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Abstract: The particle size of submicron particles significantly affects their properties; thus, the accu-
rate measurement of submicron particle size is essential to ensure its excellent properties. Polarized
light scattering is an important tool for measuring the particle size of the ensemble of particles in
suspension. However, in the existing measurement systems, the polarized scattered light is detected
using a CCD detector or an array of single-point detectors. The CCD detector misses a large part
of the polarized scattered light due to its narrow detection range of scattering angles, and the array
of single-point detectors has the problem of low angular resolution due to the limited number of
detectors. According to the above problems, this paper designs a submicron particle size measure-
ment method based on the polarization difference in polarized scattered light with high angular
resolution. The vertically and horizontally polarized scattered light was acquired with high angular
resolution (angular separation = 2◦) over a scattering angle range of 50◦–110◦ using a photomultiplier
coupled with a turntable. The scattering angle of the acquired vertically and horizontally polarized
scattered light were corrected to eliminate the scattering angle deviations caused by obliquely inci-
dent light, and then the polarization difference in the vertically and horizontally polarized scattered
light was computed, from which the submicron particle size distribution was inverted subsequently.
Experiments were performed using polystyrene microsphere standard particles with particle sizes
of 350 nm, 200 nm, and 100 nm. The experimental results show that (1) the Pearson correlation
coefficient of the linearly fitted curve of the corrected polarization difference to the theoretical po-
larization difference is larger than 0.997, and the slope and intercept of the linearly fitted curve are,
respectively, close to 1 and 0, indicating that the corrected polarization difference is highly consistent
with the theoretical polarization difference; (2) the mean relative error and coefficient of variation
of the particle size distribution parameter D50 obtained from the polarization difference with high
angular resolution (angular separation = 2◦) are better than those of the parameter D50 obtained from
the polarization difference with low angular resolution (angular separation = 12◦), indicating better
accuracy and repeatability of the particle size distribution inverted from the polarization difference
with high angular resolution; and (3) for the particle size distribution parameters D10, D50, and D90
obtained from the scattering angle-corrected polarization difference with high angular resolution, the
deviation of the measured values from the average value are all smaller than the thresholds given in
the international standard, indicating a good repeatability of the proposed method.

Keywords: submicron particle size; polarized light scattering; polarization difference; high angular
resolution; wide scattering angle range; scattering angle correction

Photonics 2023, 10, 1282. https://doi.org/10.3390/photonics10111282 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics10111282
https://doi.org/10.3390/photonics10111282
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0003-3030-1288
https://doi.org/10.3390/photonics10111282
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10111282?type=check_update&version=2


Photonics 2023, 10, 1282 2 of 13

1. Introduction

Submicron particles usually refer to particles with a particle size of 0.1 µm to 1 µm.
Due to the extremely small particle size, the atomic arrangement, electron distribution
structure, and crystal structure on the surface of submicron particles are significantly
changed compared to those of ordinary particles, so they have completely different spe-
cial properties in optical, electromagnetic, acoustic, thermal, and other physical proper-
ties [1–5]. Submicron particles can be used as additives, cured coatings, and adhesives
with excellent physical, chemical, and surface properties, which help to improve product
performance [6–11]. The particle size of submicron particles significantly affects their effec-
tiveness in application [12–17]. Therefore, the particle size becomes an important indicator
of the quality of submicron particles, and obtaining the particle size distribution has become
an essential and important step in the preparation of submicron particles.

For the particle size measurement of an ensemble of particles in suspension, the
light scattering method is widely used because of its advantages of being fast, accurate,
and field-monitorable [18–22]. Submicron particles exhibit different scattering character-
istics for incident light in different polarization states. Thus, the polarized scattered light
has been used to measure the particle size distribution of the ensemble of particles in
suspension [23,24]. At present, the detection of polarized scattered light is mainly divided
into two ways: one is to use a CCD detector [25,26], and the other is to use an array of
single-point detectors [27,28]. The CCD detector can only detect the scattered light in a
narrow scattering angle range. However, for submicron particles, the scattered light that
is related to the particle size is mainly distributed over a wide range of scattering angles;
thus, the CCD detector is not applicable for the measurement of the particle size of the
submicron particles. The approach using an array of single-point detectors can detect the
polarized scattered light over a wide range of scattering angles, but there is a problem of
low angular resolution of polarized scattered light detection due to the limited number
of detectors.

