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This paper proposes a method to simulate an average air scattering model by using random particles obeying a

certain size spectrum and shape distribution, and it analyzes the influence of air scattering on the point source
transmittance (PST) test using the model. The results of the analysis indicated that PST measurement errors
caused by air scattering are directly proportional to the cube of the diameter of the optical system and
that a one-level change in the air cleanliness may result in a one-order-of-magnitude change in the error.

The cleanliness level of the measurement environment is less expensive and easier to obtain from analysis than

from empirical values.
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1. INTRODUCTION

During the point source transmittance (PST) measurement
processes, the parallel beam incident from an angle outside
the field of view of the system to be measured is scattered
by air-suspended particles, and part of the scattered light enters
the imaging field of view of the system, resulting in PST test
errors. Therefore, during high-precision PST measurement
processes, two variables have to be evaluated and controlled:
the measurement error due to air scattering and the air
cleanliness level of the environment where the measurement
is performed. X-ray multi-mirror (XMM) telescopes are able
to perform PST measurements with a precision of 1070 in
a clean environment that satisfies International Organization
for Standardization (ISO) class 3 [1]. Ball Aerospace &
Technologies Corp. established a stray light laboratory with
an air cleanliness level of ISO class 3, and the PST measure-
ment precision of the operation land imager (OLI) telescope
under such environmental conditions achieved an order of 1077
[2—4]. The James Webb Space telescope performed a stray light
test under vacuum conditions, and the impact of air scattering
was found to be negligible in this case [5].

The Chinese Science Academy is now developing a space
telescope similar to the Hubble telescope, whose PST is de-
signed to be less than 4.6 x 10 when the off-axis field angle
is 45°. Based on previous engineering experiences, the air clean-
liness level of the environment chosen to perform the measure-
ment needs to be superior to ISO class 3. Given that the
dimensions of the telescope envelope are 8.5 x 2.7 x 3.8 m?
and that the PST measurement space exceeds 600 m?, which
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is far greater than the measurement space of XMM and OLI
telescopes, the realization of an ISO class 3 air cleanliness level
in such a large space is extremely difficult and very expensive.
Thus, widespread suspicions have been raised about the fea-
sibility of implementation of PST measurement by means of
this new space telescope. It is essential to avoid unnecessary
technical obstructions and waste of investment; for this reason,
the impact of air scattering on the PST measurement needs to
be quantitatively analyzed to determine the most optimal envi-
ronmental conditions in which to perform PST measurements.

To ensure a precise quantitative analysis, an accurate air
scattering model needs to be implemented. The scattering of
airborne particles in the laboratory can be viewed as uncorre-
lated single scattering, so the scattering properties of particle
swarms may be treated as the superposition of the scattering
properties of single particles in all sizes (where each particle size
is represented by the equivalent spherical diameter) and shapes.
Several approaches to describe the scattering properties of single
particles are known, such as the Mie theory [6,7], Rayleigh
method, Rayleigh—Gans—Stevenson (RGS) method, geometric
optics approximation (GOA) method [8-10], T matrix method
[11], extended boundary condition method (EBCM) [12],
separation of variables method (SVM) [13], point matching
method (PMM) [14], method of moments (MoM) [15], dis-
crete dipole approximation (DDA) [16], Fredholm integral
equation method (FIEM), finite-difference time-domain
(FDTD) method [10], and multi-resolution time-domain
(MRTD) method. The MRTD method is a combination of
the MoM algorithm and FDTD algorithm. It is a high-order
differential expansion of Maxwell and has good numerical
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dispersion; compared to the traditional FDTD algorithm, the
MRTD method can save computing resources while maintain-
ing accuracy of computation [17]. When the sizes and shapes of
the suspended particles are different, it is not practical to list the
scattering properties of each particle. Therefore, how to simu-
late the scattering properties of complex particle swarms simply
and accurately is a problem that needs to be studied [18-20].

In this paper, random particles with a certain size spectrum
and shape distribution are used to simulate the average scatter-
ing properties of the air so that calculation of the synthesized
scattering properties of particle swarms is simpler and more
accurate.

2. MODELING OF AIR SCATTERING

Air scattering primarily consists of the scattering of gas mole-
cules and suspended particles. However, engineering experience
indicates that the impact of the scattering of gas molecules on
the PST measurement can be neglected [1—4]. Thus, this paper
mainly investigates the scattering properties of air-suspended
particles with an equivalent spherical diameter greater than
0.1 pm. Generally, the size spectrum and the shape distribution
of suspended particles in air are complicated, and the scattering
properties of any type of spherical/non-spherical particles can-
not be used to precisely describe the scattering properties of the
air particle swarms. We used the MRTD algorithm to calculate
the scattering model of non-spherical particles [21], and then
we considered random particles with a certain size spectrum
and shape distribution to simulate the air scattering model
of the laboratory.

