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ABSTRACT
Trace gas analysis is a key tool for the investigation of man-made environmental pollution as well as for early detection of respiratory diseases.
To detect tiny concentrations, sensitive methods such as cavity ring down spectroscopy or plasmonic sensors have been used. Here, we
demonstrate the combination of the photoacoustic effect in a classical cell with a novel, rapidly tunable, narrowband fiber-feedback optical
parametric oscillator. The high sensitivity of photoacoustic cells and the extremely narrow linewidth as well as the wide and rapid tunability
of the fiber-feedback optical parametric oscillator enable a high resolution of the rotational and vibrational bands of molecules in the near-
infrared region. Photoacoustic spectra of methane, carbon dioxide, and water at ambient pressure are obtained in a broad spectral range
and compared to high-resolution transmission molecular absorption database. In particular, scanning the entire carbon dioxide overtone
around 4965 cm−1 at 2000 ppm takes 185 s with a signal-to-noise ratio of 31. This approach enables a wide tunability in the entire near- and
mid-infrared spectral region suitable for many environmental and medical applications.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0212392

I. INTRODUCTION
Gas sensing poses different obstacles for respective applica-

tions. Hence, multiple methods and sensors have been optimized,
such as nanoantenna-enhanced gas sensors,1 FTIR,2 or cavity ring
down spectroscopy.3 Since the discovery that light could be used
to create sound,4 the photoacoustic effect has become an impor-
tant tool for trace gas sensing. To exploit its full potential by adding
spectral selectivity, multi-wavelength or tunable light sources such
as frequency combs,5–7 quantum cascade lasers,8 intraband cas-
cade lasers, and optical parametric oscillator (OPO) are commonly
utilized. In photoacoustic cells also, the way of sensing has been
further developed. Cantilever-9 and quartz-enhanced10,11 photoa-
coustic measurements are the preferred ways. In most cases, the
required resolution, the dynamic range of the absorption features, or
the required wavelength range are limited due to the inherent prop-
erties of available light sources. To overcome these challenges, one
needs to achieve a broad accessible wavelength range with narrow

linewidths for maximum resolution, combined with the ability for
fast sweeping. Currently, the only way to produce tunable radiation
over a spectral range spanning several octaves is optical parametric
frequency conversion.

Here, we employ a fiber-feedback OPO (FFOPO), optimized
for narrowband operation that is ideally suited to fulfill the men-
tioned criteria.12,13 We demonstrate rotational vibrational spec-
troscopy of methane, carbon dioxide, and water. This is realized by
the combination of a microphone-based photoacoustic cell with a
widely tunable FFOPO (1450 nm up to 4000 nm). This combination
enables high sensitivity in linewidth, the detection of concentrations
in the ppm range, and a wide dynamic range for measuring the
absorption.

II. SETUP
The centerpiece of the setup is an H-type photoacoustic cell,

which contains a cylindrical resonator with a length of 80 mm,
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a diameter of 14 mm, and a quality factor of 20. The buffer vol-
ume at each end is 113 cm3. A schematic of the setup is depicted
in Fig. 1(a). Molecules are excited inside the cell when the wave-
length is matched to an absorption feature. For the excitation of
standing acoustic waves, we modulate the light with the resonance
frequency of the resonator. The experimentally measured resonance
frequency is fmod ≈ 1996 Hz. The FFOPO (Stuttgart Instruments
Piano prototype) is spectrally tunable, and the laser output is mod-
ulated by a chopper wheel. This frequency is matched to the cell
resonance and used for demodulation with a lock-in amplifier.
The amplitudes of standing acoustic waves are measured with a
microphone. The microphone is positioned at the midpoint of the
resonator to read out the first longitudinal mode.14 By sweeping
the wavelength of the laser through the spectrum while keeping
the modulation frequency constant, an absorption signal is gen-
erated at each corresponding wavelength. The FFOPO is tunable
from 1450 nm up to 4000 nm and calibrated to emit a constant
output power of 100 mW in the FFOPO signal range (1450 to
∼2100 nm). The measured linewidths from 1830 to 2030 nm are dis-
played in Fig. 1(b), where the spectral linewidth for the 1930 nm
measurement is depicted in more detail with an FWHM of 0.24 nm
(0.65 cm−1).