At the same time, as the polarized scattered light related to the submicron particle
size distributes in a wide range of large scattering angles [28], in order to avoid the total
reflection effect that limits the emission of scattered light at large scattering angles, the
oblique incidence of the light source is used, i.e., the incident light is at an angle to the wall
of the sample cell. However, in the oblique incidence mode, the optical axis is deflected due
to the refraction of the quartz glass and liquid medium, which in turn causes a deviation
in the scattering angle of the measured polarized scattered light. Therefore, in order
to accurately invert the particle size distribution, the measured scattering angle of the
polarized scattered light needs to be corrected.

According to the above problems, a submicron particle size measurement method
based on scattering angle-corrected polarization difference with high angular resolution
was proposed in this paper. For the ensemble of particles in suspension, the vertically and
horizontally polarized scattered light were obtained with high angular resolution over a
wide range of large scattering angles, and the scattering angle deviation caused by the
oblique incidence of incident light was also corrected. The polarization difference between
the vertically and horizontally polarized scattered light was computed, and finally, the
particle size distribution was accurately inverted from the polarization difference using the
Chahine algorithm.

2. Methods
2.1. Principle of Polarization Difference Method

According to the Mie scattering theory [29,30], for spherical particles with a certain
size distribution, the scattered light intensity ei at the ith detection site (corresponding to
the scattering angle θ) is shown in Equations (1) and (2).

ei = ∑m
j=1 ti,jwj (1)
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ti,j =
6

πρD3
j

∫
Si

I(θ)ds (2)

where Si is the effective detection area of the detector; ds is the area element; I(θ) is the
scattered light intensity of a particle at scattering angle θ; ρ is the density of the particle;
Dj is the representative particle size (i.e., the diameter of the particle) of the jth particle
size range; wj is the wight of the particles in the jth particle size range; i = 1, 2, 3 · · · n; and
j = 1, 2, 3 · · ·m.

For all the n detection sites, the scattered light intensity can be expressed in the form
of a matrix, as shown in Equation (3), and can be expressed simply, as in Equation (4).



e1
e2
...
...

en

 =



t11 t12 · · · · · · t1m

t21 t22
...

...
. . .

...
...

. . .
...

tn1 · · · · · · · · · tnm


·



w1
w2
...
...

wm

 (3)

E = TW (4)

where E is the scattered light column vector, T is the coefficient matrices of the scattered light,
and W is the particle size distribution of m representative particle sizes selected artificially.

Submicron particles have significantly different scattering characteristics for vertically
and horizontally polarized incident light [28,31]. For vertically and horizontally polarized
incident light, the scattered light column vectors E⊥ and E// can be, respectively, measured,
and the coefficient matrices of the scattered light T⊥ and T// can be calculated based on
Equation (2). Consequently, based on Equation (5), the polarization difference Ep, that is,
the intensity difference in the scattered light of the vertically and horizontally polarized
light can be calculated, and then the particle size distribution W can be inverted.

Ep = E⊥ − E// = (T⊥ − T//)W (5)

The measurement accuracy of the polarized scattered light will directly affect the
effectiveness of the particle size inversion. Thus, this paper focused on the accuracy of
the polarized scattered light in two aspects: scattering angle correction and high angular
resolution of the scattered light.

