
3.72.838

Article

Stray Light Analysis and
Suppression of Taiji Telescope for
Space Gravitational Wave
Detection Based on Phase Noise
Requirement

Benliang Sang, Xiaoqin Deng, Wei Tao, Yuqing Diao and Wei Sha

https://doi.org/10.3390/app13052923

https://www.mdpi.com/journal/applsci
https://www.scopus.com/sourceid/21100829268
https://www.mdpi.com/journal/applsci/stats
https://www.mdpi.com
https://doi.org/10.3390/app13052923


Citation: Sang, B.; Deng, X.; Tao, W.;

Diao, Y.; Sha, W. Stray Light Analysis

and Suppression of Taiji Telescope for

Space Gravitational Wave Detection

Based on Phase Noise Requirement.

Appl. Sci. 2023, 13, 2923. https://

doi.org/10.3390/app13052923

Academic Editor: Alexander

N. Pisarchik

Received: 17 January 2023

Revised: 8 February 2023

Accepted: 16 February 2023

Published: 24 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Stray Light Analysis and Suppression of Taiji Telescope for
Space Gravitational Wave Detection Based on Phase
Noise Requirement
Benliang Sang 1,2, Xiaoqin Deng 1,2, Wei Tao 1,2, Yuqing Diao 1,2 and Wei Sha 1,2,*

1 Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences,
Changchun 130033, China

2 University of Chinese Academy of Sciences, Beijing 100049, China
* Correspondence: shawei@ciomp.ac.cn

Abstract: The telescope is the core device for space gravitational wave detection. It is responsible for
receiving signal light and emitting outgoing light simultaneously. When the high-energy outgoing
laser passes through the telescope, it would produce stray light, which would interfere with the
phase measurement and generate phase noise. Therefore, it is necessary to analyze and suppress
the stray light of the telescope. In this paper, the requirement of point source transmittance (PST) of
the Taiji telescope is obtained through theoretical derivation, which is less than 4 × 10−10. Through
a complete analysis of stray light, we determined that the M4 was the largest source of stray light
under the condition that the roughness of each optical surface is equal, which accounted for 67.22%.
We also determined the most lenient requirements for surface roughness σλ, and found that when
σλ of the M1, M2, M3, and M4 were 20 Å, 4 Å, 1 Å, and 1 Å, respectively, the PST was 3.89 × 10−10,
which met the PST requirement. Next, we calculated the effect of particulate contamination on the
PST, and based on the results of our analysis, we determined that the cleanliness level of the testing
and storage environment of the Taiji telescope was better than 300. Finally, we evaluated the changes
in the PST caused by the damage of micrometeoroids, and the analysis results showed that the stray
light level would not change significantly during the service period of the Taiji Telescope.

Keywords: stray light analysis; Taiji telescope; space gravitational wave; space gravitational wave
detection; surface roughness; particulate contamination; micrometeoroid

1. Introduction

In 2016, LIGO announced its detection of gravitational wave events [1], which is the
first time that humans achieved direct detection of gravitational waves, thus, Einstein’s
prediction about gravitational waves was confirmed. The ground-based gravitational wave
detectors represented by LIGO are affected by ground vibrations, gravitational gradient
noise, and short interferometric arm lengths, resulting in their low detection sensitivity,
which can only detect gravitational waves at frequencies above 10 Hz [2]. However, for most
of the gravitational wave sources in the universe, the frequency range of gravitational waves
is between 0.1 mHz and 1 Hz [3,4]. To achieve the detection of low-frequency gravitational
wave signals, they must be free from the limitations of the ground environment to develop
space gravitational wave detection. With high detection sensitivity, space gravitational
wave detection can achieve the detection of more gravitational wave sources, including
early cosmic phase transitions, cosmic strings, and dense binary systems. The detection of
these sources can provide key information for the research of the early universe, unified
field theory, and the evolution of the universe [5].