The size spectrum distribution of particle swarms indicates
that the distributions of the number of particles with different
sizes in a unit volume are different. To characterize this phe-
nomenon, we use a size distribution function f'(r). The typical
laboratory air particle size distribution functions include
gamma distributions [22], log-normal distributions [23], and
index distributions, and the major parameters of each model
may be extracted by fitting experimental data. For a certain
f(7), the effective radius 7, and the effective variance v, are
also given, as shown in Egs. (1) and (2) [24],

L [ & £ (r)dr 1
e_frﬂ:rzf(r)dr’ U
L [ (r = r)2mr* f(r)dr
2 [artf(rydr

where 7 represents the equivalent spherical diameter of the
particle.

As specified before, the fact that the number of particles
with different shapes in the unit volume is not constant has
to be taken into account. From the observation and the stat-
istical analysis of the properties of the shape distribution of the
particle swarms, if random particles with m types of typical
shapes are used to simulate the scattering model of complex
air particle swarms, and each distribution associated to the
number of particles with a given shape is represented by the
normalized weight coefficient W, then,
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S W= (3)

k=1

Then, we use the Mueller matrix F(6) to describe the
scattering properties of the particles. Given the relation be-
tween F(#) and the Stokes matrices of the incident and
scattering lights, the Mueller matrix can be written as in the

following [25]:

7 F1(0) Fp,(0) 0 0 1y
Q _ F21 (0) FZZ(Q) 0 0 y QO
U 0 0 Fs3(0) F34(0) Up |’
% 0 0 Fy3(0)  Fuy(0) Vo
4)

where 6 is the scattering angle; 7o, Qg, Uy, and V are the
Stokes matrix elements of the incident light; and 7, Q, U,
and V are the Stokes matrix elements of the scattering light.
The value of each Mueller matrix element is inversely propor-
tional to the square of the distance / between the scattering
particle and the scattering observation point.

The calculation method of the Mueller matrix element, after
having been averaged by using the size spectrum and shape
distribution, has the following expression:

Y S W [ Fri(ep 1)K a(€r, 1) Sp(eg, 1) £ (r)dr
! Sy Wi [ K (e 1) Sp(e 1) £ (r)dr

(5)

In Eq. (5), all terms indexed with £ refer to a group of par-
ticles with a certain shape. In more detail, 7, represents the
head element of the Mueller matrix after having averaged the air
particle swarms by size spectrum and shape distribution;
F (g4, 7) is one head element of the Mueller matrix corre-
sponding to the particles with a certain shape, K, (€;,7) is
the scattering coefficient, Sp(g,, 7) indicates the geometric pro-
jection area of particles along the light transmission direction,
g, represents the shape parameter, and W, is the weight
coefficient of typical particles in a certain shape. Obviously,
the calculation method of other Mueller matrix elements, cor-
responding to particles with a different shape than the one in-
dicated by 4, has the same mathematical expression as Eq. (5).
The solution of W is based on the least-squares principle.
That is, the value of W, is determined so that the sum of
the variance of the elements corresponding to the Stokes
matrices of incident and emergent light is minimal, as shown
in the following:

MIN(S) = >

7 7

([_FII(G)IO_F21(€)QO>2' (6)

In Eq. (6), the scattering light intensity is obtained exper-
imentally, and the Stokes matrix elements of the incident light
are determined by the polarization state of the incident

light [3].
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3. MODELING OF PST MEASUREMENT ERROR
CAUSED BY AIR SCATTERING

In a certain measurement wave band, the PST is defined as the
ratio between the irradiance £,(6) and the irradiance £;. The
irradiance £,(0) is generated at the optical system image sur-
face by the point source target at the off-axis viewing angle 6,
and the irradiance E; is generated at the entrance of the optical
system. The corresponding mathematical expression is
PST(0) = Ezﬂ(ﬂ . (7)

z

The PST measurement optical path of the to-be-measured
system [26-28] is shown in Fig. 1, where the diameter of the
light path of the system is D, the field angle is 2w, and the PST
measurement field angle is @. The grid in the figure indicates
the overlapping region between the object view of the to-be-
measured system and the light beam of the PST measurement,
and the suspended particles within this region scatter the mea-
surement light beam. When the scattering angle € is in the
range [a - @, @ + w] and the orientation angle ¢ is in the range
[~w, + o), the scattering light enters the image-forming field
of the to-be-measured system and directly affects the precision
of the PST measurement.

