regime. Unlike the previous section, this
process now is characterized by two stochastic parameters:
random orientations and random positions.
When the particle group is excited by a spacepolarization entangled field such as, for instance, a
cylindrical vector beam, the total interaction volume can be
considered as two distinct orthogonally polarized regions.
Effectively, a fraction 𝜈 ⋅ 𝑁 of all particles is excited by a
field polarized parallel to the analyzer (co-polarized) and
the rest of the particles are excited by a field polarized
perpendicular to the analyzer (cross-polarized) as
schematically shown in Figure 3.

Figure 4 Contrast of intensity fluctuations as a function of aspect
ratio for 100 particles distributed (a) in a single co and crosspolarized and (b) two orthogonally polarized interaction volumes.

4 Discussion and Conclusions

The improved sensitivity can be understood by
considering the length distributions and number of steps in
the random walk model. Analyzing the orientation
averaged scattered intensities indicates that when excited
by identical fields, the intensity scattered by a single
axisymmetric dipole is, on average, higher in the copolarized setting. Hence, when a subset of all particles is
excited in this manner, the magnitude of the associated
phasors are increased compared to the ones corresponding
to the cross-polarized particles. From a macroscopic point
of view, the space-polarization structuring effectively
reduces the total number of particles contributing to the
final field leading to a non-gaussian distribution of
measured intensities [8, 10].
Since the mismatch between co and cross-polarized
scattered intensities reaches a maximum around 𝑟 = 1, the
Figure 3 Schematic of two spatially distinct and orthogonally
effective number reduction is most prominent for particle
polarized regions containing different numbers of identical,
aspect ratios close to 1. Consequently, the highest sensitivity
anisotropic, and randomly oriented particles.
enhancement is observed around 𝑟 = 1, which could be an
appealing practical characteristic. Furthermore, adjusting
When the final scattered field is modelled as a 2D
the volume ratio 𝜈 allows control over the range of aspect
random walk in the complex plane with distributed step
ratios within which this improvement occurs.
lengths and uncorrelated particle positions and amplitudes
In conclusion, we modeled the fluctuations of intensity
[8, 9], the contrast is given by
scattered
from a sparse distribution of subwavelength
𝐶∥"×
axisymmetric
particles excited by space-polarization
$
& &
$
&
&
(4)
1 𝜈 )*𝐸∥ +% − 2*𝐸∥ +% . + (1 − 𝜈)(⟨𝐸×⟩% − 2⟨𝐸× ⟩% )
=1+ '
3
entangled
fields.
We demonstrate that by tuning the
&
𝑁
)𝜈*𝐸∥&+% + (1 − 𝜈)⟨𝐸×& ⟩% .
polarization state of the illumination across distinct spatial
where 𝐸∥ and 𝐸× are scattered fields from a single dipole regions one can isolate the volume of interaction and
excited under co-polarized and cross-polarized conditions, effectively control the number of particles contributing to
respectively. In Eq. (4), setting 𝜈 = 0 and 𝜈 = 1 gives the the detected intensity. This all-optical procedure permits
contrast for the cross and co-polarized excitations of a single establishing the desired regime of non-gaussian intensity
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fluctuations in which the sensitivity to scatterers’
asymmetry can be optimized. The results presented here
should be of interest for characterizing non-spherical
particles
for
biosensing[11,
12],
monitoring
polymerization[13, 14] and characterizing naturally
occurring random media[15].
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