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Research on integrated scattering characteristics
of extinctive materials for spaceborne telescopes

Liu Wei", Li Zhaohui', Mao Zhen'?, Zhao Jianke', Zhu Hui',
Wei Ziwei', Liu Yongl, Yin Yunfei'

!Xi'an Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi'an, Shaanxi 710119, China;
?University of Chinese Academy of Sciences, Beijing 100049, China

Abstract: This paper presents a novel test device for evaluating the integral scattering characteristics of the
extinction material in spaceborne telescopes. By employing the scattering theory, the device enables a more
comprehensive measurement of the scattering characteristics, facilitating a better understanding of the material’s
behavior. The paper discusses in detail the integral scattering theory, system construction, and system
performance. The system is further modeled and simulated, leading to the conclusion that the scattering
characteristics of the extinction material exhibit significant variations at different points and incident angles. Notably,
the system is capable of measuring the scattering characteristics under various conditions, thereby providing a
comprehensive distribution of the material's scattering behavior. This comprehensive and accurate scattering
characteristic distribution serves as a valuable reference for targeted design, stray light measurement and
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suppression, development of high-performance optical instruments, and research in computational optics.
Moreover, it establishes a solid foundation for material selection, characteristic investigation, stray light analysis,
and suppression in spaceborne telescopes employed for the detection of gravitational waves.

Keywords: gravitational wave detection in space; spaceborne telescope; scattering distribution; high-precision

measurement

Introduction

In 2015, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) made a groundbreaking discovery
by detecting gravitational waves generated from the
collision of two black holes. This historic event not only
confirmed the existence of gravitational waves but also
provided a novel means to observe and understand the
universe, as shown in Fig. 1. Since the 21" century, there
has been rapid development in science and technology,
providing unprecedented  opportunities for the
advancement of laser gyroscopes, aerospace, geological
exploration, space optics, and testing and measurement.
Consequently, there is an increasing demand for research
and manufacturing of various high-end instruments,
leading to a greater urgency for optics and related
technologies. It is imperative for optical systems to

possess higher and more stable imaging quality.

Fig. 1 Gravitational wave detection

Space telescopes play a vital role in modern
astronomical research'’. To obtain accurate and clear
astronomical images, the optical systems of telescopes
must effectively minimize the interference caused by
scattering light from the Earth’s atmosphere and other
sources, as shown in Fig. 2. To achieve this objective,
attenuating materials are widely employed in the optical

systems of telescopes.

Fig. 2 Selection of light-absorbing materials

Attenuating materials are characterized by their
excellent ability to absorb or scatter scattered light from
the light source, thereby reducing interference. However,
evaluating and testing the performance of attenuating

materials is a complex and crucial task that necessitates

an in-depth study of their integral scattering
characteristics.
Integral scattering characteristics refer to the

materials’ ability to scatter incident light, which directly
affects the resolution and sensitivity of the telescope

2
system'”

. Thus, accurate testing and research on the
integral scattering characteristics of attenuating materials

for space telescopes are of utmost importance.

Theoretical analysis

The integral scattering theory is derived from the
Rayleigh-Rice” ™ vector perturbation theory, which
explains the relationship between the power density of
scattering and the surface power spectral density per unit
incident power for smooth surfaces”

dP,/dQ, 167
P, a8

-dQ, = ( )cos@icoszﬁsQS (foo £,)dQ.. (1)

The equation is composed of several components.
First, O represents the reflectance, which measures the

amount of light or radiation reflected by a surface.
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Second, S(f,, f,) denotes the power spectral density of the
measured surface. This term captures the distribution of
power across different spatial frequencies, indicating the
surface’s variation and texture. Finally, the expressions
for f, and f,, representing spatial frequencies, are provided

in Egs. (2) and (3)""".
_sinf;cos f, — siné;

x = s 2
4 @
sin 6 sin ¢
= 3
dpP,/dQ, .
% -dQ, represents the power density of

scattered radiation relative to the incident power. P,
represents the power of incident light, while P, signifies
the power of reflected light. 4 represents the measured
surface, and its normal is parallel to the 4 axis. Lambda
(4) denotes the wavelength of incident light. 6, 6, and @,
represent the incident angle, scattering angle, and
scattering azimuth angle, respectively. d€, represents the
differential solid angle in the s direction, and it is given
by dQ, =sin6,d¢,d6,. dP, is the scattered light power
within the solid angle dQ,.

