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ABSTRACT. In the Taiji Program, the space gravitational wave (GW) telescope is an important
component of the space laser interferometer, which is used to receive and transmit
laser signals, and has strict requirements in terms of light intensity signals and tilt-to-
length (TTL) noise. Therefore, the telescope has a particular design; it should have a
large aperture to meet the demand for light intensity signals, and the TTL coupling
noise should be suppressed in the design process. Based on the primary aberration
theory, the solution of the four-mirror off-axis initial structure is described. According
to the interference model of flat-topped and Gaussian beams, the coupling coeffi-
cient of wavefront error and TTL noise at the exit pupil of the telescope are analyti-
cally calculated using the average phase signal. The optimization method and
design flow are established, considering the special requirements of the space
GW telescope. The results indicate that the diameter of the telescope entrance pupil
is 400 mm, and the system magnification is 80×. The root mean square (RMS) value
of wavefront errors is better than 0.00504 λ (λ ¼ 1064 nm) within �8 μrad of the
scientific field of view, and the coupling coefficient is not more than 1.7 pm∕μrad
within �600 μrad of jitter angle. The tolerance analysis of the design results shows
that the RMS value and coupling coefficient meet the requirements of space GW
detection. Therefore, the proposed design is a good candidate for the Taiji Program.
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1 Introduction
Many gravitational wave (GW) sources in the universe are distributed in the frequency band 10−4

to 1 Hz; for example, double dense star systems and super- and medium-mass ratio double black
hole rotation systems, which contain information on the early structure and evolution of the
universe.1

To eliminate the limitation of the earth’s curvature and the influence of gravitational gradient
noise in the acquisition of the GW information in the frequency band 10−4 to 1 Hz, the space GW
detection plan was proposed. This plan includes the laser interferometer space antenna (LISA),
the Taiji project, and the Tianqin project.2–5 All three comprise three spacecrafts each and are
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equilateral triangular space laser interferometric observatories with an interference arm length in
the range of millions of kilometers. The telescope is a subsystem of the space laser interferom-
eter, which is used to receive and transmit laser signals between two satellites separated by a
distance of up to three million kilometers, measuring the optical path change between the local
optical platform and that of the remote spacecraft; its optical path stability should satisfy the
requirement of 1 pm∕

p
Hz.1,6,7

As the spacecraft is easily disturbed by non-conservative forces in space, the beam received
by the telescope is jittered. The wavefront error at the exit pupil of the system is coupled with tilt-
to-length (TTL) noise, which is the main source of noise in the detection system after shot noise.
According to existing literature, the LISA path finder (LPF) and average phase (AP) signals are
two analytical methods used for calculating the coupling of wavefront error and TTL noise.8

Compared to the LPF signal, the AP signal can reduce the coupling of TTL noise and wavefront
error to a greater extent, thereby reducing the requirement for the wavefront error. In practical
situations, several factors such as the imaging system, diaphragm position, and wave aberration
at the exit pupil of the telescope affect TTL coupling noise. Although, it is difficult to quanti-
tatively analyze the contribution of a single factor to TTL coupling noise, the noise source can be
suppressed. Thus far,8–13 Zhao presented a comprehensive theoretical analysis of the influence of
telescope aberration on TTL coupling noise, proposed that the coupling coefficient should be
suppressed at�25 pm∕μrad, analyzed the contribution of TTL coupling noise of the prototype of
the Taiji project telescope principle, and determined whether the final optical path stability has
exceeded 3 pm∕

p
Hz.14

Based on the current disclosed research related to GW telescopes,11,15–18 Livas and Fan
designed an off-axis four-mirror telescope with a magnification of 40× and an entrance pupil
diameter of 200 and 220 mm, respectively. The LISA Consortium proposed a design index of
300 mm telescope. Chwalla developed a 350 mm telescope simulator to measure the TTL cou-
pling noise. According to the Taiji project plan issued by the Chinese Academy of Sciences
and the yellow book on the LISA plan issued by the European Space Agency and National
Aeronautics and Space Administration (NASA),3,7 the aperture of the space GW telescope, mag-
nification, and scientific field of view were 400 mm, 80×, and �8 μrad, respectively. This is
because the laser intensity between the two satellites becomes very weak after three million kilo-
meters of transmission, significantly impacting the phase extraction of the interference signal.
Therefore, a telescope with a larger aperture is required to receive the laser signal to satisfy the
light intensity requirements for the measuring beam. The aperture of the telescope has thus
increased from 200 to 400 mm, making it more difficult to control the primary spherical and
coma aberrations of the system. Moreover, strict requirements for wavefront error and optical
path stability should be satisfied, thereby making the design process more challenging.