The Taiji Project is a space gravitational wave detection project proposed by the Chi-
nese Academy of Sciences, aiming to detect picometer-level space gravitational wave
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signals within the frequency range of 0.1 mHz to 1 Hz [6–8]. Taiji plans to launch three satel-
lites to form three laser interference links, each with a length of 3 million kilometers [9,10].
In order to establish an effective laser transmission path between the two satellites, laser
transceiver telescopes are designed at both ends of each interferometric link.

The laser transceiver has two functions: one is to expand the outgoing beam from the
scientific interferometer with a diameter of 2 mm into a collimated beam with a diameter of
200 mm, which is transmitted to the remote detector; the other is to narrow the signal beam
and transmit it to the interferometer optical platform [11]. When the telescope emits the
local laser, the laser power at the entrance pupil is close to 2 W, while the power of the signal
beam received by the telescope from the remote detector is about 300 pW [9]. Backscattering
is inevitable when a high-power outgoing beam passes through the telescope, and the
backscattered light would interfere with the local reference beam, thus any phase fluctuation
of the backscattered light would affect the measurement of the interference signal [12,13].
Therefore, it is necessary to analyze and suppress the backscattered light of the telescope.

In order to reduce the level of backscattered light, the optical system of the Taiji
Telescope adopts an unobstructed off-axis four-mirror optical system. Due to the added tilt
of the secondary mirror, the narcissus reflection is completely avoided [14,15]. However,
non-zero surface roughness is unavoidable during the manufacturing process of optical
surfaces, and there should also be the possibility of contamination of optical surfaces, both
of which would affect backscattering [16,17]. In addition, the telescope will face the risk of
micrometeoroid impacts once in orbit [18–20]. The high-speed impact of micrometeoroids
will cause damages to optical surfaces, leading to increased levels of stray light.

In this paper, the numerical analysis of the backscattering of the Taiji telescope has
been carried out, and the influence mechanism of the backscattered light on the phase has
been clarified through theoretical derivation with the requirements for the stray light of
the telescope obtained. Subsequently, the precise scattering path of the stray light has been
determined by the analysis of stray light on the Taiji telescope. The effect of optical surface
roughness and cleanliness on the level of stray light has been studied. In addition, we have
also made predictions about the possible effects of micrometeoroids on the telescope, and
the corresponding changes in stray light levels have been obtained. Finally, the optimal
combination of optical surface roughness has been recommended for the construction of
the telescope, and specific requirements for the cleanliness level of the environment have
also been put forward.

2. Theoretical Analysis of Phase Noise Generated by the Backscattered Light

The off-axis four-mirror optical system used in the Taiji Telescope is shown in Figure 1a,
where the primary mirror is a paraboloid, the secondary mirror is a hyperboloid, and the
third and fourth mirrors are both spherical [21]. The detailed parameters are shown in
Table 1. The Taiji interferometer adopts a balanced orthogonal four-quadrature detection
scheme to detect phase signals, and its transmitting and receiving optical paths are shown
in Figure 1b. For the transmitting optical path, the beam emitted by the frequency-stabilized
laser is divided into two beams by the polarization beam splitter, one of which is used as
the local reference beam (polarization state is s), and the other forms the outgoing beam
(polarization state is p). For the receiving optical path, the signal light becomes s light after
passing through a 1/4 wave plate twice, and then interferes with the local reference beam
after multiple reflections. It should be noted that both the frequency and polarization states
of the backscattered light generated by the outgoing beam are consistent with the local
reference beam, which means that it can interfere with the local reference beam, resulting
in an additional phase. If the additional phase was a constant, it would have very little
effect on the phase measurement, but in reality, the scattered light is affected by variations
in the telescope’s optical length. Therefore, the additional phase caused by the scattered
light is also variable, that is, the phase noise.
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Figure 1. (a) Schematic diagram of the off-axis four-mirror optical system adopted by the Taiji Tel-
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Figure 1. (a) Schematic diagram of the off-axis four-mirror optical system adopted by the Taiji
Telescope. Compared with the coaxial optical system, its ability to suppress stray light is stronger.
(b) Schematic diagram of the light field distribution in the telescope. The figure shows the outgoing
laser light (red), signal light (blue), and backscattered light (wave) of the Taiji telescope.

Table 1. Parameters of the optical system of Taiji telescope.