The selection of the coordinate system in the

formula is illustrated in Fig. 3 """

m

Fig. 3 Scatter plot coordinate system schematic

The total integrated scattering (TIS) is defined as the
ratio between the power of scattered light and the power

of specular reflected light ™.

P, “dPdQ.
TIS = 5 = Ofgf P49 0))

From the Eq. (4) above, we derive:

TIS = (4775) ffjcos@i cos6.S (f.. f)dfdf, . (5)

Due to the relationship between surface power

spectral density and root mean square roughness:

o’ = || S(fu£)dfdf; . (6)
IJ
f

In this study, we aim to enhance the clarity and
readability of the article by deriving the total integral
scattering TIS through its substitution into Eq. (5). We
provide suggestions for improving sentence structure,
grammar, word choice, and overall expression to achieve

-20]

this goal**".

4\
TIS = (771) £jcos9icosesS (fo, f,)dfdf,

4d7mtn; cos G0 :

A
From Eq. (7), it is evident that the angle of incidence
of light and the surface roughness of a component have a
considerable impact on its total integrated scattering
(TIS). This study aims to investigate the relationship
between these factors and TIS by analyzing experimental
measurements. The obtained data allow us to establish a
correlation between the angle of incidence, surface
roughness, and TIS. The findings of this research
enhance our understanding of the factors influencing TIS,
which is vital for the design and optimization of
components in diverse applications.
distribution  of

The scattering characteristic

components is a crucial parameter for describing their
scattering phenomenon across different wavelengths"”' .
It enables a deeper comprehension of the physical
properties and behavioral patterns of these components.
The precise detection of the multi-dimensional scattering
characteristic distribution holds immense significance in

diverse scientific research and engineering applications.

System structure

Space-based telescopes have stringent requirements for
stray light suppression, necessitating comprehensive
of the

extinction materials. Practical testing usually yields only

measurements scattering characteristics of

230206-3
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approximate scattering characteristics of individual
components due to factors like the material, processing,
and assembly, which fail to represent the comprehensive
distribution of scattering characteristics. Conducting
comprehensive and high-precision measurements of
scattering characteristics is crucial to accurately simulate
the operating environment and enhance the specificity
and effectiveness of material selection for relevant design
purposes.

Based on the principle of scattered light detection,
investigates

this study examines and the design

characteristics of both domestic and international
scattered light measurement systems. By integrating
existing scattered light measurement devices, a novel
multi-element high-precision scattered light distribution
measurement system is devised. This system enables
accurate and effortless measurement of the scattering
characteristics distribution of the test element at different
distances.

The multi-dimensional high-precision measurement
system for the distribution of component scattering
characteristics, illustrated in Fig. 4, is composed of three
main components: the light emission unit, the light
interaction unit, and the data processing unit. In the light
emission unit, a laser emits light that is modulated by an
acousto-optic modulator and then directed towards a
beamsplitter. One beam serves as a reference signal for
Detector 1, while the other beam enters the light
interaction unit. The laser and acousto-optic modulator
are mounted on an electric rotary stage equipped with an
encoder that provides real-time rotation angle data. This
setup enables real-time measurement of the incident light
angle and allows for continuous variation of incident
angles to accurately assess the distribution of stray light
within the entire field of view. A high-precision acousto-
optic modulator is utilized to shift the signal to a high-
frequency range, effectively eliminating low-frequency
noise interference from both the system and the
environment. Within the light interaction unit, the
incident light illuminates the surface of the component
under examination. The light directly reflected from the

mirror is directed out through an aperture and captured by

Detector 2. The scattered light emitted from the
component under test is dispersed in multiple directions,
reflected within an integrating sphere, and subsequently
enters integrating sphere 2. Detector 3 detects the
integrated scattered light at the exit port of integrating
sphere 2, allowing for the acquisition of scattered light
information at different levels. The information
processing system analyzes and computes the scattered
light data collected by the detectors, enabling the
extraction of scattering information from the component.
This system offers several advantages over traditional
scattering measurement systems, including the ability to
measure component scattering distribution in multiple
dimensions and enhanced measurement accuracy.