FIG. 1. Photoacoustic setup and spectral linewidths of the FFOPO. (a) Schematic
of the setup with the photoacoustic cell. For the excitation of standing acoustic
waves, the beam of the FFOPO is modulated with a mechanical chopper wheel
and then focused into the cell. The tunable FFOPO is controlled by a PC. A
microphone is positioned directly on the surface of the cylindrical resonator at its
midpoint along the cylindrical axis. For a low noise signal, the absorption amplitude
to the corresponding wavelength of the microphone signal is demodulated with the
frequency of the chopper wheel. (b) Spectral power density of the laser system
and corresponding FWHM of the spectra. The right plot illustrates the Gaussian
shape of the spectrum at an FWHM linewidth of 0.24 nm (0.65 cm−1).

III. RESULTS AND DISCUSSION
The calculated absorption spectra for methane, carbon diox-

ide, and water in the accessible wavelength range of the FFOPO
are displayed in Fig. 2. The observed regions are around 3000,
5000, and 5300 cm−1. The methane absorption band is strong, and
single lines are well visible in a wide frame of roughly 2550 nm
(≈4400 cm−1) bandwidth. In comparison, the water absorption band
around 5300 cm−1 is clearly weaker. The extremely weak overtone of
carbon dioxide (see the inset) is roughly a factor of 350 times weaker
than the highest methane absorption line.

The photoacoustic spectra are shown in Fig. 3, where the col-
ored curves plot the measured data. In the first row, the measured
signal compared to high-resolution transmission molecular absorp-
tion (HITRAN) data is shown,15 while the second row depicts the
data compared to the convolved HITRAN data. The simulated data
are convolved16 with a Gaussian spectral shape, where the full width
at half maximum is set to the spectral width of the laser system. This
allows a more quantitative comparison between theory and exper-
iment. Row three displays zoom-ins of the highlighted areas of the
second row. The methane (green) absorption spectrum, over 393 nm
(≈320 cm−1) bandwidth shown in Fig. 3(a), is generated within a
450 s scan. This range is measured in the idler range of the FFOPO.
For the convolution, a linewidth of 1.2 cm−1 (≈1.3 nm) is used. For
carbon dioxide (orange), the sweep of 37 nm (≈70 cm−1) took 185 s,
which is illustrated in Fig. 3(b). The used spectral width for the
convolution is 0.9 cm−1 (≈0.4 nm). Even extremely weak absorp-
tion bands can be resolved. Taking the linewidth into account, we
demonstrate that the convolved data are in good agreement with
the measured data. The measured absorption of water in ambient
air (blue), roughly at a concentration of 4840 ppm, is presented in
Fig. 3(c). The full sweep over 110 nm (≈300 cm−1) is carried out in
330 s. For the convolution, an FWHM of 0.7 cm−1 (≈0.25 nm) for the
Gaussian spectrum is used. The signal-to-noise ratio (SNR) values at
the maximum signal resonances are 368 (methane), 31 (carbon diox-
ide), and 1018 (water). The exploded views, the bottom row of Fig. 3,
provide confirmation of the congruity between the relative strengths
of the absorption features and their positions. For methane and
water, the linewidth is no limiting factor. However, for the carbon
dioxide spectrum, it is visible that the resolvable spectrum becomes
less sharp because the absorption lines are located very close to each
other. The linearity of the photoacoustic signal with increasing out-
put power of the laser system is displayed in Fig. 4. For all three
different species, the photoacoustic signal is measured for different
optical powers of the FFOPO up to 200 mW. The absorption cross
sections of the molecules are denoted in Table I. All three species
could be detected using their overtones with strongly varying signal
strengths, providing an indication of the dynamic range of the sys-
tem. The background noise level of 0.06 mV, highlighted in light red
in Fig. 4, is measured at a lock-in time constant of 40 ms. The noise
level is mostly induced mechanically by the chopper wheel and does
not further reduce for larger time constants. We estimate the signal-
to-noise ratio by dividing the photoacoustic signal obtained at the
most prominent absorption features by the above-mentioned noise
floor of 0.06 mV. The signal strengths for different species are taken
from Fig. 4 at 200 mW. Detection limits are calculated by assuming
linear behavior between the concentration, the signal strength, and
the strongest measured absorption line from Table I. Dividing the
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FIG. 2. The absorption cross sections calculated with HITRAN for methane, water, and carbon dioxide in the accessible wavelength range of the laser system. An extremely
weak overtone of carbon dioxide around 4965 cm−1 is displayed in the inset, which in comparison to the other absorption bands is almost not visible and a factor of 350
weaker than the strongest absorption line of the methane band at roughly 3000 cm−1.