Parameter Requirement

1 Optical aperture 200 mm

2 Optical efficiency 0.853

3 Working wavelength 1064 nm

4 Field-of-View (spatial acquisition) ±200 µrad

5 Field-of-View (science)
±20 µrad out-of-plane

±8 µrad in-plane

6 Surface Flatness λ/70 RMS

7 Wavefront quality over science field of view λ/30 RMS

As shown in Figure 2, we use El , Eb, and Es to denote the electric field complex
amplitude of the local beam, the backscattered beam, and the signal beam, respectively. All
three beams of light can interfere with each other. Furthermore, the distributions of the
light fields E1 and E2 are described by Equations (1) and (2).

E1 = ELe(iω1t) + ESei(ω2t+ϕS+
π
2 ) + EBei(ω1t+ϕB+

π
2 ) (1)

E2 = ELe(iω1t+ π
2 ) + ESei(ω2t+ϕS) + EBei(ω1t+ϕB) (2)
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According to the design of the Taiji interferometer, the output optical power PO of the
frequency-stabilized laser is 2 W, the optical power of the local beam PL = 2 × 10−3 W,
and the optical power of the signal light PS = a2PL = 3 × 10−10 W. For the convenience of
calculation, we introduce the parameter a2, where a2 is a constant with a value of 1.5× 10−7.
Similarly, the optical power of stray light PB = u2PL, where u2 ≪ 1. Since the optical power
P is proportional to the square of the electric field, P ∝ E2, we rewrite Equations (1) and (2)
into the following form:

E1 =
√

PLeiω1t
(

1 + a1ei(∆ωt+ϕS+
π
2 ) + u1ei(ϕB+

π
2 )
)

(3)

E2 =
√

PLeiω1t
(

ei π
2 + a2ei(∆ωt+ϕS) + u2eiϕB

)
(4)

where ∆ω = ω2 − ω1, u2
1 + u2

2 = u2, a2
1 + a2

2 = a2. Since the common divisor
√

PLeiω1t has
no effect on the calculation of phase, we omit it when calculating the current signal below.

The output currents I1, I2 of the two detectors are proportional to E1
2, E2

2, respectively.
Here we assume that the conversion efficiency of the detector is 1, and only the AC signal
is output. The AC terms of I1, I2 are described by Equations (5) and (6), where a1 ≈ a2.

I1(t) = −2u1 sin(ϕB)− 2a1 sin(∆ωt + ϕS) + 2a1u1 cos(∆ωt + ϕS − ϕB) (5)

I2(t) = −2u2 sin(ϕB)− 2a2 sin(∆ωt + ϕS) + 2a2u2 cos(∆ωt + ϕS − ϕB) (6)

The final output signal can be obtained by I1 − I2, and the measurement equa-
tion for the phase ∅ of the interference signal is described by Equation (7) [22], where
ũ = (a1u1 − a2u2)/(a1 + a2) ≈ (u1 − u2)/2. Let ϕn = ũ sin(ϕB) + ũ2 sin(ϕB) cos(ϕB),
then ϕn is the phase noise.

∅ = ϕS +
π

2
+ ũ sin(ϕB) + ũ2 sin(ϕB) cos(ϕB) (7)

Here, we introduce a constant δ to represent the splitting ratio error of BS (as shown

in Figure 2), then u1 =
√

1+δ
2 u, u2 =

√
1−δ

2 u. After Taylor expansion for u1 and u2,

respectively, and keeping only the low-order terms, we get u1 ≈ 2+δ
2
√

2
u, u2 ≈ 2−δ

2
√

2
u. For the

phase noise ϕn, its second-order term is tiny and can be ignored. Thus, the simplified phase
noise is described by Equation (8).