2.2. Scattering Angle Correction Method

Shown in Figure 1 are the theoretical polarization differences in the 350 nm, 200 nm,
and 100 nm submicron spherical particle samples under an incident light at 632.8 nm. The
wavelength of 632.8 nm was selected because it is widely used in particle size measurement.
The wavelength of 632.8 nm is easily obtained by using the He-Ne laser in practical
applications; the power of the He-Ne laser is stable, which is conducive to reducing the
interference caused by fluctuations in the light source. Furthermore, since the polarization
difference method is sensitive to particles smaller than approximately 2/3 the wavelength
of the incident light [28], the submicron spherical particle samples of 350 nm, 200 nm,
and 100 nm were chosen for analysis. To facilitate comparative analysis, the theoretical
polarization differences were normalized using a linear normalization method to map the
raw data between [0, 1]. The peak positions of the polarization difference in the three
particle sizes are different, and the smaller the particle size, the closer the peak of the
polarization difference is to 90◦. The analysis shows that the light scattering information
that reflects the particle size is mainly concentrated in the range of large scattering angles,
specifically, in the range around a 90◦ scattering angle. Therefore, in order to obtain as
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much effective scattered light information as possible, scattered light detection must be
carried out in the range of large scattering angles.
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This paper proposed a scattering angle correction method based on geometric optics. 
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Figure 1. The normalized polarization difference in 350 nm, 200 nm, and 100 nm submicron spherical
particle samples.

However, according to the law of refraction and reflection of light, if the incident
light is perpendicular to the surface of the sample cell, the scattered light in the scattering
angle range of 48.8◦–131.2◦ cannot emit from the sample cell due to the influence of total
reflection, resulting in the loss of light scattering information in the angular range that
contains the most information about the size of submicron particles. Therefore, this paper
adopts the oblique incidence method (α = 70◦ in Figure 2), breaking through the restriction
of glass total reflection on the emission of scattered light at large scattering angles. The
scattering light from 0◦ to 180◦ can then emit out of the sample cell and be detected by
the detector.
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Figure 2. Schematic diagram of scattering angle correction.

In the oblique incidence mode, the optical axis is deflected due to the refraction caused
by the sample cell and liquid medium. As shown in Figure 2, the red dashed line is the
virtual optical axis when no refraction occurs, and the red solid line is the refracted actual
optical axis. When measuring, the detector rotates around the sample cell (Point O′) to
acquire the scattered light, and the rotation angle θ1 of the detector with respect to the
virtual optical axis can be obtained, while the actual scattering angle is the angle θ between
the actual optical axis and the scattered light that detected by the detector. Therefore, a
scattering angle correction is required, i.e., calculating the actual scattering angle θ from
the rotation angle θ1 of the detector.
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This paper proposed a scattering angle correction method based on geometric op-
tics. As shown in Figure 2, there exists the relationship described in Equations (6)–(16),
where AA′ = BB′ = EE′ = a is the thickness of the quartz glass of the sample cell;
OA = E′E′′ = FF′ = b is half of the internal width of the sample cell; O′T = c is the dis-
tance from the detector to the center of the sample cell and is much larger than b; α is the
angle of incidence of the incident light; n1 is the refractive index of the quartz glass; and n2
is the refractive index of the liquid medium; a, b, c, n1, n2 are constants; and as described in
Equation (12), α, α1, and α2 are also constants in a stereotyped measurement system.

Equation (6) describes a line segment summation, and Equations (7)–(12) introduce
angular parameters related to refraction and scattering. By bringing Equations (7)–(12) into
Equation (6), an equation containing variables θ2 α3, α4, and α5 and constants α, n2, a, b,
and c can be obtained. Since θ2 can be represented by α and θ1 (described in Equation (13)),
α3, α4, and α5 can be represented by α, n1, n2, and θ (described in Equation (12) and
Equations (14)–(16)); the obtained equation can be transformed to an equation that contains
variables θ and θ1 and constants α, a, b, c, n1, and n2. From the obtained equation, the actual
scattering angle θ can be calculated using the rotation angle θ1 of the detector.

A′′ T = AB + B′C + C′T = OO′ + DT (6)

AB = OAtanα3 (7)

B′C = BB′tanα4 (8)

C′T = CC′tanα5 =
(
O′D−OA− BB′

)
tanα5 (9)

OO′ = E′′O′ − E′′O = EE′′ tanα−
(
EE′tanα1 + FF′tanα2

)
(10)

DT = O′Tsinθ2 (11)

sinα = n1sinα1 =n2sinα2 (12)

θ2 = α− θ1 (13)

α3 = α2 − θ (14)

n2sinα3 = n1sinα4 (15)

n1sinα4 = sinα5 (16)

