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This paper proposes a new method for solving an average scattering model of air particles with variable size
distribution and shape distribution, analyzes the effects of size distribution and shape distribution of particles
on the new scattering model, and compares the difference of scattering models simulated by different shapes. The
results indicate that the accuracy of the new model is much better than that of the Mie model and the previous
average scattering model, and the maximum relative errors of the new model for calculating the intensity dis-
tribution and polarization are 12% and 13%, respectively. The maximum relative deviation between Mueller
matrix phase functions is less than 7% when the effective radius and variance of air particles are the same,
the maximum relative deviation between Mueller matrix phase functions reaches more than 700% when the shape
distribution of air particles changes, and the maximum relative deviation between Mueller matrix phase functions
is less than 18% when the shapes used to simulate the scattering model are changed. © 2019 Optical Society of

America

https://doi.org/10.1364/AO.58.003370

1. INTRODUCTION

In some high-precision optical testing and calibration work, the
error caused by scattering by airborne particles cannot be
ignored. For example, the Chinese Academy of Sciences is de-
veloping a large space telescope with an external dimension of
8.5 mm × 2.7 mm × 3.8 mm and a point source transmittance
(PST) design value of less than 4.6 × 10−9, and scientists had
planned to create a clean environment of ISO class 3 in a
600 mm × 600 mm laboratory to achieve the test accuracy
of PST [1–3]. Similar requirements for a clean room have
emerged in the calibration of large polarization spectral cameras
[4–7]. Compared to the establishment of large clean rooms
with high standards, quantitative analysis and correction of
the errors caused by scattering by airborne particles is more
economical and feasible. Therefore, we need to establish a
high-precision air scattering model to accurately simulate the
scattering intensity distribution and scattering polarization
distribution of airborne particles.

There are existing methods that could be used to accurately
solve the scattering model of a spherical or nonspherical single
particle. Several methods are known, such as Mie theory [8,9],
the Rayleigh method [10,11], the T matrix method [12,13],
finite difference time domain (FDTD) [14,15], multiresolu-
tion time domain (MRTD) [16,17], method of moments

(MoMs) [18], discrete dipole approximation (DDA) [19],
the geometric optics approximation (GOA) method [20],
the extended boundary condition method (EBCM) [21], the
separation of variables method (SVM) [22], and so on.
When air particles have variable size distribution and shape dis-
tribution, it is not practical to accurately solve the scattering
model of the particles by listing the scattering properties of each
particle. To simplify the operation, the existing methods have
simplified the size distribution and shape distribution of air par-
ticles. The most common simplification method is to simplify
the shape distribution of particles to a single spherical or non-
spherical shape; for this reason, some scholars have also focused
on what shape should be used to simulate the scattering model
more accurately [23]. However, these simplified methods are
essentially not different from Mie theory, and the accuracy
of the scattering models can be greatly improved. We proposed
an air average scattering model, which can simulate the inten-
sity distribution of scattered light more accurately, but cannot
accurately simulate the polarization distribution of scattered
light [24,25].

In this paper, a new average scattering model is proposed to
obtain more accurate polarization simulations of scattered light.
In addition, the effects of the size distribution and shape dis-
tribution of air particles on the new scattering model are quan-
titatively analyzed, and the differences of scattering models
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simulated by different shapes are compared to verify the adapt-
ability of the new model.

2. MODELING OF AIR SCATTERING

Air scattering primarily consists in the scattering of gas mole-
cules and suspended particles; the scattering model of gas mol-
ecules can be solved by the Rayleigh method [26]. Thus, this
paper mainly researches the scattering model of suspended par-
ticles with an equivalent spherical diameter greater than
0.1 μm. The existing methods are used to solve the scattering
model of a single particle with a certain size and shape, and
random particles with a certain size distribution and shape dis-
tribution are used to simulate the average scattering model.

The scattering model of particles is described by the Mueller
matrix, and the relationship between the Stokes matrix and the
Mueller matrix has the following expression [27]:
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In Eq. (1), θ is the scattering angle, I and I 0 are the intensity of
scattered light and incident light, respectively; Q and Q0 are
the intensity difference of the two components when the elec-
tric vector is decomposed into x-axis and y-axis components; U
and U 0 are the intensity difference of the two components
when the electric vector is decomposed into �45-degree and
−45-degree components; V and V 0 are the intensity difference
of the two components when the electric vector is decomposed
into the right-circular polarization component and the left-
circular polarization component.

