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Abstract

Objective The terahertz time-domain spectroscopy (THz-TDS) technology has superior technical advantages and
application prospects in the field of non-destructive testing. Improving detection speed and detection spectral
resolution is an important topic of current time-domain spectroscopy technologies. The detection speed and the delay
time of a terahertz time-domain spectroscopy system are determined by the optical delay line. The laser in the THz-
TDS system is a femtosecond pulse, but the response time of the detector is about sub-nanosecond. By modifying the
time delay between pulses, the repeating signal generated by the high frequency femtosecond pulse is converted to a
low frequency signal for processing, so that the detector can sample the repeating signals for multiple times to realize
equivalent sampling. In this paper, a high-speed linear optical delay line, used in optical coherence tomograph
(OCT), is designed for a fiber THz-TDS system. The analysis of delay line is carried out for optical simulation, error
analysis, and test experiments, and the quality and working stability of the exit beam are measured.

Methods A fast rotation optical delay line (FRODL) is made of aluminum alloy. Its mathematical model consists of
a base circle and a mirror array with 24 plane mirrors, and the laser is incident to the center of the mirror along the
center of the base circle. After reflection from the mirror, it enters into the collimating focusing mirror and is
coupled into the optical fiber. When the rotating delay line is working, a horizontal distance change and a vertical
distance change are generated on the mirror. So, the optical path change can be described by these variables. First,
the influence of different variables on delay time is analyzed by a mathematical analysis software, and the linearity of
delay time is calculated. Second, the optical simulation software LightTools is used to simulate the laser path and the
beam quality under different angles of working situation. In the simulation, the laser wavelength is 635 nm and the
beam diameter is 1.8 mm. Third, the beam quality of the fast rotating optical delay line is tested. The experiment
uses a semiconductor laser with a wavelength of 632 nm, and the fiber collimator clear aperture is 1.8 mm. Finally,
using the finite element analysis (FEA) software, the force and modal analysis of the mechanical structure of the
delay line are carried out in the rotating state.

Results and Discussions According to the analysis based on the mathematical model, the linearity of the optical
delay line is the highest, reaching 99.96%, when the angl of the optical delay line mirror is 20°, and the delay time
can achieve 72 ps. The simulation results of LightTools show that the biggest beam spot radius is 0.8 mm, the exit
beams of the delay line have no significant deformation, and the beam energy is concentrated (Fig. 6). The
experimental results show that the maximum offset of the beam is 0.3328 mm, and the maximum area of the spot is
1.118 mm®(Fig. 7). Whereas the clear aperture of the coupler used for the experiment is 1.8 mm, the results can
meet the requirements of the incident light of the fiber coupling module and the design requirements of the
subsequent optical system. The modal analysis results show the inherent frequency of the top six-order modality
(Fig. 11). The minimum damped frequency of the FRODL is 926.16 Hz, while the working frequency of the servo
motor driving the rotating delay line is 60 Hz. The servo motor will not resonate with the delay line, so it will not
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affect the normal operation of the delay line or have destructive effects on the delay line.

Conclusions Based on the transmission terahertz time domain spectral system, a novel rotating optical delay line is
designed. The rotating optical delay line contains 24 planar mirrors, which can change the optical path by rotating to
produce a variable time delay. A mathematical model of the optical delay line is established, and the optical path
simulation and the actual experimental verification under working conditions are carried out. Simulation and
experimental results show that the delay time can reach 72 ps, the scanning frequency is 60 Hz, and the linearity
calculated by the least square method can reach 99.96% . Using the finite element analysis software, the force and
modal analysis of the mechanical structure of the delay line are carried out in the rotating state, which ensure the
reliability and stability of the design in work. Compared with the linear delay line in the existing terahertz time
domain system, this FRODL has a fast scanning speed and linear delay time. The FRODL is more suitable for fiber
optical systems, which has great advantages of miniaturization and integration of the THZ-TDS system relative to
linear optical delay lines.

Key words measurement; terahertz time-domain spectroscopy technology; optical delay line; equivalent sampling;
delay distance; delay time
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