3. Experiments
3.1. Experimental System

According to the above analysis, a measurement system using oblique incidence was
designed in this paper to acquire the polarized scattered light with high angular resolution.
As shown in Figure 3, the light source is composed of a 632.8 nm linearly polarized He-Ne
laser (HENE016B-P) and a half-wave plate (WPF2225-633-M30). The power of the He-Ne
laser is 1.6 mW, and the polarization ratio is 200:1. The direction of polarization of the
laser light can be changed by controlling the angle of the half-wave plate, generating the
vertically and horizontally polarized incident light of the system.
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The light power is adjusted by an attenuator (HANF-D25-003, with a transmittance of
50% at 633 nm), and then the light beam is expanded and collimated into a parallel beam
of 18 mm in diameter by a beam-expanding collimator. Due to the Gaussian distribution
of the beam generated by the He-Ne laser, the light intensity at the edge of the expanded
beam is weak and contains stray light. Therefore, an 8 mm diameter diaphragm (IDY-03M4)
is installed at the output of the beam expanding collimator to intercept a stable, uniform,
and high-quality vertically polarized laser beam at the center of the beam. The light beam
then incidents obliquely (angle of incidence = 70◦) into a sample cell containing the particle
sample to be measured. In order to facilitate geometrical-optical calculations and thus the
scattering angle correction, a rectangular sample cell is used. The sample cell is made of
3 mm thick quartz glass, and the external dimensions are 40 mm, 10 mm, and 60 mm in
length, width, and height, respectively.

The scattered light is then detected by a photomultiplier (H10721-01) located 100 mm
from the sample cell. In order to detect the scattered light in the range of large scattering
angles with high angular resolution, a slit with a width of 2 mm is used to limit the width
of the effective detection area of the photomultiplier to 2 mm, and the photomultiplier is
rotated around the sample cell driven by a turntable to acquire the polarized scattered light
in the range of 50◦–110◦ scattering angle at an angular interval of 2◦. The detected scattered
light column vectors E⊥ and E// are then employed for the particle size inversion.

According to the above system parameters, the length of the light beam in the sample
cell can be calculated from the law of refraction to be about 5.66 mm, which is much smaller
than the distance from the sample cell to the detector (100 mm); thus, it can be assumed
that the particles are concentrated at a single point in the center of the sample cell, and the
methodological analysis in Section 2 is based on this assumption.

3.2. Materials

Water was used as the liquid medium for submicron particle samples. Polystyrene
microsphere standard particles with particle sizes of 350 nm, 200 nm, and 100 nm (here-
inafter referred to as 350 nm sample, 200 nm sample, and 100 nm sample) were selected
as experimental samples. The standard particles are perfectly spherical in shape, and the
refractive index is 1.59. The particle size distribution parameters D10, D50, and D90 and
the width of the particle size distribution (D90/D10) are employed in this paper. D10 is
the particle size corresponding to the 10th percentile of the cumulative distribution, i.e.,
the particle size on the horizontal coordinate calculated from the cumulative distribution
when the vertical coordinate of the cumulative distribution is 10%. It is the same for D50
and D90. The nominal values of D50 are, respectively, 353.4 nm, 205.3 nm, and 103.6 nm
for 350 nm, 200 nm, and 100 nm samples. The nominal values of the width of particle size
distribution calculated from the nominal values of D90 and D10 for 350 nm, 200 nm, and
100 nm standard samples are, respectively, 1.05, 1.13, and 1.23.

According to the light scattering theory [32–34], the method in Section 2.1 applies
to the condition where the light scattering is uncorrelated single scattering, and when
the particle concentration is too high, multiple scattering will occur, and the uncorrelated
single scattering condition is no longer satisfied; thus, the method in Section 2.1 becomes
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inapplicable. However, when the particle concentration is too low, the intensity of the
scattered light will be too weak to be accurately detected, and the measured scattered light
will be susceptible to noise interference, leading to reduced stability and accuracy of the
measurement result. Therefore, it is necessary to control the particle concentration in a
suitable range.

The obscuration (or opacity) of the sample solution is positively correlated with
the particle concentration; thus, the obscuration is used as an indicator of the particle
concentration. According to the previous experiment results, the obscuration of the particle
solution should be controlled between 10 and 20% to ensure accuracy and stability. The
particle solution was shaken well before the experiment to ensure that the submicron
particles were uniformly dispersed in the solution.