The innovation of this system is based on integral
scattering, which is utilized for measuring the scattering
characteristics on the surface of components. It offers
several advantages such as simplicity in operation, high
detection efficiency, and the elimination of complex
calibration processes. The component under examination
is positioned at the sampling port of integrating sphere A4,
ensuring a non-contact detection process that does not
harm the component's surface. Moreover, it does not
necessitate the expertise of professional technicians,
resulting in cost reduction for testing. The system
incorporates a frequency shift modulator positioned
behind the light source. This modulator adjusts the
frequency of the incident light to meet the requirements
and filters out environmental noise interference.
Consequently, only the effective light signal passes
through, resulting in improved signal-to-noise ratio and
enhanced detection accuracy. A beamsplitter is placed
after the frequency shift modulator, dividing the
modulated light into a reflected light beam that serves as
a reference. This reference light signal is then captured
by a third detector. Based on the reference light signal,
the first and second light signals are denoised, resulting
in further improvement in detection accuracy. The light
source component of this system is mounted on a
turntable, enabling the rotation to change the incident
angle of the detection light. This feature allows for

multi-angle continuous measurement, enhancing the
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Fig. 4 Multivariate high-precision measurement system for element scattering characteristic distribution

comprehensiveness and precision of detection.

Modeling analysis

The stray light measurement system is used for modeling
and conducting full-field stray light analysis of the test
component. The results are then compared with those
obtained using traditional measurement systems. The
integration sphere is modeled by considering its diameter
(@), opening area (A4,), internal cavity area (4,), and the
diffuse reflectance (p) of its internal surface material.
When incident light interacts with the sample, it is
divided into two parts: the specular part, which reflects
off the mirror and exits, and the diffuse reflection part,
which scatters multiple times on the internal surface of
the integration sphere before reaching the detector's
surface. The opening ratio of the integration sphere is

defined as the sum of its opening areas divided by the

total internal surface area.

f:—:

- | =067%. 8
A dn- D24 0.67% ®)

The equation represents an integrating sphere, which
consists of an aperture area denoted as 4, and an internal
cavity area denoted as 4,.

The radiation energy remaining within the integral

sphere cavity after multiple diffusions is:

Jelo
o= Y = — 9
b= 0 o1 7 ©)

The irradiance £ at any point inside the sphere of

integration is given by:

. 2. _ pé,
A All-p(1-1  A4nR[1-p(1- ]

(10)

A is the surface area of the integrating sphere; p is

230206-5
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the spectral reflectance of the inner wall of the integrating
sphere (taken as 0.98); ¢; is the total radiant energy
incident into the integrating sphere; R is the radius of the
sphere inside the integrating sphere.

For a standard white Lambertian panel, the energy

received by the detector is:

Py = E-nR*. (11)

The absorption rate of SB-3 material is
approximately 98%, while the detector receives only
about 2% of the energy from the whiteboard.

An integration sphere of ®300 mm in diameter was
constructed. The aperture sizes for incident/reflective,
sample, and detector were set at @20 mm, ®40 mm, and
®0.5 mm, respectively. The incident power was adjusted
to 1 W, and the simulation materials employed were SB-
3 (aluminum substrate) and a whiteboard. Additionally,
the incident beam diameter was specified as ®4 mm.

Initially, we utilize the SB-3 substance and establish
the quantity of beams and energy threshold for ray
tracing. The correlation between the number of beams
and detector response is displayed in Table 1.

