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Table 1 Noise index allocation and requirement for measurement scheme of telescope optical path length stability

Noise index allocation /

Requirement (L=3 m, F=200, D,=15 V/MHz,

Noise source Noise (pm/Hz"*@1 100 mHz) D,—1.4V/nm) Remark
Absolute laser 0.01 Absolute laser frequency change .
Measure variable frequency change ' <2.82 GHz Effect of
change Free spectral range e
ree spectral rang 0.10 Free spectral range change<<5 MHz variable
change
Ultra-stable laser Laser fre.zquency 0.10 Laser frequency noise<<10 Hz/Hz'"”
L1 noise
Laser L2 Laser intensity noise 0.01 Laser relative intensity noise (RIN)<<—101 dB/Hz
Beat frequency Frequency noise 0.01 Background noise<<1 Hz/Hz"*
measurement
. . . . . . . External
Electro-optical Residual amplitude Voltage noise of residual amplitude modulation<< .
. 0.40 /2 noise
phase modulator modulation 0.56 mV/Hz
Photodetector Electronic noise 0.13 Voltage noise<<0.168 mV/Hz"*
Feedback loops Electronic noise 0.13 Voltage noise<<0.168 mV /Hz"*
Data acquisition Electronic noise 0.01 Voltage noise<<0.014 mV /Hz"*
system
Effect of 078 Temperature stability<<26 pK/Hz"*(coefficient of
temperature ' thermal expansion 10 K™")
. . S R < . 1/2
Effect of vibration 0.20 Vlbr.atlon. stab1hty§'6 .67 pg_x/P_Ilz
Telescope (Vibrational sensitivity 10°g™) Internal
resonant cavity Effect of pressure 0.10 Pressure stability<<1.1>X10 " Pa/Hz"* noise
Effect of gravity 0.20 Gravity causes changcs in optical rangzc inside
telescope cavity<<0.2 pm/Hz
Structural 0.30 Structural misalignment causes changes in optical
misalignment h range inside telescope cavity<<0.3 pm/Hz'""”
Total noise of measurement system ~1.00 - -
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Fig. 3 Experimental setup for measurement system. (a) Ultra-stable laser; (b) electronic part; (c) optical part
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Design and Analysis of a Telescope Optical Path Length Stability
Measurement Scheme

Hai Hongwen, Sun Qicheng, Zhao Kai, Zou Rurui, Yan Yong
MOE Key Laboratory of TianQin Mission, Frontiers Science Center for Tian@Qin, Gravitational Wave Research
Center of CNSA, TianQin Research Center for Gravitational Physics & School of Physics and Astronomy, Sun Yat-
Sen University (Zhuhai Campus), Zhuhat 519082, Guangdong, China

Abstract

Objective An optical telescope is a crucial component of the space gravitational wave laser interferometer system, with its optical
path length stability required to meet the picometer level. Therefore, it is significant to design a feasible measurement scheme for
evaluating the optical path length stability of the telescope. Laser interferometry has become the predominant method for measuring
optical path length stability owing to its high measurement precision and strong anti-interference capability. In this study, a
measurement scheme for the optical path length stability of an off-axis four-reflection telescope is designed based on the Fabry-Perot
interferometer. The noise analysis and measurement of each component in the scheme are performed to assess the feasibility of this
scheme.

Methods A measurement scheme for the optical path length stability of the telescope is designed based on the Fabry-Perot
interferometer. A resonant cavity is formed on the telescope by adding two high-reflectivity mirrors in a vacuum heat and vibration
isolation system. The Pound-Drever-Hall (PDH) frequency-locking technique is utilized to lock the laser frequency to the resonant
frequency of the telescope cavity, converting the optical path length variations within the telescope into laser frequency variations.
The influence of absolute laser frequency and free spectral range on the measurement of optical path length stability is analyzed by
utilizing their derivatives in the measurement principle formula. To assess the noise within the entire measurement loop, a low-
precision cavity is employed as a substitute for the telescope cavity, and the measurement laser is locked to the low-precision cavity
with a similarly low precision. Subsequently, the external noises in the scheme, including the reference system, beat frequency
measurement, residual amplitude modulation, and electronic noise, are measured. The impact of these external noises on the

measurement of optical path length stability is analyzed, and the primary noise source limiting the measurement accuracy is identified.

Results and Discussions The noise allocation requirements for each component in the measurement scheme within the frequency
band of 1 mHz to 0.1 Hz are listed in Table 1. The influence of the absolute laser frequency and free spectral range on the measurement
of optical path length stability is analyzed by utilizing their derivatives in the measurement principle formula. When the optical path
noise and free spectral range change by 1 GHz and 0.25 MHz, respectively, they correspond to optical path length variations of 10 pm
and 60 mm, respectively, both of which significantly exceed the optical path length stability measurement requirements. At these
values, their impacts on optical path length stability are determined to be 3.5 10 ° pm/Hz"*and 5X 10 * pm/Hz"?, respectively.
The overall measurement of electronic noise introduced in the measurement scheme reveals that the electronic noise is 0.2 mV/Hz"*
(Fig. 5), which is below the specified requirement of 0.238 mV/Hz"*. The frequency stability of the ultra-stable laser is shown in
Fig. 6. However, the optical path noise of 1 pm/Hz"* corresponds to a frequency noise of 94 Hz/Hz"*. Therefore, the frequency
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noise of the ultra-stable laser is more than one order of magnitude smaller than the telescope requirement, making it suitable to be a
frequency reference source. The beat frequency measurement device exhibits a noise level of 1 Hz/Hz'"* (Fig. 7), which is two orders
of magnitude lower than the specified requirement, indicating that it will not be a limiting noise source for the measurements. The
residual amplitude modulation (RAM) noise of the electro-optic phase modulator is determined to be 5 mV/Hz"* (Fig. 8), which
exceeds the requirement by one order of magnitude and becomes the primary noise source in the current scheme.

In the future, the impact of RAM noise can be mitigated through methods such as active temperature control and active voltage

bias on the crystal.

Conclusions In this study, the off-axis four-reflection telescope is transformed into a resonant cavity by adding two highly
reflective mirrors in the vacuum heat and vibration isolation system. A measurement scheme for assessing the optical path length
stability of the telescope was designed based on the Fabry-Perot interferometer. The PDH frequency-locking technique is employed to
measure the optical path length changes within the telescope cavity by converting them into laser frequency variations. The influence
of the measurand changes and external noise on the measurement of optical path length stability is analyzed in the measurement
scheme. Experimental results demonstrated that the absolute laser {requency and [ree spectral range variations had a negligible impact
on the measurement of optical path length stability, both being less than 1 pm/Hz"?. Within the frequency band of 1 mHz to 0.1 Hz,
the electronic, beat frequency measurement, and residual amplitude modulation noises in the measurement scheme are equivalent to
optical path noise of 0.14, 0.01, and 3.57 pm/Hz'"?, respectively. Therefore, the residual amplitude modulation noise emerged as one
of the limiting factors in achieving picometer-level optical path length stability in telescope measurements, necessitating further studies

on noise suppression techniques.

Key words measurement; telescope; optical path stability; resonant cavity; measuring scheme
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