The solution of each particle size sample was divided into eight parallel samples, and
each sample was measured to obtain the corresponding particle size distribution and parti-
cle size distribution parameters D10, D50, D90, and the width of particle size distribution.

4. Results and Discussion
4.1. Scattering Angle Correction

The effect of scattering angle correction was analyzed using 350 nm, 200 nm, and
100 nm samples. As shown in Figure 4, the black curve is the theoretical polarization
difference calculated based on the Mie scattering theory, and the blue and red curves are,
respectively, the uncorrected polarization difference and corrected polarization difference.
The above three polarization differences were all normalized using a linear normalization
method to map the raw data between [0, 1] for comparative analysis.
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As can be seen from Figures 4 and 5a–c, the uncorrected polarization difference
deviates significantly from the theoretical polarization difference, which would affect the
accuracy of the particle size inversion. The corrected polarization differences in 350 nm,
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200 nm, and 100 nm samples are in high agreement with the corresponding theoretical
ones. The corrected polarization differences were linearly fitted to the theoretical ones,
and as shown in Figures 4 and 5d–f, the Pearson correlation coefficients (Pearson’s r) of
the fitted curves, respectively, reached 0.999, 0.997, and 0.997, indicating a good linear
correlation between corrected polarization difference and theoretical polarization difference.
Furthermore, the slopes of the fitted curves are, respectively, 0.952, 1.018, and 1.029, and
the intercepts are, respectively, 0.019, 0.01, and −0.031. Therefore, the analysis of Pearson’s
r, slope, and intercept indicate that the corrected polarization difference is not only linearly
related to the theoretical one but also highly consistent in value.
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4.2. Comparison of the Results Inverted from Polarization Difference with High and Low
Angular Resolution

In order to verify the advantage of the polarization difference with high angular
resolution, the particle size inversion results that were, respectively, inverted from the
polarization difference with high angular resolution and low angular resolution were
compared. The angular interval of the polarization difference with high angular resolution
is 2◦, and the polarization difference with low angular resolution consists of the scattered
light intensities at six scattering angles, which are extracted uniformly from the polarization
difference with high angular resolution, corresponding to scattering angles of 50◦, 62◦, 74◦,
86◦, 98◦, and 110◦.

Particle size was inverted from the polarization difference using the Chahine al-
gorithm, which is an effective method to realize particle size inversion. The Chahine
algorithm is an iterative algorithm with a simple iterative formula and a fast convergence
rate [35,36]. The iteration format of the algorithm is shown as Equation (17). Firstly, an
initial value W(1) is set for the particle size distribution W, and iteration is performed using
Equations (17) and (18). During the iteration process, the convergence condition is judged
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for each iteration, and when the convergence condition is reached, the iteration ends, and
the corresponding W(k) is the optimal solution.

W(k+1) = c(k) · ∗W(k) (17)
E(k) = TW(k)

r(k) = E./E(k)

c(k) =
(

T′r(k)
)

./sum(T)
(18)

where k is the number of iterations, E is the scattered light column vector, T is the coefficient
matrices of the scattered light, W is the particle size distribution of m representative particle
sizes selected artificially, ·∗ denotes the multiplication of the corresponding elements of the
vectors, ·/ denotes the division of the corresponding elements of the vectors, and sum(T)
denotes the summation of the elements in each column vector of the matrix T.

Shown in Figure 5 are the inversion results of the 350 nm, 200 nm, and 100 nm samples,
where a, b, and c are the results inverted from the polarization differences with low angular
resolution, and d, e, and f are the results inverted from the polarization differences with
high angular resolution. The blue curves are the inverted particle size distribution curves,
the red curves are the inverted cumulative distribution of the particle size, and the black
curves are the theoretical cumulative distribution of the particle size.

