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CW-OPO1: pump laser source; CW-OPO2: probe laser source; AOM: acoustic-optic modulator;
PBS: polarizing beam splitter; PZT: piezoelectric transducer; PD: photodetector;

Ref: reference laser; ULE: ultra-low-expansion cavity
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Fig. 1 Experimental principle and setup. (a) Energy-level diagram of the pump —probe scheme for '*CO,; (b) CEDDS experimental

setup, where the probe beam (red) and pump beam (purple) are detected by PD1 and monitored by PD2, respectively; (c) timing

diagram of the double-resonance differential measurement
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Fig. 2 Double-resonance differential spectra of CO, samples
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“CO, Detection with Cavity-Enhanced Double-Resonance Differential
Spectroscopy (Invited)

Tan Yandong', Liu Tianhu', Wang Zenan', Cheng Cunfeng"*, Hu Shuiming"’
'Hefei National Research Center for Physical Sciences at the Microscale, University of Science and
Technology of China, Hefei 230026, Anhui, China;

*Hefei National Laboratory, Hefei 230088, Anhui, China

Abstract

Objective  Carbon-14 is a reliable isotopic tracer for distinguishing carbon dioxide derived from fossil fuel sources from that
originating from biogenic sources, and its measurement in the atmosphere is of critical importance for monitoring anthropogenic carbon
emissions and studying carbon source-sink dynamics. Although accelerator mass spectrometry (AMS) offers exceptional sensitivity
and precision, its complex sample preparation procedures and limited capability for in-sizu measurements constrain its applicability in
high-temporal-resolution and field-based studies. In contrast, optical detection techniques—due to their non-invasive nature, rapid
response, and in-situ measurement capability—are considered a promising alternative. To overcome the limitations of existing optical
methods in selectivity and system complexity, this work proposes and demonstrates a cavity-enhanced double-resonance differential

spectroscopy (CEDDS) technique, enabling highly selective and sensitive detection of *CO; under ambient conditions.

Methods The CEDDS method is based on a pump—probe double-resonance process in a molecular three-level system, in which the
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pump laser excites molecules from the ground state E, to an intermediate state E,, while the probe laser measures the absorption

associated with the E,—F; transition. Velocity-selective excitation narrows the spectral linewidth, whereas differential and cavity-
enhanced measurements suppress background absorption and enhance the effective light—matter interaction, thereby enabling highly
sensitive and selective detection of target molecules. The pump and probe beams are generated by a home-built mid-infrared optical
parametric oscillator (OPO) and are tuned to the respective pump and probe transitions of "CO,. Both beams are simultaneously
resonant with different longitudinal modes of a high-finesse optical cavity, ensuring stable and enhanced intracavity fields. Frequency
tuning is achieved by controlling the cavity length, which is stabilized via beat-note locking of the seed lasers to a ULE-referenced
laser. Under these conditions, the frequency relationship between the pump and probe beams is strictly defined by the cavity modes.
The double-resonance signal is acquired using a differential scheme: cavity ring-down signals of the probe beam are recorded with the
pump laser alternately switched on and off, and the difference yields the differential absorption signal. This approach effectively

suppresses background absorption and system drifts, enabling highly selective and sensitive quantitative detection of “CO,.

Results and Discussions Measurements of carbon dioxide samples with varying carbon-14 abundances using CEDDS demonstrate
the method’s quantitative capability for CO, detection. The double-resonance absorption signal exhibits a linear dependence on “CO,
concentrations calibrated by AMS, with a relative standard error of approximately 2% for the fitted slope. For a sample with a carbon-
14 abundance of 1.074(3)X 107", a measurement uncertainty of about 5% is achieved with a single measurement duration of 20 min,
and repeated measurements show excellent repeatability. The detection sensitivity is primarily limited by the noise inherent in the
cavity ring-down measurement. Further improvement is anticipated through increased cavity mirror reflectivity, reduced detection
noise, and enhanced laser power stabilization. These results indicate that CEDDS enables quantitative detection of “CO, at the 10

level and has the potential to reduce measurement uncertainty to below 1% with additional optimization.

Conclusions This work presents a cavity-enhanced double-resonance differential spectroscopy method for the quantitative detection
of "CO,. The method achieves high selectivity and sensitivity, demonstrating a linear quantitative accuracy of approximately 2%
across nearly three orders of magnitude in carbon-14 abundance. For a sample with a carbon-14 abundance of 1.074(3) X 10", a
relative uncertainty of approximately 5% is obtained from repeated measurements. Although the current implementation does not fully
optimize the cavity ring-down detection, further sensitivity improvements of one to two orders of magnitude are expected. Owing to
its all-optical nature and broad dynamic range, this approach is well suited for in-sizu atmospheric *C monitoring and can be extended

to trace detection of other gases and radicals.

Key words radiocarbon; trace gas detection; laser spectroscopy; double-resonance absorption spectroscopy
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