In a previous work, we studied the principal prototype of the 200-mm-aperture space GW
telescope.14–18 In the current Taiji project mission, we have developed a 400-mm-aperture tele-
scope to detect GWs in the frequency band 10−4 to 1 Hz. In this study, according to the Taiji
telescope requirements and based on the primary aberration theory, we have established a coaxial
four-mirror initial structure with an aperture of 400 mm, which eliminates the central occlusion
through the off-axis aperture. As the coupling of telescope wavefront error and TTL noise sig-
nificantly affects the stability of interferometric precision measurement, we analyze the coupling
coefficient between them through AP signals and establish an optimization strategy and design
process for the control requirements of the Taiji telescope in terms of wavefront error and cou-
pling coefficient. Finally, we examine the tolerance of the telescope to ensure that its wavefront
error and coupling coefficient can meet the manufacturing requirements within the reasonable
tolerance range. Subsequently, the final design results are obtained.

2 Initial Structural Design of the Telescope

2.1 Design Specifications
In the Taiji project, the telescope plays an important role in the precision measurement of space
laser interference. Unlike traditional imaging telescopes, it is mainly used for receiving and
transmitting laser signals. Therefore, it not only needs excellent wavefront quality to maximize
the energy transmission efficiency but also must meet the noise control requirements of GW

Yu et al.: Optical system design of large-aperture space gravitational wave telescope

Optical Engineering 065107-2 June 2023 • Vol. 62(6)



measurement. The key parameters and indicators of the telescope are listed in Table 1. The diam-
eter of the entrance pupil of the telescope was set to 400 mm to improve the light intensity signal
of the space laser interferometer.3,7 Because the transmission efficiency of laser beam energy is
proportional to the square of Strehl ratio, the Strehl ratio to meet the diffraction limit is required to
be 0.8, and the corresponding wavefront error control requirement is 0.05 λ (λ ¼ 1064 nm).
Therefore, the wavefront error of Taiji telescope should be <0.05 λ to achieve higher energy
transmission efficiency.1 More importantly, to analyze the complete GW signal, the coupling coef-
ficient between wavefront error and TTL noise should be suppressed within �25 pm∕μrad.8–13

2.2 Initial Structural Design
Spherical aberration, coma aberration, astigmatism, field curvature, and distortion are common
aberrations in reflective optical systems. The wave aberration of the optical system can be
expressed using Seidel coefficients as follows:

EQ-TARGET;temp:intralink-;e001;117;418Wðρ; θ; yÞ ¼ 1

8
SIρ4 þ

1

2
SIIρ3y cos θ þ 1

2
SIIIρ2y2 cos2 θ þ

1

4
ðSIII þ SIVÞρ2y2 þ

1

2
SVρy3 cos θ:

(1)

Here, ðρ; θÞ are the polar coordinates and y is the field factor. SI, SII, SIII, SIV, and SV are the
primary Seidel aberration coefficients, corresponding to spherical aberration, coma aberration,
astigmatism, field curvature, and distortion, respectively. The spherical aberration is proportional
to the fourth power of the aperture ρ of the telescope, the coma aberration is proportional to the
cubic and field factor y of aperture ρ, and the astigmatism and field curvature are proportional to
the quadratic and field factor y of aperture ρ. When the scientific field of view is maintained
constant and the aperture of the system is increased from 200 to 400 mm, the aperture increases
twice, and the primary spherical and coma aberrations worsen by 16 and 8 times, respectively.