The Mueller matrix elements, after having been averaged by
using the size distribution and shape distribution of particles,
will have the following expression:
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In Eq. (2), all terms indexed with k refer to a group of particles
with a certain shape. Fxx represents the element of the Mueller
matrix after having averaged the air particles by size distribution
and shape distribution; Fxx�εk, r� is an element of the Mueller
matrix corresponding to the particles with a certain shape,
K sca�εk, r� is the scattering coefficient; SP�εk, r� indicates the
geometric projection area of particles along the light transmis-
sion direction; εk represents the shape parameter; f �x� is the
size distribution function of particles; and Wk is the weight
coefficient of particles with a certain shape representing the
shape distribution of the particles.

The weight coefficients are solved by a least squares method
through the intensity and polarization data of incident light and
scattered light, as shown in Eq. (3):
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In Eq. (3), MIN�S� represents the minimum value for the
right-hand side of the equation.

3. CALCULATION AND VALIDATION RESULTS

A. Statistics of Size Distribution and Shape
Distributions of Air Particles
Wemeasured the size distributions of particles under ISO Class
8, ISO Class 7, and ISO Class 6 by using an air particle counter.
The air particle counter is composed of an air pump, a laser
scattering cavity, a convergent lens, a photodetector, and a sig-
nal processing system. The air pump draws the air into the laser
scattering cavity at a certain sampling rate, and the scattered
light is collected on the photodetector through the convergent
lens. The signal processing system calculates the number of par-
ticles per unit volume of air based on the count of electrical
pulses and determines the sizes of the particles based on the
intensity of the electrical pulse signal. The results are shown
in Fig. 1, where the y axis indicates that the particle concen-
tration is equal to or greater than the size considered.

The results indicated that the size distribution function f �r�
roughly satisfied the index distribution indicated byR
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The index n varied slightly with the air cleanliness. The lower
the air cleanliness level, the larger the index, that is, the smaller
the proportion of large particles. The fitting value of the index
and the fitting error of the size distribution function under dif-
ferent air cleanliness are shown in Fig. 2.

We observed the deposition of air particles on test strips
under different air cleanliness conditions by a 50-fold micro-
scope and roughly judged the shape characteristics of air par-
ticles, as shown in Fig. 3. The observation results showed that
the larger particles in the air were mainly rope-shaped, which

10
Particle diameter/µm

ISO Class 8
ISO Class 7
ISO Class 6

T
ot

al
 c

on
ce

nt
ra

ti
on

st
at

ed
 s

iz
e

pc
/m

3

-1 100 101
100

102

104

106

108

1010

Fig. 1. Measured data of the particles’ size distribution.
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may be the clothing fiber debris caused by the activities of lab-
oratory personnel; we simulated the shapes of these particles by
cylindrical shapes with 10 different diameter-to-length ratios.
The smaller particles were approximately ellipsoidal, which
may be aerosols composed of dust, sulfuric acid, nitric acid,
and so on; therefore, we simulated the shapes of particles by
ellipsoidal shapes with 10 different aspect ratios.

The aspect ratio of ellipsoidal particles was expressed by a∕b,
and the diameter-to-length ratio of cylindrical particles was ex-
pressed by D∕L, as shown in Fig. 4. The 10 ellipsoidal aspect
ratios used to simulate the shape distribution of air particles

were uniformly distributed in the range of [0.3,3.0], and the
10 cylindrical aspect ratios were uniformly distributed in the
range of [0.05,1.0].

B. Solution and Verification of the New Model
To solve the undetermined weight coefficients Wk in Eq. (5),
we built a test system, as shown in Fig. 5. The test system was
located in a dark room with an air cleanliness below IS0 class 8,
and it included a pulse laser, an optical collimated system with a
diameter of 100 mm, a photodetector with lens hood, and a
polarizer. The laser light was not polarization, such that the
Stokes matrix was the matrix (1,0,0, 0) T. The polarization
state of scattered light was measured by a polarizer and a photo-
detector. The lens hood was used to suppress the off-axis light
of the photodetector. In addition, the usage of the light trap was
crucial to prevent the light from being scattered back by the
inner wall of the laboratory to the measurement region, thus
improving the measurement precision.
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Fig. 2. Fitting value of the index and the fitting error of the size distribution function.