ϕn =
δu sin(ϕB)

2
√

2
(8)

Here, we use variance σ2 to describe the variation of the phase noise ϕn. For conve-
nience, the backscattered light can be regarded as the sum of n individual rays [22], and it
is assumed that the distribution of all these rays obey 1

π
√

1−x2
j

, then:

u sin(ϕB) = ∑
n

j=1 uj sin
(

ϕ
j
B

)
(9)

In order to calculate the variance, we first need to calculate the mean of the above
formula. The mean calculation process is as follows:

〈u sin(ϕB)〉 =
〈
∑

n

j=1 uj sin
(

ϕ
j
B

)〉
= ∑

n

j=1 uj

〈
sin

(
ϕ

j
B

)〉
= ∑

n

j=1 uj

∫ 1

−1

sin
(

ϕ
j
B

)

π
√

1 − x2
j

dxj = 0 (10)

According to the definition of variance and the previous definition of the optical power
of stray light and local beam, PB = u2PL, we can get:
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var[u sin(ϕB)] =

〈
∑

n

j=1

(
uj sin

(
ϕ

j
B

)
− 0

)2
〉

= ∑
n

j=1 u2
j

〈
sin2

(
ϕ

j
B

)〉
=

1
2 ∑

n

j=1 u2
j =

1
2

PB

PL
(11)

Therefore, the variance of the phase noise is described by Equation (12).

σ2 =
δPB

4
√

2PL

(12)

According to the requirements of Taiji Project, the phase noise caused by the backscat-
tered light should be less than 1 pm, and the spectral error of BS should be less than
0.001. According to Equation (12), the requirement for the backscattered light energy of the
telescope can be obtained.

PB

PL
≤ 2 × 10−7 (13)

There are various evaluation functions for stray light, the most commonly used of
which is point source transmittance (PST) [23–25]. For the stray light analysis to be per-
formed in this paper, the PST that meets the phase noise requirement is:

PST(θ) =
PB

PO
< 4 × 10−10 (14)

3. Calculation Method of the Backscattered Light of the Taiji Telescope

Since the scientific field of view of the Taiji telescope is extremely small (±8 µrad),
and there is no mechanical structure in the field of view of the Taiji telescope, we only
consider the scattering from the optical surface when performing the stray light analysis.
In addition, since the scattering is random, we use the scattered light aiming method for
stray light analysis in order to improve the efficiency of simulation analysis. The stray light
simulation software used in this paper is ASAP.

3.1. Analysis of the Proportion of Scattered Light Energy by the Mirrors of the Taiji Telescope

Before performing surface roughness and cleanliness analysis, it is necessary to clarify
the contribution of each optical surface to scattering. We placed a parallel light source with
a wavelength of 1064 nm in front of the telescope’s exit pupil and set a fully absorbing
target surface (1 mm in diameter) at the exit pupil to receive the backscattered light. At
the same time, we also set the corresponding light aiming area. In this paper, the Harvey–
Shack model is used to describe the scattering under different surface roughness. The
Harvey–Shack model is a common model for BSDF modeling of optical surfaces and is
supported by most stray light analysis software [26–28]. In the analysis of this section, we
set the roughness of each optical surface to 5 Å.

The scattering energy analysis results of each mirror are shown in Table 2, and the
main scattering paths are shown in Figure 3. We can see that the scattering energy from
the M4 and the M3 accounts for a considerable part. Among them, the M4 produces the
first-order scattering with the largest energy, while the scattering energy from the M1 is
the lowest.

Table 2. The proportion of scattered energy of each mirror.

Optical Surface Scattered Energy Percentage

M1 2.27 × 10−12 0.03%
M2 1.35 × 10−10 1.72%
M3 2.42 × 10−9 31.02%
M4 5.25 × 10−9 67.22%
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3.2. Analysis of the Backscattering Caused by Surface Roughness

It is impossible for the optical surface to be perfectly smooth after processing. When
light hits the reflector, the reflected light exhibits a scattering phenomenon centered on
the mirror. The degree of scattering is usually characterized by the bidirectional scat-
tering distribution function (BSDF). Since the measurement of the BSDF is complex and
expensive [29,30], while the measurement of surface roughness σλ is very convenient, the
relationship between σλ and the BSDF needs to be established before the stray light analysis.
The BSDF is defined as the ratio of scattering brightness to incident illuminance. In this
paper, the Harvey–Shack model is used to describe the BSDF, and its specific expression is
shown in Equation (15) [31], where b0, s and l are all constants.