The telescope of the Taiji project is designed with an off-axis aperture such that the back-
ward stray light of the coaxial four-mirror telescope is directly transmitted to the detector, thereby
having a more significant impact on the interference signal.19,20 In addition, the system has an off-
axis four-mirror unfocused optical path structure of the middle image plane, which is divided into
objective lens and eyepiece. The primary mirror (PM) and secondary mirror (SM) constitute the
objective lens of the telescopic system, whereas the tertiary mirror (TM) and quaternary mirror
(QM) constitute the eyepiece. The first image plane is located between the SM and TM.
Therefore, we first adopted the initial structure of the classic Cassegrain telescope, as shown
in Fig. 1, and then design it with an off-axis aperture. In Fig. 1, PM, SM, TM, and QM denote
the four mirrors; di denotes the distance between the mirrors; Ri is the radius of curvature of the
mirrors; li and l 0i are the object and image distances of the corresponding mirrors, respectively.

After deduction, the initial structural parameters of the telescope optical system can be
expressed as

EQ-TARGET;temp:intralink-;e002;117;118

8><
>:

R2 ¼ R1α1β1
1þβ1

R3 ¼ R1α1α2β1β2
1þβ2

R4 ¼ R1α1α2α3β1β2

; (2)

Table 1 Optical system index of the space GW telescope.

Style name Brief description

Aperture (mm) 400

Wavelength (nm) 1064

Scientific field of view (μrad) ±8

Magnification 80×

System wave aberration ≤0.05 λ @ 1064 nm

Coupling coefficient (pm · μrad−1) ≤25
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EQ-TARGET;temp:intralink-;e003;114;516

8><
>:

d1 ¼ R1ð1−α1Þ
2

d2 ¼ R1α1β1ð1−α2Þ
2

d3 ¼ R1α1α2β1β2ð1−α3Þ
2

; (3)

where α1 is the occlusion ratio of SM to PM, α2 is the occlusion ratio of TM to SM, and α3 is the
occlusion ratio of QM to TM. β1 is the magnification of SM, and β2 is the magnification of TM.
These can be expressed as

EQ-TARGET;temp:intralink-;e004;114;439

8>>><
>>>:

α1 ¼ l2
f1
≈ h2

h1

α2 ¼ l3
l 0
2

≈ h3
h2

α3 ¼ l4
l 0
3

≈ h4
h3

; (4)

EQ-TARGET;temp:intralink-;e005;114;361

8<
:

β1 ¼ l 0
2

l2
¼ u2

u 0
2

β2 ¼ l 0
3

l3
≈ u3

u 0
3

: (5)

According to Eqs. (2)–(5), the structural parameters di and Ri of the optical system are
determined using αi and βi. The aperture of the Taiji telescope is in the PM, and for the defocused
system, the object distance of the PM is l1 ¼ ∞, and the object square aperture angle is u1 ¼ 0.
The effective aperture of the SM is D1 ≈ 40 mm; therefore, the off-axis of the PM is set to
250 mm, and its size is D1 ¼ 900 mm. The QM image distance is l4 ¼ ∞, and the image square
aperture angle is u4 ¼ 0. The power of the system is mainly borne by the PM and SM.
Considering the limitation of the system length and PM sensitivity, the F number of the
PM is set to approximately 1.8; therefore, the radius of curvature of the PM is set to
R1 ¼ 1500 mm. After solution optimization and determination, the initial structural parameters
of the telescope obtained are listed in Table 2.

Fig. 1 Initial structure of the optical system.

Table 2 Structural parameters of the optical system.

Structural parameters Value

α1 0.07143

α2 −0.09714

α3 1.80147

β1 −14

β2 −1.25104
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3 Analytical Calculations of TTL Coupling Noise
In the space environment, the spacecraft attitude inevitably jitters due to non-conservative forces,
such as solar wind and solar radiation. This jitter can cause the transmission direction of the beam
to shake when the telescope receives or emits the beam, resulting in the path length signal of the
beam being measured for a longer distance. The noise formed by the coupling between beam
jitter and path length is collectively referred to as TTL noise,21 as shown in Fig. 2. Among them,
d is the optical path from the reference beam to the center of the detector, h is the height of the
measuring beam on the detector, and α measures the inclination angle of the beam. When the
reference beam hits the center of the detector vertically, the measuring beam strikes the detector
at an inclined angle. Therefore, the measurement beam takes an extra ΔS path relative to the
reference beam, and this additional path due to tilt is coupled into the final measurement path
signal.

