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Abstract: The telescopes for space-based gravitational wave detection are used to transmit the laser beam

between spacecraft to support the precise interference measurement system. Therefore, the optical path stability of

the telescope has become a crucial technical parameter. In this system, pupil aberrations provide deeper insights

compared to traditional image plane aberrations in understanding optical path stability requirements, evaluating

telescope imaging quality, and suppressing tilt-to-length coupling noise. Based on the theory of traditional imaging

aberration and pupil aberration theory, the initial structure of the telescope is established, and the automatic

correction of pupil aberration and image plane aberration is achieved through macro programming in the

commercial optical software Zemax, thus achieving the design of a high-performance spaceborne telescope.

Simulation results demonstrate that the design can meets the requirements of the TianQin mission.

Keywords: space gravitational wave detection; optical telescope design; wavefront error; optical length noise
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Fig. 5 Schematic diagram of paraxial ray tracing of the initial design
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Fig. 6 Optical layout of the TianQin telescope design
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Table 3 Fundamental parameters of final off-axial structures

I 42 /mm JEJE /mm [E3IE F % YifiL>/mm XIHAH (%) Rf/mm
i) -708.33 -320.02 -0.95 -180 - 230
W -75.09 382.38 -5.41 - - 55
=B -195.52 -19.17 16.33 0.09 -8.1 25
DU 49.017 - 18.27 -7.73 -5.5 9.1
A - - - - - -
K4 BT e BRAERE A
Table 4 Even-order aspheric coefficients of final off-axial structures

ExI) it 7B AR B

AlBE -1.31E-06 4.63E-10 -1.74E-13 3.73E-17

=X 5.34E-03 3.05E-03 -3.875E-03 -1.59E-03

P -5.68E-05 -5.64E-05 -4.019E-08 2.31E-10
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Table 5 Wavefront error in the form of Zernike Fringe series expansion
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Design theory and method of off-axis
four-mirror telescope for space-based
gravitational-wave mission

Fan Zichao', Tan Hao', Mo Yan', Wang Haibo', Zhao Lujial, Ji Huiru', Jiang Zhiyul,

Peng Ruyi*, Fu Liping*, Ma Donglin***
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Modeling of wavefront aberration and TTL coupling noise

Overview: The TianQin project is a planned space-based gravitational wave observatory in China, consisting of a
formation of three spacecraft, each equipped with two telescopes for laser beam transmission and reception. The
TianQin mission utilizes heterodyne interferometry to achieve precise distance measurements between test masses. The
optical telescopes transmit measurement beams between the spacecraft, forming the long arms of the heterodyne
interferometer. Due to the distinct objectives, the telescope system design for the space-based gravitational-wave
observatory have slightly different design criteria compared to ordinary telescopes. In addition to meeting the
requirements for diffraction-limited imaging quality, maintaining optical path stability is crucial. Wavefront aberrations
caused by the telescopes and angular misalignment due to field of view jitter introduce changes in the optical path signal,
inevitably generating tilt-to-length coupling noise. Relevant research indicates that the coordinate offset of the chief rays
on the pupil plane will cause the TTL noise to exceed the expected level in the interferometer measurement system.
While rarely mentioned in conventional optical systems, this system evidently provides a typical application for pupil
aberrations. Specifically, the pupil aberration is the preferred option for evaluating telescope aberrations, understanding
the requirements for optical path stability, and suppressing tilt-to-length coupling noise. Based on the theory of
traditional imaging aberration and pupil aberration theory, the initial structure of the telescope is established, and the
automatic correction of pupil aberration and image plane aberration is achieved through macro programming in the
commercial optical software Zemax, enabling the design of a high-performance spaceborne telescope. The design results
show that the pupil aberration of the system has been corrected, the RMS wavefront error of the scientific field of view is
less than 1/200. The maximum value of tilt-to-length coupling noise within a +300 prad field of view is 0.0144 nm/prad,
meeting the requirements of the Tianqin mission. The introduction of the concept of pupil aberrations has led to a rapid
convergence of TTL noise, clearly providing designers with a new perspective to address the original design issue.
Moreover, the pupil aberration evaluation metrics mentioned in this paper can offer an alternative optimization target
for other systems requiring pupil aberration correction. This could potentially evolve into a conventional tool in optical
design in the future. We believe that our design approach can provide valuable guidance for other space-based
gravitational wave detection projects and the design of similar optical systems for space telescopes.

Fan Z C, Tan H, Mo Y, et al. Design theory and method of off-axis four-mirror telescope for space-based gravitational-
wave mission[J]. Opto-Electron Eng, 2023, 50(11): 230194; DOI: 10.12086/0ee.2023.230194

Foundation item: Project supported by the National Natural Science Foundation of China (12274156), Technology and Innovation Commission of
Shenzhen Municipality (JCYJ20210324115812035), and Key Research Program of the Chinese Academy of Sciences (JCPYJJ-22007)

'School of Physics, Huazhong University of Science and Technology, Wuhan, Hubei 430074, China; *School of Optical and Electronic Information
and Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology, Wuhan, Hubei 430074, China; *Shenzhen
Huazhong University of Science and Technology, Shenzhen, Guangdong 518057, China; “The National Space Science Center (NSSC) of the
Chinese Academy of Sciences (CAS), Beijing 100190, China

* E-mail: madonglin@hust.edu.cn

230194-13


https://doi.org/10.12086/oee.2023.230194
mailto:madonglin@hust.edu.cn

	1 引　言
	2 望远镜设计规范与需求分析
	3 望远镜像差和TTL耦合噪声模型
	3.1 望远镜的远场相位
	3.2 望远镜像差与TTL耦合噪声
	3.3 光瞳像差理论

	4 望远镜光学系统设计
	4.1 望远镜初始结构设计
	4.2 光瞳像差评价
	4.3 离轴四反设计

	5 性能评价与分析
	6 结　论
	致　谢
	参考文献