BSDF
(
⇀

β ,
⇀

β0

)
= b0[1 +




∣∣∣∣
⇀

β −
⇀

β0

∣∣∣∣
l




2

]s/2 (15)

Total integrated scattering (TIS) is the ratio of scattered energy to total reflected energy.
For a polished optical surface, the surface roughness σλ ≪ λ. The relationship between TIS
and σλ can be described by Equation (16) [32].

TIS ≈
[

4πσλ cos(θi)

λ

]2
(16)

According to the definitions of TIS and BSDF, TIS is equal to the integral of BSDF over
the solid angle in hemispherical space. Meanwhile, it can be seen from the calculation
formula of TIS that its value is maximum when the incident angle is zero. Therefore, if the
worst case is considered, combined with Equation (15) yields:

TIS =





2πb0
ls(s+2)

[(
1 + l2) s+2

2 − ls+2
]

, s 6= −2,

πb0l2ln
(

1 + 1
l2

)
, s = −2.

(17)
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Combining Equations (16) and (17), the relationship between σλ and the Harvey–Shack
model can be obtained.

σ2
λ =





b0λ2

8πls(s+2)

[(
1 + l2) s+2

2 − ls+2
]

, s 6= −2,

b0l2λ2

16π ln
(

1 + 1
l2

)
, s = −2.

(18)

The values of the parameters of the Harvey–Shack model for different surface rough-
ness are given in Table 3. The parameter s is closely related to the optical surface polishing
process and usually fluctuates in the range of −2.5 to −0.5 [33]; here, we take the typical
value of s = −1.5. In addition, the power spectral density of the polished optical surface

generally has fractal characteristics, satisfying l ≪
∣∣∣∣
⇀

β −
⇀

βo

∣∣∣∣. Therefore, the value of l must

be small enough to ignore its influence on TIS; here, we take l = 0.01. Figure 4 shows the
BSDF distribution when the value of b0, l, and s are, respectively, 0.013, 0.01, and −1.5, and
the scattering angle is 30◦.

Table 3. The values of the parameters of the Harvey–Shack model corresponding to different σλ .

Surface Roughness
(Å)

Harvey–Shack Model Parameters

b0 l s

10 1.3 × 10−2 0.01 −1.5
5 3 × 10−3 0.01 −1.5
4 2 × 10−3 0.01 −1.5
3 1.1 × 10−3 0.01 −1.5
2 5 × 10−4 0.01 −1.5
1 1.3 × 10−4 0.01 −1.5
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According to the contribution of each mirror to PST, a different surface roughness can
be assigned to each optical surface to obtain the most lenient surface roughness distribution
that can meet the requirements. The corresponding stray light analysis results are shown
in Table 4. As pointed out in the previous section, the contribution of the primary mirror
to PST is minimal, so the surface roughness can be relaxed to 20 Å for M1, 4 Å for M2,
and 1 Å for M3 and M4. Under this condition, the PST is 3.89 × 10−10, which can meet the
requirement for PST. Figure 5 shows the intensity distribution of the detector in this case.
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Table 4. PST analysis results of optical surfaces under different surface roughness.

M1 M2 M3 M4 PST

25 4 1 1 4.05 × 10−10

20 5 1 1 4.23 × 10−10

20 4 1 1 3.89 × 10−10

10 4 1 1 3.70 × 10−10

10 4 2 1 7.06 × 10−10
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3.3. Analysis of the Backscattering Caused by Particulate Contamination

For the optical system with a wavelength of 1064 nm, the impact of particle contam-
ination on the BSDF of the optical surface cannot be ignored, but it is very difficult to
simulate stray light on a non-ideal optical surface contaminated by particles. Since the
distribution of particles and the undulation of the optical surface are random, it is quite
challenging to obtain a BSDF equation that takes into account the surface roughness and
particle contamination factors. Therefore, this paper only considers the situation of particle
contamination on ideal optical surfaces and obtains the control level of environmental
cleanliness by analyzing the stray light generated by particle contamination. In other words,
at this cleanliness, we can believe that the PST of the Taiji telescope is mainly affected by
the surface roughness, while the scattered energy contributed by particle contamination
can be neglected.

