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Fig. 1 Schematic of continuous-wave cavity ring-down experiment (orange dotted line: optical fiber connection;

blue solid line: wire connection)
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Fig. 2 Wavelength modulation. (a) Matching between laser frequency and cavity modes; (b) schematic of

frequency scanning
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laser frequency; (c) schematic of frequency scanning
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Table 1

Ring-down time with different scanning amplitudes

(wavelength modulation)

Scanning Ring-down Standard

amplitude /mV time 7,/ ps deviation /ps
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Fig. 5 Cavity ring-down time z, with cavity-length scanning

voltage amplitude of 40, 50, 90 V
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Table 2 Ring-down time with different scanning amplitudes (cavity-length modulation)

Scanning amplitude /V 30 40 50 60 80 90
Ring-down time 7, /ps 5.193 5. 185 5.252 5.217 5.137 5.129
Standard deviation /ps 0.162 0.183 0.168 0.175 0.177 0.177
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Fig. 6 Measurement results of cavity ring-down time using two modulation methods. (a) Long-term measurement results

of 7, and its statistical distributions; (b) Allan variance analysis results
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Table 3 Comparison of Allan variance analysis results between wavelength modulation and cavity length modulation

Parameter ratio of WLM

Parameter WLM CLM
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Standard deviation o, /ps 0.077 0.058 1.328
Best average time 765 96 7.969
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Abstract

Objective Continuous-wave cavity ring-down spectroscopy (CW-CRDS) is based on absorption spectroscopy, which
can enhance the absorbance of trace gas through an ultralong optical path formed by high reflectivity mirrors to
achieve high sensitivity and high precision measurement. The ring-down cavity comprises two high reflectivity
mirrors with a distance of 50 cm (reflectivity is 99.99%, radius of curvature is 1 m) and high fineness. The free
spectral range (FSR) is the interval between two adjacent modes, and the phase difference is an integral multiple of
2w. According to the characteristics of CW-CRDS, mode matching is crucial to achieve effective detection. The
linewidth of a semiconductor laser (3 MHz) is much smaller than that of FSR (300 MHz), and the frequency of the
incident light usually falls between two longitudinal modes, so the mode matching cannot occur actively. In this
study, to improve the matching efficiency and avoid random matching between incident light and cavity mode,
wavelength modulation and cavity length modulation were used to realize resonance between incident light frequency

and cavity mode, respectively.

Methods In this experiment, the performance characteristics of wavelength modulation and cavity length
modulation were introduced and compared. Ideally, there was a matching signal in one acquisition period, so the
selection of scanning amplitude depended on the FSR. In wavelength modulated cavity ring-down spectroscopy
(CRDS), it was easy to match the cavity mode by scanning the incident light frequency in a small range. According
to the measurement results of multiple groups of scanning amplitude (Fig. 4, Table 1), 15 mV was selected as the
best scanning range, so the cavity ring-down time (7,) was more accurate and the standard deviation was smaller.
Similarly, in CRDS with cavity length modulation, the piezoelectric ceramics (PZT) changed the cavity length by
high-voltage driving, so the longitudinal mode frequency changed and resonated with the incident light frequency and
achieved mode matching. The choice of the driving voltage was related to FSR. By measuring the variation of cavity
ring-down time (z,) under different driving voltages of PZT, the measured results were closer to the theoretical
values when the driving voltage was 50 V (Fig. 5, Table 2).

Results and Discussions Owing to the instability of the optical cavity and the shift of laser frequency, the
measurement time fluctuated in a certain range. Combined with the experimental results, better measurement
results could be obtained when the scanning amplitudes of the two modulation modes were slightly larger than that of
FSR. In the experiment, the cavity ring-down time (z,) was measured using two modulation methods for a long time
(470 s) to compare their adaptability and stability (Fig. 6). The statistical distribution of ring-down time was
normal, and the statistical distribution of cavity length modulation was narrower, with the standard deviation being
0.058 ps, which had higher measurement stability. In addition, Allan variance analysis was used to analyze the best
average times and detection limit of the absorption coefficient of the system under two modulation modes. According
to the comparison results (Table 3), when the average time of cavity length modulation was 96, the measurement
limit of absorption coefficient was 1.693 X 10 * s, which was slightly better than that of wavelength modulation.
By measuring the ring-down time with (z) or without (z,) absorption, the concentration of the absorption medium
could be quantitatively measured (Fig. 7). According to the HITRAN database, the characteristic absorption line of
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methane in the near-infrared band (1653.72 nm) was selected. The spectral line intensities were 1.455 x 10 *,
9.277x10 %, and 7.877 %10 * ¢cm '/(mol-cm ?). The absorption lines of methane in Hefei Science Island were
measured using two modulation methods. The current of the laser was controlled by software, and the wavelength
was varied by changing the current stepwise. To ensure the accuracy of the measurement results, the ring-down
time of each wavelength measurement point was obtained by averaging multiple measurements (Fig. 8). Finally, the
Lorentz fitting of the tracepoint spectrum was performed, and the methane concentration under the two modulation
modes was calculated to be 1.868 X 10 ° and 1.870 X 10 °.

Conclusions The experimental results show that both wavelength modulation and cavity length modulation can
complete the periodic acquisition of ring-down signal and repeated measurement of ring-down time. However, from
the comparison, the cavity length modulation method had higher measurement accuracy and lower limit detection of
concentration, while the wavelength modulation exploits a tunable laser, and its structure is relatively simple without
additional mechanical structures such as PZT. Therefore, in practical application, the selection can be made between
measurement performance, device complexity, and cost according to the demand.

Key words spectroscopy; cavity ring-down absorption spectroscopy; mode matching; wavelength modulation;
cavity length modulation; ring-down time
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