Observation Image under ISO Class 6The deposition test strip

Observation Image under ISO Class 8Observation Image under ISO Class 7

Fig. 3. Sediments of air particles observed using the microscope.
Fig. 4. Illustration of parameters of ellipsoidal and cylindrical
particles.
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The Stokes matrix elements of the scattered light were mea-
sured at scattering angles of 30°, 60°, 90°, 120°, and 150°, and
the average distance from the measurement point to the scat-
tering particles was r � 1 m. Based on these measurements,
the average Mueller matrix elements were calculated and com-
pared to those calculated by the Mie model and the previous
average scattering model, as shown in Fig. 6.

As can be seen in Fig. 6, the Mueller matrix elements calcu-
lated by the previous average scattering model and the new
model were greatly different from those calculated by the
Mie model. The Mueller matrix elements F 11 calculated by
the previous average scattering model and the new model were
close to each other, and the same was true for F 12∕F 11.
However, the other Mueller matrix elements calculated by
the previous average scattering model and the new model were
quite different from each other.

We analyzed the reason why F 11 and F 12∕F 11 calculated by
the previous average scattering model and the new model were
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Fig. 5. Model for optical path verification.
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close to each other, while the other Muller matrix elements are
quite different. In the previous average scattering model, we
used only the intensity of incident light and scattered light
to simulate the weight coefficient of particles. So, the calcula-
tion results of F 11 and F 12∕F 11 are accurate, but the calcula-
tion results of other Mueller matrix elements may be quite
different from the actual situation. In the new model, we
use the intensity and polarization distribution of incident light
and scattered light to simulate the weight coefficients of par-
ticles; this can improve the calculation accuracy of the other
Muller matrix elements. The results shown in Fig. 6 indicated
that the calculation results of Muller matrix elements were
different when the polarization distributions were taken into
account, which also reflected the necessity of using both inten-
sity and polarization distributions to calculate the weight
coefficients of particles.

To validate the accuracy of different models, we calculated
the intensities and degree of polarizations (DOPs, as shown in
Eq. (5) [28]) of the scattered light by the Mie model, the
previous average scattering model, and the new model. The
results are reported in Figs. 7 and 8, together with the measure-
ment results. The DOP calculation is as follows:

DOP �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 � U 2 � V 2

p
I

: (5)

As can be observed from Fig. 7, the maximum relative deviation
between the intensities calculated by the previous average scat-
tering model and the measured data was less than 10%; the
maximum relative deviation between the intensities calculated
by the new model and the measured data was less than 12%;
and the maximum relative deviation between the intensities cal-
culated by the Mie model and the measured data exceeded
480%. When calculating the intensities of the scattered light,
the accuracy of the new model was much better than that of the
Mie model but slightly worse than that of the previous average
scattering model. This was mainly due to the additional
consideration of the polarization distribution characteristics
in solving the new model. As can be observed from Fig. 8,
the maximum relative deviation between the DOP calculated
by the new model and the measured data was less than 13%;

the maximum relative deviation between the DOP calculated
by the previous average scattering model and the measured data
was less than 49%; and the maximum relative deviation be-
tween the DOP calculated by the Mie model and the measured
data exceeded 220%. When calculating the DOP of the scat-
tered light, the new model had the best precision. On the
whole, the new model was more comprehensive and accurate.

4. QUANTITATIVE ANALYSIS OF THE NEW
MODEL

A. Effect of Particle Size Distribution on Scattering
Model
We fixed the shape distribution of particles, and the size dis-
tribution of particles was changed to study the effect of the size
distribution of particles on the scattering model. We calculated
the average Mueller matrix phase function F 11 when the size
distributions of particles were gamma distributions and log-
normal distributions, respectively, and used the relative devia-
tions η�θ� between the calculation results of the two distribu-
tions. The calculation results and the relative deviations are
shown in Fig. 9.

As can be observed from Fig. 9, as long as the effective radius
and effective variance were the same for different size distribu-
tions, the average Mueller matrix phase functions were basically
consistent, and the maximum relative deviation was less than
7%. When the effective radius was small, the Mueller matrix
phase function presented a more uniform scattering function
and had a relatively smooth function curve. When the effective
radius gradually increased, the Mueller matrix phase function
exhibited a tendency of forward and backward scattering en-
hancement, and the function curve oscillated greatly with
the scattering angle.