In this section, we use AP signal analysis to calculate the coupling coefficient of the wave-
front error and jitter optical path noise at the exit pupil of the telescope to judge whether the
design results satisfy the requirements of the indicators. The space laser interferometer receives
the measurement beam sent by the remote spacecraft through the telescope, and after propaga-
tion, it interferes with the local Gaussian beam on the quadrant photodiode (QPD). The corre-
sponding phase information is calculated by extracting the complex amplitude of the interference
signal in each quadrant. Finally, the final phase information of the entire interferometry system is
obtained by considering the AP of the four quadrants. As shown in Fig. 3, to facilitate the ana-
lytical calculation, we assume that the centers of the flat top beam Eflat and Gaussian beam EGauss

are coincident with the center of the QPD. Considering the phase calculation of the first quadrant
as an example, the complex amplitude A and phase ϕA can be expressed as follows:

EQ-TARGET;temp:intralink-;e006;117;302A ¼
Z
SA

EflatE�
Gaussdr

2 ¼
Z

1

0

ρe−ρ
2∕ω2

r

�Z π
2

0

eikWðρ;θÞdθ
�
dρ; (6)

EQ-TARGET;temp:intralink-;e007;117;253φA ¼ argðAÞ; (7)

Fig. 2 Schematic diagram of TTL noise.

Fig. 3 Schematic of the interference beam on the four-quadrant detector.

Yu et al.: Optical system design of large-aperture space gravitational wave telescope

Optical Engineering 065107-5 June 2023 • Vol. 62(6)



where ðρ; θÞ are the polar coordinates on the detector, ωðzÞ is the spot size on the detector, and
Wðρ; θÞ is the total wavefront error of the system.

As Zernike polynomials are orthogonal in the circular domain and correspond to Seidel
aberrations, they are often used as the orthogonal basis for wavefront reconstruction. Therefore,
the total wavefront error of the system is represented by the first 25 Fringe Zernike polynomials
as follows:

EQ-TARGET;temp:intralink-;e008;114;664Wðρ; θÞ ¼
X25
i¼1

aiZiðρ; θÞ; (8)

EQ-TARGET;temp:intralink-;e009;114;610Ziðρ; θÞ ¼

8>><
>>:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðnþ 1Þp

Rm
n ðρÞ cosðmθÞ i is even and m ≠ 0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ðnþ 1Þp
Rm
n ðρÞ sinðmθÞ i is odd and m ≠ 0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðnþ 1Þp

Rm
n m ¼ 0

; (9)

EQ-TARGET;temp:intralink-;e010;114;555Rm
n ðρÞ ¼

Xn−m
s¼0

ð−1Þsðn − sÞ!
s!
�
nþm−s

2

�
!
�
n−m−s

2

�
!
; (10)

where Rm
n ðρÞ is the radial polynomial; s, n, and m are integers where n −m ≥ 0; and ρ ¼ r∕R is

the normalized radial coordinate. To simplify the following analytical calculation, the cosine and
sine terms of the same aberration are combined

EQ-TARGET;temp:intralink-;e011;114;496aiZi cosðθÞ þ aiþ1Ziþ1 sinðθÞ ¼ Aaber
j Zj cosðθ − θTiÞ; (11)

EQ-TARGET;temp:intralink-;e012;114;458Aaber
j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2i þ a2iþ1

q
; θaber ¼ tan−1

�
aiþ1

ai

�
; (12)

where Aaber
j and θaber are the amplitude and direction angle of the combined aberration, respec-

tively. The corresponding expressions and aberrations are given in Table 3, where ATI
1 can be

replaced by the pointing jittery angle α. Therefore, Eq. (8) can be further expressed as

EQ-TARGET;temp:intralink-;e013;114;399Wðρ; θÞ ¼ 2αρ cosðθ − θTIÞ þ
X14
j¼2

Aaber
j Zjðρ; θÞ: (13)

Table 3 Aberrations after merging the first 25 Fringe Zernike polynomials.