From Table 1, we observe that as the number of rays
increases to 1000 rings, the detector response tends to
converge. Hence, in the following simulation, we will

utilize 1000 rings of rays.

H Surface characteristics a

W/m? Total-irradiance map for incident flux
2.6e+007— cylinder 1 detect Global coordinates
2.4e+007— -8 6 -4 -2 0 2 4 6 8
2.2e+007—
2.0e+007—
1.8e+007—

(2]
1.6e+007—+— ki
1464007 1+ £

€
1.2e+007 =
1.0e+007
8.0e+006
6.0e+006 8

-8 6 -4 -2 0 2 4 6 8

4.0e+006 X/milimeters
2.0e+006 Min: 0, Max: 2.4588e+007, Ave: 2.9046e+006
0 Tolal Flux: 583.99 W, FLux/Emitted Flux: 0.00078022,

3023 incident rays

Table 1 Changes in the number of rays with simulation results (SB-3)
Number Number of light (rings) Detector response result
1 100 1.0908e-6
2 200 8.5724e-7
3 500 1.2615e-6
4 600 1.2585e-6
5 700 1.3414e-6
6 800 1.3944e-6
7 1000 1.2962e-6
8 1200 1.2357e-6
9 1500 1.2872e-6

In TracePro, modeling and simulation testing were
performed for the multi-element high-precision scatter
above. Simulation

measurement system mentioned

analysis was conducted for wvarious surface
characteristics, and the results are displayed in Fig. 5
below.

The simulation results in Fig. 5 show that the
detector received 7.8x10°* units of light energy for
surface property a, and 1.35x10 * units of light energy for
surface property b. It is evident that different surface
properties have a notable impact on the scattering
characteristics of the component, as the energy received
by the detector differs by two orders of magnitude.

At the same point, the surface roughness remains

n Surface characteristics b

Wim? Total-irradiance map for incident flux
4.2e+007 — detector detect Global coordinates
3.9e+007 — 8 8 6 4 2 0 -2 -4 -6 -8 8
3.66+007 — |
3.3e+007 — ©
3.0e+007 — 4
2.7e+007 I -2
24e+007 == B |

'R
2.1e+007 g 2
1.86+007 N A
1.5e+007
1.2e+006 6

8 .

9.0e+006 8 6 4 2 0 -2 -4 -6 -8
6.0e+006 X/milimeters
3.0e+006 Min: 0, Max: 4.1387e+007, Ave: 1.8128e+007
0 Tolal Flux: 3844.9 W, FLux/Emitted Flux: 0.013545,

37735 incident rays

Fig. 5 Simulation results of different surface characteristics
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unchanged. The simulation displays results for incident
angles 6,0f 15°, 20°, and 30° in Fig. 3.

The data in Fig. 6 indicates that when light is
incident at 15°, 20°, and 30°, the detector registers light
energy of 0.1022, 0.0993, and 0.0149, respectively. This
reveals a substantial variation in the light energy detected
by the detector at different incident angles, with
differences of up to tenfold. Furthermore, as the incident
angle increases, the disparity in detected energy becomes
even more pronounced. Hence, it is important to
introduce high-precision measurement components to
capture the distribution characteristics effectively.

To validate the system's measurement of the TIS
characteristics of the material surface, simulations of the
TIS on the whiteboard and SB-3 material surfaces were
performed, and the results are presented in Table 2.

Prior to usage, the TIS derived from the BSDF of
the SB-3 (aluminum-based) material, as measured by the

H 15° incidence n 20° incidence

Total-irradiance map for incident flux
detector detect Global coordinates

Total-irradiance map for incident flux
detector detect Global coordinates

scatterometer, is compared with the TIS directly tested by
our system. The fitted curve is depicted in Fig. 7.

From Fig. 7, it is evident that the TIS obtained
directly from the system closely aligns with the results
obtained through the scatterometer, showing a tendency
toward consistency. This suggests that the TIS of the
material obtained using this system is accurate and
dependable. When the incident angle exceeds 70°, a
sudden change is observed in the TIS value. Why does
this happen? This will be the focus of our next study.