In order to evaluate the inversion results shown in Figure 5, three important param-
eters, peak particle size, the volume fraction of the peak particle size, and the width of
particle size distribution, were analyzed. Since the 350 nm, 200 nm, and 100 nm polystyrene
microsphere standard particles possess narrow particle size distribution, the inversion
results of the three samples should achieve the following: (1) the peak particle size should
be close to the nominal value, (2) the volume fraction of the peak particle size should be
high, and (3) the width of particle size distribution should be close to 1. Shown in Table 1
are the above three parameters that, respectively, inverted from the polarization differences
with low and high angular resolution, corresponding to the particle size distributions in
Figure 5a–f. As can be seen from Table 1, when, respectively, using polarization differences
with a low and high angular resolution for particle size inversion, the peak particle sizes
of 350 nm, 200 nm, and 100 nm standard samples inverted from the latter are equal to the
nominal values, while those inverted from the former all deviate from the nominal values;
the volume fraction of the peak particle sizes inverted from the latter are higher than those
inverted from the former; and the width of particle size distributions inverted from the
latter are closer to the nominal values and thus to 1 than those inverted from former.

Table 1. Parameters obtained from polarization difference with high and low angular resolution,
respectively.

Sample Angular
Resolution

Peak
Particle Size

Volume Fraction of
the Peak Particle Size

Width of Particle
Size Distribution

350 nm
low 340 nm 39.0% 1.11
high 350 nm 58.3% 1.06

200 nm
low 230 nm 20.6% 1.34
high 200 nm 49.8% 1.14

100 nm
low 90 nm 29.1% 1.59
high 100 nm 46.1% 1.32

For the cumulative particle size distribution, as shown in Figure 5, although all of
the inverted cumulative distributions obtained from the polarization differences with low
and high angular resolution possess step-up trend, the cumulative distributions obtained
from the polarization differences with high angular resolution are more in line with the
theoretical cumulative distributions.

Furthermore, the accuracy and repeatability of the inversion results that are, respec-
tively, inverted from the polarization difference with low and high angular resolution were
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analyzed using parameter D50, which is a typical particle size distribution parameter. The
obtained D50 of the 350 nm, 200 nm, and 100 nm samples is shown in Tables 2–4, where
D50L and D50H, respectively, represent the D50 that was obtained from the polarization
difference with low and high angular resolution. The mean relative error (MRE) that was
calculated using the nominal value of D50 as a reference value was used to evaluate the
accuracy of the inversion result; and the coefficient of variation (CV) was used to describe
the repeatability. The smaller the MRE, the higher the accuracy, and the smaller the CV, the
better the repeatability.

Table 2. D50 of 350 nm sample.

No. 1 2 3 4 5 6 7 8 MRE CV

D50L/nm 336.7 329.6 345.7 356.9 361.8 325.6 339.8 330.5 4.4% 3.9%
D50H/nm 346.5 348.3 351.7 345.0 346.9 350.2 345.3 349.7 1.5% 0.7%

Table 3. D50 of 200 nm sample.

No. 1 2 3 4 5 6 7 8 MRE CV

D50L/nm 219.3 185.2 184.2 208.7 196.8 206.3 211.7 205.7 4.6% 6.2%
D50H/nm 195.9 201.0 199.7 201.0 198.3 199.5 196.7 200.6 3.0% 1.0%

Table 4. D50 of 100 nm sample.

No. 1 2 3 4 5 6 7 8 MRE CV

D50L/nm 82.7 90.2 96.6 105.6 98.6 106.5 101.5 89.2 8.2% 8.7%
D50H/nm 98.0 100.6 98.9 99.7 100.0 99.0 99.9 100.3 3.9% 0.9%

As can be seen from Tables 2–4, for the 350 nm sample, the MRE of D50H for the eight
parallel samples is smaller than that of D50L, and it is the same for the 200 nm and 100 nm
samples. The CV of D50H is smaller than that of D50L for 350 nm, 200 nm, and 100 nm
samples. The analysis of MRE and CV show that the accuracy and repeatability of the parti-
cle size distribution inverted from the polarization difference with high angular resolution
is better than those inverted from the polarization difference with low angular resolution.

4.3. Repeatability

In the international standard [34], the repeatability is evaluated using the deviation
of the measured values from the average value, and for parameters D10, D50, and D90,
the deviations should be less than ±3%, ±2.5% and ±4%, respectively. As described in
Section 3.2, each size of sample has eight parallel samples; thus, the parameters D10, D50,
and D90 were calculated for each parallel sample, and then the deviations were calculated,
as shown in Tables 5–7. As can be seen, for D10, D50, and D90, the deviations are less than
the deviations specified in the international standard, indicating good repeatability.