Aaber
j Z j ðρ; θÞ Aberration name

ATI
1 2ρ cosðθ − θTIÞ Tilt (TI)

ADE
2

ffiffiffi
3

p ð2ρ2 − 1Þ Defocus (DE)

APA
3

ffiffiffi
6

p
ρ2 cosð2θ − θPAÞ Primary astigmatism (PA)

APC
4

ffiffiffi
8

p ð3ρ3 − 2ρÞ cosðθ − θPCÞ Primary coma (PC)

APS
5

ffiffiffi
5

p ð6ρ4 − 6ρ2 þ 1Þ Primary spherical (PS)

APTR
6

ffiffiffi
8

p
ρ3 cosð3θ − θPTRÞ Primary trefoil (PTR)

ASA
7

ffiffiffiffiffiffi
10

p ð4ρ4 − 3ρ2Þ cosð2θ − θSAÞ Secondary astigmatism (SA)

ASC
8

ffiffiffiffiffiffi
12

p ð10ρ5 − 12ρ3 þ 3ρÞ cosðθ − θSCÞ Secondary coma (SC)

ASS
9

ffiffiffi
7

p ð20ρ6 − 30ρ4 þ 12ρ2 − 1Þ Secondary spherical (SS)

APTE
10

ffiffiffiffiffiffi
10

p
ρ4 cosð4θ − θPTEÞ Primary tetrafoil (PTE)

ASTR
11

ffiffiffiffiffiffi
12

p ð5ρ5 − 4ρ3Þ cosð3θ − θSTRÞ Secondary trefoil (STR)

ATA
12

ffiffiffiffiffiffi
14

p ð15ρ6 − 20ρ4 þ 6ρ2Þ cosð2θ − θTAÞ Tertiary astigmatism (TA)

ATC
13 4ð35ρ7 − 60ρ5 þ 30ρ3 − 4ρÞ cosðθ Tertiary coma (TC)

ATS
14 3ð70ρ8 − 140ρ6 þ 90ρ4 − 20ρ2 þ 1Þ Tertiary spherical (TS)
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The phase calculation method of the other three quadrants is the same as that of the
first quadrant. Therefore, the AP signal obtained in the QPD analytic calculation can be
expressed as

EQ-TARGET;temp:intralink-;e014;117;700φAP ¼ argðAÞ þ argðBÞ þ argðCÞ þ argðDÞ
4

¼ φA þ φB þ φC þ φD

4
: (14)

In the analysis, the items unrelated to α and higher than the second order are ignored.
Therefore, the optical path error (OPE) of the system is the ratio ðφAP∕kÞ of φAP and wavenum-
ber k, which is analytically obtained using Eq. (14)

EQ-TARGET;temp:intralink-;e015;117;625OPE ¼ F1 × αþ F2 × α2; (15)

EQ-TARGET;temp:intralink-;e016;117;587F1 ¼ v1 ×M1 × vT2 ; (16)

EQ-TARGET;temp:intralink-;e017;117;563F1 ¼ v1 ×M1 × vT2 ; (17)

EQ-TARGET;temp:intralink-;e018;117;544v1 ¼ ½APC
4 ; ASC

8 ; ATC
13 ; A

PTR
6 ; ASTR

11 �; (18)

EQ-TARGET;temp:intralink-;e019;117;519v2 ¼ ½ADE
2 ; APS

5 ; ASS
9 ; ATS

14 ; A
PA
3 ; ASA

7 ; ATA
12 ; A

PTE
10 �; (19)

where M1 and M2 are coefficient matrices, in which the specific expression is shown in the
Mathematica code (Code 1 in the supplementary material22). The coupling coefficient δ between
TTL noise and wavefront error is calculated by deriving α using Eq. (15) as

EQ-TARGET;temp:intralink-;e020;117;472δ ¼ F1 þ 2F2 × α; (20)

4 Design and Optimization
The performance of the Taiji telescope is different from that of traditional imaging telescope
systems. Therefore, it is necessary to analyze the wavefront error W and coupling coefficient
δ simultaneously. In addition, within the scientific field of view, the wavefront error and coupling
coefficient should not be significantly affected by the change of the field of view.