Conclusion

Space telescopes are crucial for accurate astronomical
observations, and their performance depends on the light-
suppression material used. This material plays a key role
in suppressing scattered light. A high-precision scattered
light distribution measurement system has been designed
based on the principle of scattered light detection,

30° incidence

Total-irradiance map for incident flux
detector detect Global coordinates

W/m? W/m? W/m?
24 -6- 2 -4-6- 8 6 4 2 0 -2-4-6-8
%%g:ggg 8642 0-2-4-6-8 8 %geiggg } .86 420 2 4 -6 -8 8 5.0e+007 -8 _
2:86+008 -6 5aci008 -6 4.5e+007 -6
%23:88% » -4 226+008 » -4 4.0e+007 17 o 4
22e+008 1 & , 29008 & 3.56+007 = 5 _
2.0e+008 K - .8e+008 2 -2 g -2
1.8e+008 £ 1.6e+008 e 3.0e+007 2
18e+008 1 = 0 14e+008 = 0 o5er007 | = O 0
1.4e+008 £ 2 1.2e+008#8 E 2 2'0 +007 E 5 2
1.2e+008 N 1.0e+008 N Ve N
g eO+eo+00708 4 SeIOO; 4 1.5e+007 4 4
86+007 6 53 6 10e+007 6 6
464007 4e+007 e
2e+007 8 2e+007 8 5e+006 8 8
8 6 4 2 0-2-4-6-8 0 8 6 4 2 0-2-4-6-8 0 8 6 4 2 0-2-4-6-8
X/milimeters XImilimeters XImilimeters
Min: 0, Max: 3.037e+008, Min: 0, Max: 2.7183e+008, Min: 0, Max: 4.9556e+007,
Ave: 1.368e+008 Ave: 1.3288e+008 Ave: 1.9919e+007
Tolal Flux: 27506 W, Tolal Flux: 26718 W, Tolal Flux: 4004.9W,
FLux/Emitted Flux: 0.10221, FLux/Emitted Flux: 0.099286, FLux/Emitted Flux: 0.014883,
48717 incident rays 47421 incident rays 38067 incident rays
Fig. 6 Simulation results of different incident angles
x107
1.2 0.18
] | 0.16
10 | 0.14
Table 2 Simulation results of TIS characteristics of = . / )
] = 0.8 ———White diffuse L 012
material surface 2 —__SB-3 |
] TIS / 0.10
Incident angle Whiteboard SB-3 TIS 5 06— simulated TIS ' JloosF
8 / '
6° 1.0779¢-4 12962e-6  0.01203 & 04 / 0.08
4
0.04
20° 9.8612e-5 1.2853e-6 0.01303 0.2 [ — 0.02
40° 1.0406e-4 1.4725¢-6 0.01415 Y L
0 10 20 30 40 50 60 70 80 90
AOI/(°
60° 9.7901e-5 2.317e-6 0.02366 ©)

Fig. 7 TIS result comparison
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analysis of measurement systems, and practical detection
experience. Modeling and simulation have revealed that
surface roughness and angle of incidence significantly
impact scattered light distribution, with nonlinear
changes in different materials. Accurate measurement of
scattered light characteristics is essential for cutting-edge
design. Materials possess varying degrees of surface non-
uniformity and roughness, contingent upon their surface
characteristics. In the realm of optical components,
roughness induces multiple scattering of incident on the
surface, thereby elevating the Total Integrated Scattering
value of the material. The extent of this scattering
phenomenon is directly proportional to the roughness of
the surface. Consequently, the selection of materials with
specific surface characteristics becomes imperative in
designing optical components for particular purposes. For
instance, optimizing the light absorption performance of
a light shield can be achieved by considering the
relationship between TIS and surface roughness of the
material. Moreover, for certain optical components,
measures are implemented to mitigate the scattering loss
originating from roughness by acknowledging its impact
on the Total Integrated Scattering. The total integrated
scattering tends to increase with the angle of incidence
for various incident light angles. When the angle of
incidence is within a small range (<30°), the increase in
TIS becomes less significant. However, for angles of
incidence >30°, TIS shows a more pronounced increase.
Notably, when the angle of incidence exceeds 70°, a
sudden jump in TIS values occurs. Investigating the
cause of this phenomenon will be the focus of our future
research.