The laboratory air scattering is treated as an uncorrelated
single scattering, and, correspondingly, the synthesized scatter-
ing strength of the air particle swarms is equal to the math-
ematic superposition of the scattering strengths of all particles.
If the average air scattering light intensity /(0) is known, the
irradiance £ generated by the scattering light on the image
surface of the to-be-measured system is expressed as

~~ Optical system Incident ray
/

— The edge of
‘i the FOV

scattering ray = Emmmm———en.: i/t oo Optical axis

Fig. 1. Schematic view of PST measurement optical path and pri-
mary scattering region.

Table 1. Standards of Air Cleanliness Class?

w atw
E=Vx Nx/ / I sin 0/*d0de. (8)

In Eq. (8), V & 7nD’/8 tan a is the volume of the grid re-
gion in Fig. 1. IV is the concentration of the scattering particles,
and it is calculated based on the maximum value of the air
cleanliness division standards, as seen in Table 1; / is the
distance between the scattering particles and the scattering
observation point.

4. QUANTITATIVE ANALYSIS AND VALIDATION
RESULTS

A. Statistics of Size and Shape Distributions

of Air Particles

We measured the size distributions of particle swarms under
ISO Class 8, ISO Class 7, and ISO Class 6 by using an air
particle counter. The air pump continuously draws in air con-
taining suspended particles from the sampling air path. When
the sampling air is drawn through the laser scattering cavity, the
laser is scattered by the suspended particles, and the scattered
light converges on the photodetector through the condenser
lens. The signal processing system calculates the number of sus-
pended particles per unit volume of sampling air based on the
count of electrical pulses and determines the sizes of the par-
ticles based on the intensity of the electrical pulse signal. The
results are shown in Fig. 2, where the y axis represents the par-
ticle concentration for particles equal to and larger than the
considered sizes.

The experimental results indicate that the concentration of
air particles changes according to the cleanliness level. However,
the shape distributions of air particle swarms under different
cleanliness levels were almost consistent among each other,
and the characteristics of the size spectra were almost the
same, regardless of the ISO standard considered. The size dis-
tribution function f'(r) roughly satisfied the index distribution
indicated by

©)

7

rolo f(l")dl" _ (ﬁ) -n
b f(r)dr
where the distribution index is # = 2.08.
We observed the deposition test strips of air particles under

ISO Class 8, ISO Class 7, and ISO Class 6 by microscopy;
the deposition test strips are placed in different positions in

Maximum Concentration Limits (pc/m3 of air)

d>
ISO Classification Number (N) 0.1 pm 0.2 pm 0.3 pm 0.5 pm 1 pm 5 pm
ISO class 1 10 2
ISO class 2 100 24 10 4
ISO class 3 1000 237 102 35 8
ISO class 4 10000 2370 1020 352 83
ISO class 5 100000 23700 10200 3520 832 29
ISO class 6 1000000 237000 102000 35200 8320 293
ISO class 7 352000 83200 2930
ISO class 8 3520000 832000 29300

“The symbol 4 indicates the particle size.
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Fig. 2. Measured data of the air particle size distribution.

the laboratory, the observation work is carried out several times
at different times, and the shape distributions of air particles are
based on a large number of observations. The observation re-
sults show that the shape distributions of air particles were al-
most identical under different cleanliness levels, and the air
particles in the lab mostly had ellipsoidal and cylindrical shapes,
as Fig. 3 shows. Thus, we considered ellipsoidal particles in 10
random shapes and cylindrical particles in 10 random shapes to
simulate the scattering properties of the air particle swarms.
The shape of the ellipsoidal particles was represented by an
aspect ratio of @/ b, and the shape of the cylindrical particles was
represented using the diameter-to-length ratio D/L, as shown
in Fig. 4. The aspect ratio of the ellipsoidal particles had a

Fig. 3. Sediments of air-suspended particles observed using the
microscope.

—P»N
»N

X "r’ X "l‘ T T
' Incident light ! Incident light

Fig. 4. Illustration of parameters of ellipsoidal and cylindrical
particles.
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uniform distribution in the range [0.3,3.0], which we divided
into 10 equal intervals; the diameter-to-length ratio of the
cylindrical particles was evenly distributed in the range
[0.05,1.0] and divided into 10 equal intervals.