The current optical design software only provides the default evaluation function to control
the root mean square (RMS) value of the wavefront error and cannot directly optimize the cou-
pling coefficient δ. Therefore, it is necessary to optimize both the wavefront errorW and coupling
coefficient δ via the self-compiled optimization function. As the ZEMAX optical design software
can extract Fringe Zernike polynomial coefficients, which can enable the determination of opti-
mization functions to optimize coupling coefficients, ZEMAX is used to optimize the design.
First, we extracted the coefficients of 25 Fringe Zernike polynomials using ZERN operands.
According to Eqs. (11) and (12), we combined similar terms of the polynomials into 14 terms
through the relevant operands and obtained the coefficients of these terms. In addition, as the
Fringe Zernike polynomial coefficients proposed in ZEMAX contain constant terms, it is nec-
essary to divide the constant term to obtain the accurate amplitude Aaber

j . Subsequently, we cal-
culated the specific values of the coefficient matrices, M1 and M2, with a program using the
software Mathematica. We then calculated the coupling coefficient using Eq. (20), and sup-
pressed it to �25 pm∕μrad. Simultaneously, we can use the amplitude Aaber

j to calculate and
control the wavefront error of the system using Eq. (5). Therefore, we could control the wavefront
error and coupling coefficient simultaneously by applying the aforementioned methods.23

According to the special design requirements of the Taiji telescope, we have established the
design flowchart for optimization, as shown in Fig. 4.

The initial structure parameters of the telescope, calculated in Sec. 2, were combined with
the dual control optimization function of wavefront error and coupling coefficient established in
this section, and the progressive optimization strategy was adopted to carry out the optimization
design. As the aperture of the PM is large, considering the influence of manufacturing errors,
it is set as a paraboloid, that is, the conic coefficient is set to −1. The SM is set to be an even
degree aspherical surface, and the number of high-order items gradually increases during the
optimization process, with the highest item being the 10th. The TM and QM are set as spheres,
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and they are tilted at a certain angle along the x-direction to ensure that the telescope has a real
exit pupil, which is convenient for the overall layout of the interferometer. The structure of
the finally designed optical system is shown in Fig. 5, the design parameters of each mirror
of the telescope are shown in Table 4, and the high-order coefficient of the SM is shown in
Table 5.

Fig. 4 Flowchart of the design and optimization of the Taiji telescope.

Fig. 5 Optimized telescope system structure.

Table 4 Optimized design parameters of the telescope optical system.

Mirror Radius (mm) Distance (mm) Conic

PM −1598.638 −750 −1

SM −105.482 820 −1.28214

TM −987.908 −100 —

QM 352.881 150 —

Yu et al.: Optical system design of large-aperture space gravitational wave telescope

Optical Engineering 065107-8 June 2023 • Vol. 62(6)



5 Design Results and Tolerance Analysis

5.1 Analysis of Design Results
We analyzed the wavefront error and coupling coefficient according to the design results pre-
sented in Sec. 4. Figure 6(a) shows the wavefront error at the exit pupil on the telescope axis. The
RMS value of the wavefront error is 0.00504 λ, and the peak-valley (P-V) is 0.03616 λ. The RMS
value and P-Vof each field point are listed in Table 6. The maximum error of the RMS value in
the full field of view is 0.00001 λ, and the P-V error is 0.0015 λ; thus, they are consistent within
the scientific field of view. In this study, we analyzed the wavefront at the axial field of view. The
magnitude (Mag) and orientation (Ori) fitted by the Fringe Zernike polynomials are listed in
Table 7. The wavefront aberration of the system is mainly primary trefoil (PTR) aberration.
The coupling coefficient calculated according to Eq. (20) is shown in Fig. 5(b), and the maximum
value of the coupling coefficient does not exceed 1.7 pm∕μrad within�600 μrad, which is lower
than the index requirement of 25 pm∕μrad. Therefore, the detection requirements of the Taiji
project were satisfied.

5.2 Tolerance Analysis
To further determine whether the design results can satisfy the requirements of the wavefront
error and coupling coefficient change in manufacturing links, such as processing and assembly,

Table 5 Higher-order coefficients of even-order aspheric surfaces of the secondary mirror.

Number of items 4th 6th 8th 10th

Coefficient 3.589 × 10−13 −4.123 × 10−15 −4.927 × 10−16 2.358 × 10−22

Fig. 6 (a) Wavefront at the exit pupil of the telescope after optimization. (b) TTL coupled noise
calculation results.

Table 6 Wavefront error at the exit pupil of each field of view.