Paul Spyak and William Wolfe elaborated in their paper that MIE scattering can be
used to simulate the surface scattering of mirrors polluted by particles [34], which has been
widely used. This paper focuses on the relationship between scattering and the distribution
of particle size, since both the incident wavelength (1064 nm) and the incident medium
(air or vacuum (n = 1.0 + 0i)) are determined, while the only unknown parameter in the
calculation of this paper is the refractive index of the particle. According to the paper by
Michael G. Dittman et al., the refractive index of the particle is not an essential factor in
the MIE scattering model [35], but can be replaced by an approximation. In this paper, the
refractive index of particulate contamination used is n = 1.53 + 0.001i.

The BSDF of an optical surface polluted by particles is closely related to the actual
distribution of particles on its surface. The distribution of standard particles on the clean
surface is defined in CC1246 [36]. The number (N) of particles with a diameter greater
than d per square foot is described by Equation (19), where CL represents cleanliness,
generally taking h as 0.926 for a clean surface and 0.383 for an uncleaned surface. By special
transformation of Equation (19), the number of particles N(d) with a particle size of d per
square foot can be obtained, and its expression is shown in Equation (20).
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log10 N = h
(

log2
10 CL − log2

10 d
)

(19)

N(d) = 10h(log2
10 CL1−log2

10 d) − 10h[log2
10 CL1−log2

10 (d+1)] (20)

In addition, the percentage space coverage f is required for analysis using ASAP,
which is related to cleanliness and is described by Equation (21). When h is taken as 0.926,
K = −7.245, while when h is taken as 0.383, K = −5.683.

f = 10K+|h|log2
10(CL)−2 (21)

The percentage space coverage f used in this simulation is shown in Table 5. Figure 6
shows the BSDF for an ideal optical surface with particle diameter from 1 to 200 µm at
500 cleanliness level.

Table 5. Percentage space coverage at different cleanliness levels.

Cleanliness Level
(CC1264)

Space Coverage
Cleanliness Level

(CC1264)
Space Coverage

100 2.88 × 10−6 400 1.11 × 10−3

200 4.55 × 10−5 600 8 × 10−3

300 2.74 × 10−4 1000 1.13 × 10−1
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It has become a standard operation to clean the optical surface with high-speed flowing
carbon dioxide gas [37]. In this way, it is effortless to clean particles with a diameter greater
than 200 µm [38], so we assume that the particle diameter is between 1 um and 200 µm.
Each measurement of the PST is done with a different cleanliness level that is applied
to all the mirrors in the Taiji telescope, and the results of the calculation are shown in
Table 6. When the cleanliness level is 300, the PST is 3.55 × 10−12, which was two orders of
magnitude below the required value. At this time, we can determine that the environmental
control level of the Taiji telescope needs to be better than 300. Figure 7 shows the light
intensity distribution of the detector at a cleanliness level of 300.
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Table 6. PST analysis results of optical surfaces at different cleanliness levels.

Cleanliness Level (CC1264) PST

100 3.73 × 10−14

200 5.89 × 10−13

300 3.55 × 10−12

500 4.15 × 10−11

1000 1.46 × 10−9
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4. Evaluation of the Variation of Backscattered Light of the Taiji Telescope in Orbit

The space environment where the Taiji Telescope is located is not completely clean;
there are many high-speed flying particles called micrometeoroids. The high-speed impact
of micrometeoroids will cause damage to the unobstructed mirror. Since the primary mirror
M1 of the Taiji Telescope is directly facing the space environment, it is likely to be damaged.
Meanwhile, the primary mirror is planned to be made of Zerdour, which is a typical brittle
and thick material, and its damage is mainly in the form of corrosive pitting. The scattering
level of the primary mirror will change significantly after pitting [39], which will cause
changes in the PST of the Taiji telescope. Therefore, it is necessary to study the effect of
micrometeoroids on the scattering level of the primary mirror of the Taiji telescope.