B. Solution and Verification of the Scattering Model
In order to determine the unknown parameters in Eq. (5), we
performed an optical path test, as shown in Fig. 5 [28]. The
experimental setup was located in a dark room with an air
cleanliness level below IS0 class 8 and it included a pulse laser,
an optical collimated system with a diameter of 100 mm, and a
photoelectric detector with supporting and adjusting mecha-
nisms and a light trapping mechanism. The polarization of
the emergent, 0.47-pm-wavelength laser light was adjusted
via a polarization plate such that the Stokes matrix was normal-
ized into the matrix (1, 1, 0, 0)T. In addition, the usage of the
light trapping mechanism was crucial to prevent the light beam
from being scattered back by the inner wall of the laboratory to
the measurement region, thus making the measurement preci-
sion worse.

In the scattering angle range of [5°, 175°], the light intensity
I was measured every 2.5°, the average distance from the mea-
surement point to the scattering particles was » = 1 m, and all
the measured data were normalized based on the intensity of
the incident light 7, as illustrated in Fig. 6.

Light trap Darkroom
Scattered light
< X
| Collimator ‘
(=
Scattered light Photodetector
Photodetector
Light trap —
entrance
Laser
Collimator
Fig. 5. Model for optical path verification.
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Fig. 6. Measurement data of the scattering light intensity.
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Starting from these measured data, the average Mueller ma-
trix elements of the air were calculated by averaging the particle
size spectrum and shape distribution; then, the average Mueller
matrix elements were compared with the Mueller matrix ele-
ments of the equivalent spherical particles calculated by using
the Mie scattering theory. The results are shown in Fig. 7.

As can be noted from Fig. 7 (top right), the Mueller matrix
element F | obtained by averaging the size spectrum and shape
distribution is smaller than the Mie scattering result along the
forward-scattering direction, whereas the former is greater than
the latter along the backward-scattering direction. In some
cases, the calculation results of other Mueller matrix elements
were significantly different with respect to the Mie scattering
calculation results. For example, the sign of the average
calculation result of Fy,/F,; (Fig. 7 top right) was nearly
opposite to that of the Mie scattering result; the average
calculation result of F,,/F,, (Fig. 7 middle left) varied
significantly according to the scattering angle, whereas the Mie
scattering calculation result remained constant at 1.0. In sum-
mary, the average scattering properties of the air particle swarms
greatly differed from the Mie calculation results.

To validate the accuracy of the calculation results of the
average Mueller matrix, we calculated the scattering light inten-
sities according to two different approaches: 1) the Mueller ma-
trix obtained by applying the averaging and 2) the Mueller
matrix obtained by applying the Mie scattering theory.
The results obtained are reported in Fig. 8, together with
the measurement results.

——- Mietheory —— New method

107 04
‘ 02 f
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0 60 120 180 0 60 120 180
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Fig. 7. Mueller matrices of single air particles and equivalent spheri-
cal particles obtained by averaging the size spectrum and the shape
distribution.
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Fig.8. Comparison between the scattering light intensities obtained
using different algorithms and the measured data.

As can be observed from Fig. 8, the maximum deviation
between the measurement results and the air scattering model
obtained by calculation (i.e., averaging the particle size spec-
trum and shape distribution) was less than 12%, whereas
the average deviation between the measurement result and
the calculation result of the traditional Mie scattering model
exceeds 480%, which sufficiently demonstrates the precision
advantage of the air scattering model proposed in this paper.

C. Quantitative Analysis and Verification of the
Errors Caused by Air Scattering

As far as the to-be-measured optical system is concerned, the
chosen parameters in this paper are: D =2 m, 2w = 1.5°,
a = 45°, wavelength 1 of the incident light equal to 0.47 pm,
I, = 1 lux, and irradiance of incident light equal to 1 W /m?.
Based on the characteristics of the size spectrum and the shape
distribution described above, the irradiance caused by the air
scattering at the image surface of the to-be-measured system
was calculated under different air cleanliness levels, as indicated
in Table 2. The calculation results were numerically equal to
the PST measurement errors caused by the air scattering.