B. Effect of Particle Shape Distribution on
Scattering Model
The size distribution of particles was fixed, and the shape dis-
tribution of particles was changed to study the effect of the
shape distribution of particles on the scattering model. Ten el-
lipsoids with different aspect ratios and 10 cylindrical shapes
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with different diameter-to-length ratios were used to simulate
the shape distribution of particles; the ellipsoidal aspect ratios
were uniformly distributed in the range of [0.3,3.0], and the
cylindrical aspect ratios were uniformly distributed in the range
of [0.05,1.0]. In case 1, the sum of the weight coefficients rep-
resenting ellipsoidal particles is equal to 0.5, and the sum of the
weight coefficients representing cylindrical particles is equal to
0.5. In case 2, the sum of the weight coefficients representing
ellipsoidal particles is equal to 0.8, and the sum of the weight
coefficients representing cylindrical particles is equal to 0.2. In
case 3, the sum of the weight coefficients representing ellipsoi-
dal particles is equal to 0.2, and the sum of the weight coef-
ficients representing cylindrical particles is equal to 0.8. We
calculated the average Mueller matrix phase function F 11 with
the new model in different cases, and got the relative deviations
η�θ� between the results. The calculation results and the rela-
tive deviations are shown in Fig. 10.

As can be observed from Fig. 10, when the shape distribu-
tions of particles changed, the Mueller matrix phase function
calculated by the new model changed significantly, and the

maximum relative deviation reached 700%. It means that
the new model can sensitively reflect the change of scattering
characteristics caused by the shape distribution of particles. In
contrast, the Mie model does not have this capability. It can
only reflect the change of scattering characteristics caused by
the equivalent volume of particles. So, this is one of the main
advantages of the new model compared to the Mie model.

C. Difference of Scattering Models Simulated by
Different Shapes
The size distribution and the shape distribution of particles
were held fixed, and the shapes chosen for simulating the scat-
tering model were changed to study the difference of scattering
models simulated by different shapes. In case 1, 10 ellipsoidal
shapes and 10 cylindrical shapes were used to simulate the
scattering model; the ellipsoidal aspect ratios were uniformly
distributed in the range of [0.3,3.0], and the cylindrical aspect
ratios were uniformly distributed in the range of [0.05,1.0]. In
case 2, five ellipsoidal shapes and 15 cylindrical shapes were
used to simulate the scattering model; the ellipsoidal aspect

Fig. 9. Calculation results of average Mueller matrix phase function and relative deviations.
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ratios were uniformly distributed in the range of [0.3,3.0], and
the cylindrical aspect ratios were uniformly distributed in the
range of [0.05,1.0]. In case 3, 15 ellipsoidal shapes and five
cylindrical shapes were used to simulate the scattering model;
the ellipsoidal aspect ratios were uniformly distributed in the
range of [0.3,3.0], and the cylindrical aspect ratios were uni-
formly distributed in the range of [0.05,1.0]. We calculated
the average Mueller matrix phase function F 11 with the new
model in different cases, and got the relative deviations η�θ�
between the calculation results. The calculation results and
the relative deviations are shown in Fig. 11.

As can be observed from Fig. 11, when the shapes chosen to
simulate the scattering model were changed, the calculation
results of the average Mueller matrix phase function
changed slightly, and the maximum relative deviation was less
than 18%.

5. CONCLUSIONS

In this paper, we proposed a new method of solving an average
scattering model of air particles with variable size distribution

and shape distribution. The maximum relative errors of the
intensity distribution and polarization calculated by the new
model were 12% and 13%, respectively, and the accuracy of
the new model was better than that of Mie model and the pre-
vious average scattering model.

Based on the new model, we analyzed the effects of size dis-
tribution and shape distribution of air particles on the scatter-
ing model and compared the difference of scattering models
simulated by different shapes. The results showed that when
the effective radius and variance of air particles were the same,
the scattering models were basically the same, and the maxi-
mum relative deviation between the average Mueller matrix
phase functions was less than 7%. When the shape distribution
of air particles changed, the scattering models changed greatly,
and the maximum relative deviation between the scattering
phase functions reached more than 700%. When the shapes
used to simulate the scattering model changed, the normalized
weighting coefficients of these shapes changed correspondingly,
but the scattering model was basically the same; the maximum
relative deviation of the average Mueller matrix phase functions
was less than 18%.
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Fig. 10. Calculation results of average Mueller matrix phase function and relative deviations.
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