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Abstract: A dual-comb spectrometer with flexibility in spectral coverage, resolution and central
wavelength where all affect sensitivity is optimized to simultaneously determine atmospheric
concentration levels of CO; and N,O from spectra taken at 4470 nm. © 2019 The Authors
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1. Motivation

Mid-Infrared (MIR) dual-comb spectrometer have been shown to be powerful tools for broadband spectroscopy,
allowing a simultaneous detection of several species with high spectral resolution [1]. Trace gas detection, on the
other hand, requires in addition the detection of minute changes of the transmission signal at the sub-percent level.
This is a particular challenge, as it requires a suitable compromise between spectral coverage, resolution and
signal-to-noise ratio while still addressing the complex envelope structure of frequency combs and optical
interferences.

2. Experimental setup

The spectrometer is based on an optical dual frequency-comb generated by electro-optic-modulation (EOM) of a
single continuous wave laser at 1.55 um [2]. This approach features flexibility in the repetitions rates (100 to 500
MHz) and spectral coverage (100 to 700 GHz). Hence, the system can be re-configured to maximize sensitivity for
specific scenarios in analytics of gases: E.g., the repetition rate can be chosen according to the width of the
absorption features, allowing one to sample even narrow lines at reduced pressure with a sufficient number of comb
teeth. By adjusting the spectral coverage, high signal-to-noise ratios (and low detection limits) can be achieved. This
is effectively limited by the figure of merit [3], which is in the range of 107 in 1 s.
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Fig. 1. Optical configuration to convert two superimposed electro-optic frequency combs (EOM comb) via difference frequency generation
(DFG) to the MIR. For that light from an optical-parametric oscillator (OPO) is used as pump. The converted dual-comb is split to compare its
spectra before and after propagation through a multi-reflection cell filled with a gas sample. Both multi-heterodyne signals are measured with fast
photodetectors (PD) simultaneously.

The dual-comb is converted to the MIR via difference frequency generation (DFG) as shown in Fig. 1. An optical
parametric oscillator (OPO) generates the pump light, making the MIR combs fully tunable over the 3 to 5 um
range. To account for the comb envelope structure, typically exhibiting several dB of fluctuations, we use two photo
detectors (PD). One is placed in front and the other behind a multi-pass cell with 7.2 m of total absorption length.

As spectra taken with this configuration still exhibit fluctuations arising from optical interferences, the target gas
spectra are referenced to spectra recorded with Ny (Spectra acquisition time: 10 s each). This results in a single
spectrum comprising multiple overlapping absorption features under atmospheric conditions. The concentrations
and a normalized transmission spectrum are derived via an iterative procedure of fits to the spectrum using the
HITRAN database [4], digital filtering to remove residual interferences and baseline correction.
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Fig. 2. (Top) Measured and processed dual comb spectrum compared to a comprehensive fit model as well as HITRAN simulations for fitted
nitrous oxide (N,O) and carbon dioxide (CO,) contributions. (Bottom) Residuals from the dual comb spectrum and the combined fit.

3. Results

As an example for the experimental procedure and data analysis, Fig. 2 shows a 150 GHz-wide spectrum of ambient
air in the wavelength range around 4.470 um featuring absorptions due to carbon dioxide (COy) and nitrous oxide
(N20). The repetition rates were set to 500 MHz and 499.98 MHz.

Processing the full width of the spectral segment, the concentrations (uncertainties of the fit) were determined as
415.9(1.7) ppmv CO; and 327(2) ppbv N2O. The residual fluctuations in the transmission signal are in the 103
range, indicating that the spectrometer features high precision and accuracy within few seconds of acquisition. The
demonstrated level of detection sensitivity combined with the flexibility might enable numerous applications in
environmental monitoring and atmospheric sciences as well as process analysis.
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