To validate the accuracy of the quantitative analysis results,
the test optical path shown in Fig. 9 was set up in a dark room
where the air cleanliness level could be controlled. The major
test devices included a to-be-measured system with a scaled-
down design, a measurement light source, a measurement op-
tical collimation system, and a photo-electric detector with its
supporting and adjusting mechanisms and light trapping
mechanism. The diameter of the to-be-measured system was
500 mm, and when the incident angle of the scattering light
was greater than or equal to 45°, the PST was designed to be less
than 5.9 x 1077; the light source was a pulse laser with an emer-
gent light wavelength of 0.47 pm; and the measurement optical
collimation system consisted of parallel light tubes with a diam-
eter of 700 mm. The measurement beam entered at a field
angle of 45°, thus passing in front of the entrance of the to-
be-measured system and then entering into the light trapping
system. In this way, the light beam was not scattered by the
inner wall of the laboratory into the measurement region, thus
avoiding any impact on the measurement precision. Finally, the
S5973 photodiode of the Hamamatsu Corporation was used as
the detector to measure the irradiance £, of the beam and
the irradiance £, at the image surface of the to-be-measured
system. The quantum efficiency of the detector is about
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Table 2. Irradiance of Air Scattering Generated at the Image Surface of the to-be-Measured System for Different Air

Cleanliness Levels

ISO Air Cleanliness Level Class 3 Class 4 Class 5 Class 6 Class 7 Class 8
Surface irradiance (W /m?) 5.6x 10713 5.6 x 10712 7.2x 10711 7.2x 10710 7.2x107? 7.2 %1078
absolute deviation between calibration and analysis is approx-
Light trap Darkroom imately 0.5 x 10—10.
Scattered light
Photodetector - w 7
B IR Collimator ‘ 5. CONCLUSIONS
< e
‘/ Optical system Based on the existing non-spherical particle scattering model,
\ in this paper we considered random particles obeying a
Scattered light Photodetector certain size spectrum and shape distribution to simulate the

Optical system
Jojeuwjo)

Fig. 9. Schematic view of the test optical path.

91%, the maximum value of the dark current is about 70 pA,
and the detector’s photosensitive diameter is 0.4 mm (the focus
lens with a diameter of 2 mm in front of the detector). The
radiometric calibration results of the detector show that for
the 1 x 10°° W /m? optical radiation signal, when the integra-
tion time is 20 s, the SNR is larger than 12.

After the stabilization of the air cleanliness level of the labo-
ratory at ISO class 8 and ISO class 7, the PST measurement
error 6 caused by air scattering was calibrated, and the measure-
ment error was calculated as

_Ey-E,

o= (10)

where £ is the noise of the dark current of the photoelectric
detector. The calibration and the analysis results of the PST
measurement error ¢ caused by air scattering are shown in
Table 3.

By comparing the calibration results with the analysis re-
sults, it can be observed that the lower the air cleanliness level,
the smaller the absolute deviation between calibration and
analysis. When the air cleanliness level is at ISO class 7, the

average air scattering model. The method proposed provides
an easy and feasible processing approach to precisely obtain
the scattering properties of complex particle swarms. The
maximum relative error between the measured results and
the air scattering model obtained by this solution was less
than 12%.

The average air scattering model was applied to quantita-
tively analyze the impact of the air scattering on the PST mea-
surements, and when the air cleanliness level was superior to
ISO class 7, the error of the quantitative analysis was smaller
than 0.5 x 1071%. The analysis results indicate that the PST
measurement error caused by air scattering is directly propor-
tional to the cube of the diameter of the to-be-measured
optical system. In addition, we observed that every time the
air cleanliness is upgraded or degraded by one level, the
PST measurement error may increase or decrease by 1 order
of magnitude, respectively. Last, in order to satisfy an order
of 107 for the PST index verification of the to-be-measured
system with a diameter of 2 m, the cleanliness level of the
measurement environment needs to be superior to ISO
class 6, which is three levels lower than the empirical environ-
mental conditions. According to experience, establishing an
ISO class 3 clean room requires an additional ISO class 6 clean
room for transition, which will result in a million dollars in
wasted money.

The air scattering model established in this paper had good
accuracy because the shapes of the air particles that were studied
were relatively concentrated and the rationality of random par-
ticle shape and number selection was relatively low. For par-
ticles with a complex shape distribution, how to choose the
shapes and quantities of random particles is a subject that needs
further study and practice.

Table 3. Comparison between the Calibration Result and the Analysis Result

Air Cleanliness Level ISO Class 7 ISO Class 8
E1-E0 measurement result (W/m?) 1.3 x 10% 1.3 x 104

E2-E0 measurement result (W /m?) 0.89 x 10°° 1.08 x 107
E2-E0 analysis result by the average air scattering model (W/m?) 1.43x10°° 1.43 x 107
E2-E0 analysis result by Mie scattering (W /m?) 4.94x10°° 4.94x107
o calibration result 0.67 x 10710 0.83 x 107
o analysis result by the average air scattering model 1.1x 10710 1.1x107°
o analysis result by Mie scattering model 3.8 x 10710 3.8x 1077
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