Integrally studying scattered light characteristics
provides a scientific basis for optimizing space telescope
design, understanding the impact mechanism of light
suppression materials, developing new materials,
improving measurement methods and data simulation
techniques, and improving the observation accuracy and

performance. This study also serves as a reference for

stray light suppression, high-performance optical
instrument development, and computational optics
research.
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Research on integrated scattering characteristics
of extinctive materials for spaceborne telescopes

Liu Wei", Li Zhaohui', Mao Zhen'?, Zhao Jianke', Zhu Hui', Wei Ziwei',
Liu Yong', Yin Yunfei'

4

Gravitational wave detection

Overview: Gravitational wave detection is a prominent and highly anticipated research area in modern science. With
technological advancements and the development of scientific theories, our understanding of the techniques and
methods for detecting gravitational waves has deepened. Gravitational waves are disturbances predicted by Einstein’s
general theory of relativity, arising from the curvature of spacetime caused by mass and energy. The detection of
gravitational waves holds significant importance in comprehending the evolution of the universe, black hole physics,
and the origin of the cosmos, among other scientific inquiries. However, due to the extraordinarily weak intensity of
gravitational waves, detection necessitates high-precision measurement devices and sophisticated technical means.

As one of the key tools for detecting gravitational waves, space-based telescopes offer advantages such as high
precision, high resolution, and the ability to conduct long-duration observations. However, these telescopes encounter
interference during observations, including cosmic background and scattered light generated by the telescope itself. To
these interferences, extinguishing materials are used to reduce scattered light. These materials possess the ability to
absorb or scatter light, effectively minimizing light reflection and scattering and thereby enhancing observation accuracy
and signal-to-noise ratio of telescopes. In order to gain a better understanding of the scattering characteristics of
extinguishing materials, this study analyzes and examines the design features of scattering light measurement systems
both domestically and internationally, building upon the foundations of scattering theory. By combining practical
detection challenges and experiences, a test device for assessing the integral scattering characteristics of extinguishing
materials employed in space-based telescopes is devised, facilitating more comprehensive measurements of their
scattering characteristics. Through simulation modeling and comparisons with actual measurements, it is concluded
that the surface roughness of components and the incident angle of light impact the distribution of component
scattering, especially in different materials where scattering characteristics demonstrate changes with increasing incident
angles. Consequently, achieving precise measurements of the scattering characteristics distribution of components holds
paramount importance in cutting-edge design endeavors. This research provides a more comprehensive and accurate
understanding of the distribution of scattering characteristics based on the specific properties of extinguishing materials,
serving as a valuable reference for stray light measurement and suppression, development and calibration of high-
performance optical instruments, and research within the field of computational optics, among others. Ultimately, it
establishes a foundation for material selection, characteristic exploration, stray light analysis, and suppression in the
context of space-based gravitational wave detection telescopes.

Liu W, Li Z H, Mao Z, et al. Research on integrated scattering characteristics of extinctive materials for spaceborne
telescopes[J]. Opto-Electron Eng, 2024, 51(2): 230206; DOI: 10.12086/0ee.2024.230206

Foundation item: Project supported by National Key Research and Development Plan (2021YFC2202203)
"Xi'an Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi'an, Shaanxi 710119, China; 2University of Chinese Academy
of Sciences, Beijing 100049, China

* E-mail: liuwei1@opt.ac.cn

230206-10


https://doi.org/10.12086/oee.2024.230206
mailto:liuwei1@opt.ac.cn

	Introduction
	Theoretical analysis
	System structure
	Modeling analysis
	Conclusion
	参考文献