Table 5. Repeatability measurement results of 350 nm sample.

Parameter 1 2 3 4 5 6 7 8

D10
measured
value/nm 338.1 340.9 336.9 339.0 342.2 335.1 335.0 336.7

deviation/% 0.0% 0.9% −0.3% 0.3% 1.2% −0.8% −0.9% −0.4%

D50
measured
value/nm 346.5 348.3 351.7 345.0 346.9 350.2 345.3 349.7

deviation/% −0.4% 0.1% 1.1% −0.8% −0.3% 0.7% −0.7% 0.5%

D90
measured
value/nm 356.7 357.9 354.7 358.3 357.0 355.6 359.6 360.1

deviation/% −0.2% 0.1% −0.8% 0.2% −0.1% −0.5% 0.6% 0.7%
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Table 6. Repeatability measurement results of 200 nm sample.

Parameter 1 2 3 4 5 6 7 8

D10
measured
value/nm 184.0 190.6 189.5 193.7 184.5 188.6 191.7 190.5

deviation/% −2.7% 0.8% 0.2% 2.4% −2.4% −0.2% 1.4% 0.8%

D50
measured
value/nm 195.9 201.0 199.7 201.0 198.3 199.5 196.7 200.6

deviation/% −1.6% 0.9% 0.3% 1.0% −0.4% 0.2% −1.2% 0.8%

D90
measured
value/nm 209.5 210.0 208.1 212.7 215.7 209.7 205.1 213.5

deviation/% −0.5% −0.2% −1.1% 1.0% 2.5% −0.4% −2.6% 1.4%

Table 7. Repeatability measurement results of 100 nm sample.

Parameter 1 2 3 4 5 6 7 8

D10
measured
value/nm 86.8 87.7 85.6 89.5 88.6 88.6 86.4 86.0

deviation/% −0.7% 0.3% −2.0% 2.5% 1.4% 1.4% −1.1% −1.6%

D50
measured
value/nm 98.0 100.6 98.9 99.7 100.0 99.0 99.9 100.3

deviation/% −1.6% 1.0% −0.7% 0.1% 0.4% −0.6% 0.3% 0.7%

D90
measured
value/nm 114.5 110.5 115.0 111.3 110.6 115.0 112.7 114.6

deviation/% 1.3% −2.2% 1.8% −1.5% −2.1% 1.8% −0.3% 1.4%

5. Conclusions

In this paper, a submicron particle size measurement method based on scattering
angle-corrected polarization difference with high angular resolution was proposed. The
polarized scattered light is detected with high angular resolution over a wide range of
large scattering angles, and the scattering angle deviation caused by oblique incidence was
corrected. Measurement experiments were carried out using monodisperse polystyrene
microsphere standard particles with particle sizes of 350 nm, 200 nm, and 100 nm. The
experimental results show that the scattering angle correction eliminates the scattering
angle deviation caused by oblique incidence, and the corrected polarization difference is
highly consistent with the theoretical polarization difference. The results inverted from
the polarization difference with high angular resolution are significantly better than those
inverted from polarization difference with low angular resolution in terms of the peak
particle size, volume fraction of the peak particle size, and the width of particle size
distribution, as well as accuracy and repeatability. Moreover, the repeatability of the results
obtained using the proposed method is better than the thresholds given by the international
standard. This method solves the problems of the existing techniques that are based on
polarized scattered light; that is, the detection range of the scattering angle is narrow, or
the angular resolution of the detected polarized scattered light is low. Furthermore, the
simple system structure reduces the design and manufacturing cost of the system, so in
summary, the proposed method provides a technical reference for the low-cost and accurate
measurement of particle size in the production and application of submicron particles. It
should be pointed out that, based on the principle of light scattering, a shorter wavelength
of incident light is required if submicron particles with smaller sizes are to be measured.
At the same time, although the samples used in this paper are monodisperse particles, the
proposed method is also applicable to polydisperse particles according to the theoretical
analysis, which should be further verified in following studies.
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