Field (μrad) RMS (λ ¼ 1064 nm) P-V (λ ¼ 1064 nm) δ (pm∕μrad)

(0, 0) 0.00504 λ 0.03616 λ 1.6857

(5.6, 0) 0.00504 λ 0.03606 λ 1.6555

(8.0, 0) 0.00504 λ 0.03606 λ 1.6432

(0, 5.6) 0.00503 λ 0.03602 λ 1.6992

(0, 8.0) 0.00503 λ 0.03601 λ 1.7102

(5.6, 5.6) 0.00503 λ 0.03602 λ 1.6628

(8.0, 8.0) 0.00503 λ 0.03601 λ 1.6556

(0, 0) 0.00504 λ 0.03616 λ 1.6857
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tolerance analysis is required for the telescope. In the analysis of the machining tolerance of the
telescope optical system, the radius of the mirror, surface error, and conic coefficients of the PM
and SM are mainly considered. When the PM is used as the installation and adjustment bench-
mark, the SM, TM, and QM each have six degrees of freedom, which are the rigid body dis-
placement and tilt in the x-, y-, and z-direction. The specific tolerance distribution of processing,
assembly, and adjustment considered in this study is listed in Table 8. To judge whether the
tolerance analysis results satisfied the Taiji mission requirements, the wavefront error and
Fringe Zernike polynomial amplitude of 500 tolerance analysis files were extracted, and the
change of coupling coefficient was calculated and analyzed using Eq. (20). The analysis result
corresponding to the tolerance file is shown in Fig. 7, and the wavefront error with 99.8% cumu-
lative probability is <0.05 λ. The cumulative probability of 99.4% of the coupling coefficient is
within �25 pm∕μrad, and the average value is 9.8 pm∕μrad. Therefore, the wavefront error and
coupling coefficient satisfied the requirements under typical tolerance conditions, and therefore,
the design results were realizable.

Table 7 Amplitude and orientation of the wavefront at the exit pupil of a telescope based on
Zernike polynomials.

Mag/Ori ADE
2 APA

3 ∕θPA APC
4 ∕θPC APS

5 APTR
6 ∕θPTR ASA

7 ∕θSA ASC
8 ∕θSC

nm/rad 0.4964 0.0508/0 0.1610/1.57 0.9764 4.7956/1.57 1.5834/0 0.2589/3.14

Mag/Ori ASS
9 APTE

10 ∕θPTE ASTR
11 ∕θSTR ATA

12 ∕θTA ATC
13 ∕θTC ATS

14 —

nm/rad 0.2337 0.2337 1.0437/0 0.1235/3.14 0.3239/0 0.2405/3.14 —

Table 8 Tolerance distribution results with coupling coefficient as the control requirement.

Type Manufacturing error PM SM TM QM

Radius ΔR∕mm 0.3 0.1 1.4 1.4

Conic Δk 0.0001 0.0004 — —

Surface RMSðλÞ 1/60 1/60 1/100 1/100

Decenter Δdx∕μm — 10 20 20

Δdy∕μm — 10 20 20

Distance between mirrors Δdz∕μm — 10 20 20

Tilt ΔTx∕ 00 — 20 40 40

ΔTy∕ 00 — 20 40 40

ΔTz∕ 00 — 20 40 40

Fig. 7 Tolerance analysis results of the (a) wavefront error and (b) coupling coefficient.
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6 Conclusion
The optical system of the Taiji telescope has a particular design. The wavefront error not only
should meet the requirements of the diffraction limit but also suppress the coefficient of TTL
noise coupling to �25 pm∕μrad. In this study, we designed a high-performance telescope with
low wavefront error and coupling coefficient for the Taiji Program of space GW detection. In the
design process, we established the initial structure based on the aberration theory and according
to the design indicators and requirements of the telescope in the Taiji project. Furthermore,
we optimized the initial structure using the established optimization method and design process.
Finally, we completed the design of a 400-mm-aperture space GW telescope. In addition,
we analyzed the wavefront error, coupling coefficient, and tolerance of the design results. The
analysis results revealed that the proposed design has good performance. The RMS value of the
full-field wavefront error is better than 0.005 λ and the coupling coefficient is not more than
1.7 pm∕μrad, thereby satisfying the requirements of the Taiji telescope. From the tolerance
analysis, the wavefront error with 99.8% cumulative probability is <0.05 λ. The coupling coef-
ficient with 99.4% cumulative probability is within�25 pm∕μrad, thereby satisfying the require-
ments of space GW detection.
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