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Abstract: In space gravitational wave detection, the telescope is an important part of the space laser interfer-
ometry system. The wavefront error at the exit pupil of the telescope is coupled with the Tilt-To-Length
(TTL) noise, which becomes the main source of noise in space gravitational wave detection. Firstly, based on

the interference model between a flat-top beam and a Gaussian beam, the Fringe Zernike polynomial is used
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to characterize the wavefront error at the exit pupil of the telescope, and the LISA Pathfinder (LPF) signal is
used to analyze the coupling mechanism of the wavefront error at the exit pupil and the TTL noise. Secondly,
the Monte Carlo analysis method is used to study the influence of the proportion of low-order aberrations on
the TTL coupling noise under different numerical wavefront errors, and determine the low-order aberration
proportions which meets the requirements of TTL coupling noise control at the exit pupil in the design of the
telescope optical system under different numerical wavefront errors. Finally, based on the above theoretical
analysis results and the aberration control requirements, the optical design of the space gravitational wave de-
tection telescope is completed. The diameter of the entrance pupil of the telescope is 200 mm, and the RMS
value of the wavefront error at the exit pupil is 0.01908\. The proportion of low-order aberrations is not
higher than 50%. The analysis results show that the TTL coupling noise does not exceed 8.25 pm/urad when
the beam jitter is within +£300 prad. Through tolerance analysis, the maximum TTL coupling noise is determ-

ined to be 15.50 pm/purad, which meets the requirements of space gravitational wave detection.
Key words: telescope; space gravitational wave detection; wavefront error; tilt-to-length noise; optical design
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Tab.1 The fourteen Zernike aberrations consist of the first 25 terms of Fringe Zernike polynomials

i n, m j zj(p,6) Aberration Name
23 1£1 1 2pcos(8 -6 Tilt (TI)

4 2,0 2 V3(202-1) Defocus (DE)

5,6 2,42 3 V6p? cos(20 — pa) Primary astigmatism (PA)
7,8 341 4 \/§(3p2 - Zp) cos(6 —6pc) Primary coma (PC)

9 4,0 5 V5 (6p4 —6p% + 1) Primary spherical (PS)
10,11 3,43 6 V803 cos(36 — Bprr) Primary trefoil (PTR)
12,13 4,42 7 V10 (4p4 - 3p2) c0s(20 —6sa) Secondary astigmatism (SA)
14,15 51 8 \/ﬁ(IOp5 —120% + 3p) cos(6—6sc) Secondary coma (SC)

16 6,0 9 V7 (20,06 —30p*+12p2 - 1) Secondary spherical (SS)
17,18 4,44 10 V10p* cos(46 — OprE) Primary tetrafoil (PTE)
19,20 543 11 VI2(5p° —4p) cos(36 - bstr) Secondary trefoil (STR)
21,22 6,£2 12 V14 (] 500 —20p% + 6,02) c0s(20 — bta) Tertiary astigmatism (TA)
23,24 741 13 4(35p" - 600" +30p° — 3p) cos(20 - 1) Tertiary coma (TC)

25 8,0 14 3(70p® - 14006 +90p* - 20p% +1) Tertiary spherical (TS)
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Tab.2 Average value of TTL coupling noise and probability statistics for TTL coupling noise not exceeding

25 pm/prad under different proportions of low-order aberrations
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70% 13.84 99.32% 16.78 90.80% 21.16 67.80% 29.03 34.62% 45.28 10.78%
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Tab.3 Indicators of space telescope system
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Fig. 8 (a) Wavefront at the exit pupil of the telescope after optimization; (b) calculation results of TTL coupled noise
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Tab. 6 Amplitude and orientation of the wavefront at the exit pupil of the telescope based on Zernike polynomials

Mag/Ori AQDE Al;A /6pa AEC /Opc AIS)S A?R /6pTR A§A /0sa A§C /6sc
Value/(mm-rad™) 1.30 3.74/3.14 3.93/4.71 1.15 4.52/4.71 2.08/3.14 8.36/1.57
Mag/Ori Ag® AT /e ATTR /6sTR AT} 161a ATS /6rc AT -

Value/(mm-rad™) 5.85 9.04/1.57 9.69/4.71 7.64/3.14 4.03/1.57 0.93 -

x7 ERROENE

Tab.7 Tolerance allocation of the telescope

e ANFET FH OB =B B

{2 42 (mm) 0.1 0.02 0.1 0.1

Az ZWMEEREE 00005  0.001 - -
TAVKSBE (L) 1/100  1/100  1/200  1/200
X1l 5 #%(pum) - 15 20 20
YIS (um) - 15 20 20
e ZIa i (um) - 15 20 20
LEXHTERH") - 20 20 20
LEYRBTRL(") - 20 20 20
LEZEMTTRN(") - 40 60 60
20 -
15+
=
[+]
=
g 10+
=
5L
O L L J
0.018 0.019 0.020 0.021

Wavefront error/A
K9 SRrRIEA 20T TG BB 4R
Fig. 9 Statistical results of coupling coefficient with Monte

Carlo tolerance analysis
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