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Design and thermal stability analysis of primary
mirror assembly for space-borne gravitational
wave telescope

Fang Sijun, Li Bohong, He Bin, Wu Yuwei, Fan Lei"

MOE Key Laboratory of TianQin Mission, TianQin Research Center for Gravitational Physics & School of Physics and
Astronomy, Frontiers Science Center for TianQin, Gravitational Wave Research Center of CNSA, Sun Yat-sen University
(Zhuhai Campus), Zhuhai, Guangdong 519082, China

Abstract: In order to meet the application requirements of pimi-level stability and A/30 wavefront error in space
gravitational wave detection, an optical and mechanical integrated analysis and optimization method is proposed.
Firstly, the position analysis of the support points on the main mirror side and the topology optimization of the
support structure were carried out. Then, based on the flexibility matrix of parallel Bipod linkage support, the
evaluation function of each structure parameter is established, and the value range of flexible support size
parameters was preliminarily determined by Matlab analysis. Finally, an integrated optical and mechanical
simulation platform was built to further optimize the structure.The results show that the first-order frequency of the
system is 392.23 Hz, and the deformation of the primary mirror surface deformation under gravity and temperature

s HEA: 2023-06-30; f&EIHEA: 2023-10-09; FH HEA: 2023-10-10
HLWB.: ERE SRR (2021YFC2202202, 2021YFC2202204, 2022YFC2203801)
“BIE1EL: 14, fanlei6@mail.sysu.edu.cn.

WA ERH©2024 1 EFL A BB ARBTS T

2301571


mailto:fanlei6@mail.sysu.edu.cn
https://doi.org/10.12086/oee.2024.230157

DR, % O TR, 2024, 51(2): 230157

https://doi.org/10.12086/0ee.2024.230157

12

loads is better than A/60. Under thermal disturbances in a space environment of 10 uK/Hz™, the dimensional

stability of the primary mirror component is at a level of 10 pm/Hz ™.

12

Keywords: gravitational wave telescope; bipod linkage support; surface deformation; dimensional stability
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Fig. 1 Schematic diagram of the telescope system. (a) Telescope optical system; (b) Primary mirror assembly
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Table 1 Properties of primary mirror component materials
Matericals Zerodur 4J36 TC4
Density/(g-cm®) 253 8.90 4.44
Poisson ratio 0.24 0.25 0.34
Young's modulus /GPa 90.3 141 109
CTE/(10°*K™) 0.01 0.65 9.10
Thermal conductivity/(W-m™-K™") 1.31 13.7 6.8
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Fig. 2 Primary mirror lightweight model. (a) Support point layout; (b) Rib plate parameters; (c) Mirror thickness
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Table 2 The parameters of the lightweight primary mirror

Name Edge thickness Roof thickness Rib thickness Rib spacing

Parm hee hom ki L
Range/mm [6, 10] [7,9] [4,7] [54, 66]
Value/mm 8 8 5 60

A 4
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Fig. 4 Topology optimization results of the backplane. (a) Initial backplane; (b) Topological result; (c) Optimized backplane
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Fig. 7 Schematic diagram of a single Bipod flexible support
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Table 3 The parameters of the lightweight primary mirror

Parm A I, I A t, t, w, w,
Range/mm [6, 10] [5, 14] [5, 14] [1, 4] [1, 3] [0.5, 2] [8, 14] [8, 14]
Value/mm 8 9 6 2 2 1 10 10

R4 EERAMEEE AT

Table 4 Modal analysis of primary mirror components

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
Frequency/Hz 392.43 394.83 722.33 770.50 927.36 994.01
E 1.61-03 1.03-02 n 1.03—02I
1.50-03 9.61-03 9.61-03
1.39-03 8.93-03 8.93-03

1.29-03
1.18-03
1.07-03
9.65-04
8.58-04

8.24-03 8.24-03
7.55-03 7.55-03
6.87-03 6.87-03
6.18-03 6.18-03

5.49-03 5.49-03

7.51-04
6.43-04
5.36-04
4.29-04
3.22-04
2.14-04
1.07-04

default_fringe:
Mac 1.61-03@Nd3608
Min 0. @Nd 76753

4.81-03
4.12-03
3.43-03
2.75-03
2.06-03
1.37-03
6.87-04
0

default_fringe:
Mac 1.03-02@Nd95886
Min 0. @Nd 76753

4.81-03
4.12-03
3.43-03
2.75-03
2.06-03
1.37-03
6.87-04
0

default_fringe:
Mac 1.03-02@Nd95886
Min 0. @Nd 76753

B 10 ZHaAMgMmER., (@) ARAEER,; (b)) ZATR; () BEILR; (d) HAmIi
Fig. 10 The structure of the primary mirror assembly is deformed. (a) Finite element model;
(b) Gravity condition; (c) Temperature condition; (d) Superposition condition
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Table 5 Primary mirror component analysis results

> TY Tz RX RY RMS

Requirement <5 pum <5 um <5 pum <2.5 prad <2.5 prad 15 nm
G -4.91 nm -1.59 um -2.404 nm -36.3 nrad 6.64 nrad 5.47 nm
T —0.423 nm -1.84 nm -0.714 ym -83.8 nrad 21.9 nrad 3.63 nm
G+T -5.34 nm -1.60 um -0.717 ym -0.120 prad 28.6 nrad 3.61 nm
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Design and thermal stability analysis of primary
mirror assembly for space-borne gravitational
wave telescope

Fang Sijun, Li Bohong, He Bin, Wu Yuwei, Fan Lei"

Schematic diagram of primary mirror’s flexible support

Overview: Space gravitational wave detection missions typically consist of three identical satellites, with two laser links
between the satellites at an angle of sixty degrees forming a Michelson interferometer. The arm length changes are
measured using high-precision inter-satellite laser interferometry. As a key component of the inter-satellite laser
interferometry system, the telescope system needs to have picometer-level optical path stability, a wavefront error of
A/30, and stray light less than 10" of the transmitted power. To meet the requirements of space gravitational wave
detection for the telescope system, an optical and mechanical integrated analysis and optimization method is proposed
to design and optimize the primary mirror and its supporting structure. The off-axis parabolic primary mirror adopts
the side three-point support method, and the influence of the support point position on the mirror surface shape and the
rigid body displacement under gravity conditions has been studied. Optimization of the size of the triangular
lightweighting holes on the primary mirror has been performed, and density-based topology optimization has been used
to optimize the support backplate while ensuring that the first-order mode of the primary mirror component remains
essentially unchanged. The flexural matrix of the primary mirror component supported by a parallel bipod linkage
structure was derived based on spinor theory, and an evaluation function for the support structure was established. The
size parameter range of flexible support was preliminarily determined by Matlab analysis. A optical-mechanical
integrated simulation platform is set up to optimize the parameters of the support structure using a weighted sum
method to convert the multi-objective optimization problem into a single-objective optimization problem. The results
showed that the first-order frequency of the primary mirror component system was 392.43 Hz. Under gravity and
temperature loads, the deformation of the primary mirror surface was better than 1/60, the translational rigid body
displacement was better than 2.5 um, and the rotational rigid body displacement was better than 0.5 prad, all of which
met the design specifications. Under space thermal disturbance of 10 uK/Hz'?, the size stability of the primary mirror

component, represented by the displacement of the central point of the mirror, was at a level of 10 pm/Hz"”.

Fang S J, Li B H, He B, et al. Design and thermal stability analysis of primary mirror assembly for space-borne
gravitational wave telescope[J]. Opto-Electron Eng, 2024, 51(2): 230157; DOI: 10.12086/0ee.2024.230157
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