The NASA SSP30425B model is a commonly used micrometeoroid environment
model, which demonstrates the relationships between interstellar micrometeoroid flux and
mass [40]. Combining the orbital data of the Taiji Telescope (Lagrange orbit), we can get
the predicted value of the number of impacts of micrometeoroids, as shown in Figure 8. It
is estimated that the number of micrometeoroid (mass greater than 10 × 10−12 g) impacts
on the telescope will reach 308 in 4 years, which will increase to 769 in 10 years.

The optical surface is pitted after being impacted by micrometeoroids. Gary L. Peterson
et al. [41] proposed a BSDF modeling method for scratches and digs, and this method can
also be used for the BSDF modeling of the surface impacted by micrometeoroids. The
BSDF of the optical surface is related to the number of impacts uD and diameter of pits
D (as shown in Equation (22)). The diameter D is described by Equation (23), and the
values of the parameters in Equation (23) are shown in Table 7 [42]. The BSDF calculated
by Equations (22) and (23) is shown in Figure 9. Here, we use the ABg model to describe
the BSDF.

BSDF(θ) =
uDD2

4
×





1 +
π2D2

4λ2


1 +

sin2(θ)
(

4
π4

) 2
3
(

λ
D

)2




−3
2




(22)
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Dmax = K1Kcd
ξ
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µυγρκ

t (23)
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Table 7. Values of parameters in Equation (23).

Model Characteristic Factor K1 Mean Density of Micrometeoroids æ¯ fi

6.0 2.5 g/cm2 0.71

Pit factor Kc Reflector density ρt γ

10 2.53 g/cm2 0.755

Impact velocity v ξ κ

20 km/s 1.13 −0.5
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The PST results obtained by assigning the above calculation results to the M1 and
maintaining the other mirrors in the ideal optical surface state are shown in Table 8.
According to the analysis results, the PST of the optical system is two orders of magnitude
lower than the required value, regardless of whether the service life is 4 or 10 years.
Therefore, it can be considered that the variation of the scattering level caused by the
damage of micrometeoroids can be ignored.
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Table 8. The changes of PST after the orbiting of the Taiji telescope.

Years of Service PST Years of Service PST

1 4.45 × 10−13 6 2.82 × 10−12

2 1.02 × 10−12 8 4.45 × 10−12

4 2.06 × 10−12 10 4.91 × 10−12

5. Conclusions

In this paper, the influence of backscattered light on the phase noise has been firstly
analyzed through theoretical derivation. The analysis results have shown that when the
point source transmittance (PST) of the optical system is less than 4× 10−10, the phase noise
generated by the backscattered light is less than 1 pm, which has met the requirements of
the Taiji telescope. Subsequently, we have carried out a detailed stray light analysis of the
Taiji Telescope, and have come to the following conclusions:

(1) In the optical system of the Taiji telescope, the third and fourth mirrors were the main
scattering sources, accounting for 31.02% and 67.22% of the total scattering energy,
respectively. The primary mirror contributed the least to the backscattering energy,
accounting for only 0.03%.

(2) The optimal combination of the surface roughness was obtained by analyzing the
backscattering caused by the surface roughness. The PST was 3.89 × 10−10 when the
surface roughness of M1, M2, M3, and M4 were 20 Å, 4 Å, 1 Å, and 1 Å, respectively.

(3) Through the analysis of the backscattering caused by particle contamination, it was
obtained that the cleanliness control level of the telescope was required to be better
than 300, and the PST of the optical system was 3.55 × 10−12 at this condition.

(4) Although the primary mirror of the Taiji telescope should be damaged by the impact
of micrometeoroids after entering orbit, the variation of the PST of the Taiji telescope
can be neglected because the contribution of the primary mirror to the scattered
energy was very small.

In general, the backscattering of the Taiji telescope has a significant impact on the
phase noise. The Taiji telescope is required to ensure good environmental cleanliness during
installation and storage. For the surface roughness, the M3 and M4 need to be strictly
limited. In the future study, we will ultra-smooth the optical surface and measure its BSDF,
and finally complete the analysis of scattered light of the Taiji telescope based on the actual
measurement data.
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