FIG. 3. Measured normalized absorption compared to HITRAN data and convolved HITRAN data. (a) Measured absorption of 200 ppm methane (in nitrogen), (b) 2000 ppm
carbon dioxide (in nitrogen), and (c) water in ambient air (4840 ppm). In the first row, the measured data are compared to the HITRAN absorption cross sections while in the
second row, HITRAN data are convolved with the spectral linewidths of the respective of the range. A zoom-in of the convolved data is shown below for the color deposited
areas. All data are acquired with a constant laser input power of 100 mW.
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FIG. 4. Linearity of the photoacoustic signal and the laser power. Measured pho-
toacoustic signal for the investigated concentrations of water, carbon dioxide, and
methane as a function of the output power of the laser system. The detection limit
due to the background noise of the photoacoustic setup is 0.06 mV measured at a
lock-in time constant of 40 ms.

TABLE I. Detection limits of water (4840 ppm), carbon dioxide (2000 ppm), and
methane (200 ppm) located at the strongest measured photoacoustic resonance and
their corresponding absorption coefficients.

Molecule H2O CO2 CH4

Wavenumber (cm−1) 5344.5 4990.0 3016.5
Abs. coefficient (cm−1) 1.83 0.14 40.82
SNR 1446 40 3258
Detection limit (ppm) 3 50 0.06

measured concentration by the obtained SNR will result in the detec-
tion limits for the molecules. We obtain a detection limit of 3 ppm
for water, 50 ppm for carbon dioxide, and 60 ppb for methane.

IV. CONCLUSION
We have successfully demonstrated the measurement of trace

gases at ppm concentrations with low detection time due to the
combination of a photoacoustic cell and a widely tunable narrow-
band optical parametric oscillator as the laser source. Full absorp-
tion spectra of different strengths can be obtained within a few
minutes. A high resolution of the relative strengths and the posi-
tions of the absorption lines are achieved for methane, carbon
dioxide, and water. In comparison to the state of the art dis-
tributed feedback lasers, quantum cascade lasers, or nanosecond
OPO systems, we combine an extremely broad tunability range with
fast tuning and very high spectral density in a spectrally narrow
beam.

Enhancing the setup with faster scan-rates and more power for
monitoring concentration changes of various trace gases in real-time
would be beneficial for tracking highly polluted areas, such as those
in traffic jams. With the combination of photoacoustic and widely
tunable narrowband OPOs, it is possible to determine the composi-
tion of mixtures precisely. Precaution supporting measures of Lung
cancer, which has a high mortality rate, could benefit from such mea-
surements.17 Decomposing arbitrary gas mixtures completely would
allow measurement of the concentration of exact amounts of “false”

molecules that the lung produces and, therefore, detection of the dis-
ease at an early stage. The wide tunability as well as the stability and
the excellent beam profiles of FFOPOs could exploit its full potential
in imaging applications.
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