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Abstract. We report on the development of Quartz-Enhanced Photoacoustic Spectroscopy (QEPAS)
technology to detect 8 different air pollutants, namely CH4, NO2, CO2, N2O, CO, NO, SOz and NH3, with the
same acoustic detection module and interchangeable laser sources, to prove the modularity of the technique
as well as the adaptability to different lasers. For each gas species, the fine structure of the infrared absorption
bands has been simulated by using HITRAN database. Each gas species was detected with an ultimate
detection limit well below their typical natural abundance in air even with a signal integration time as low as

0.1s.

1 Introduction

Environmental monitoring is fundamental to assess air
quality and establish trends in environmental parameters.
The sensitive and selective detection of the numerous
trace constituents is a prerequisite for air pollution
monitoring. The selection of appropriate and reliable
sensors is always a challenging goal. Photonics sensors
based on laser absorption spectroscopy (LAS) are of
growing interest due to the recent development of
powerful lasers tunable over large-wavelength ranges
which permits unambiguous detection of numerous
substances at low concentrations and in many cases even
calibration free operation. They are considerably faster
than non-photonic sensors (e.g., wet-chemical, or
chromatographic apparatus) and suffer from minimal
drift. Photonics offers high specificity and sensitivity for
real time in-situ measurement and allows the contactless
simultaneous detection of many substances.

2 Method

Photoacoustic spectroscopy (PAS) follows different rules
to LAS based on Lambert-Beer optical absorption and
provide greater compactness and lower costs. The
absorption of infrared photons in a gas sample results in
the excitation of molecular energy levels whose energy is
released as heat. The generated signal is proportional to
the incident light intensity and, should this intensity be
modulated, localised transient heating results. The
medium responds with the creation of weakly damped
propagating acoustic (pressure) waves with wavelengths
in the centimetre range. PAS sensors use a microphone to
detect the pressure wave in a resonant acoustic gas cell.
Quartz Enhanced Photo Acoustic Spectroscopy (QEPAS)
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replaces the microphone with a spectrophone, composed
by a quartz-tuning fork (QTF) and a pair of millimetre-
size resonator tubes, aligned on both sides of the QTF in
a way that the laser beam can be focused between the QTF
prongs while passing through both tubes!?. A sketch of
the spectrophone is shown in Fig. 1.

Fig. 1. Sketch of the QEPAS spectrophone.

When the laser beam is modulated at the resonance
frequency of the QTF or a subharmonic, a standing wave
vibrational pattern is created within the resonator tubes
which deflects the two prongs in opposite directions,
exciting the QTF in a piezoelectrically-active, anti-
symmetrical flexural mode®. Thus, an electrical signal
proportional to the absorbing analyte concentration is
generated. Thus, the technique is baseline free, greatly
easing calibration with respect to absorption
spectroscopy.

3 Architecture of the QEPAS Sensor
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The typical architecture of a QEPAS sensor is depicted in
Fig. 2.
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Fig. 2. Schematic of the QEPAS sensor for air pollutants
detection. L — Lens; P — Pinhole; ADM — Acoustic Detection
Module.

The laser was used as light source exciting the molecules
within the acoustic detection module (ADM), a gas cell
with gas inlet/outlet and two windows, containing the
spectrophone depicted in Fig. 1. The laser beam was
focused into the ADM by using a 50 mm focal length
ZnSe lens with a 3-12 pym AR coating. A ~2 mm diameter
pinhole was placed between the lens and the acoustic
detection module to cut the beam tails that could hit the
mR tubes and/or the quartz tuning fork prongs, avoiding
in this way an increase of a non-zero background that
would worsen the sensor ultimate detection sensitivity.
QEPAS measurements were performed using the
wavelength modulation and dual-frequency detection
method: a sinusoidal dither matching half of the QTF
resonance frequency of the employed spectrophone was
applied to the laser current driver and the transduced QTF
signal was demodulated by the lock-in amplifier at the
QTF resonance frequency. The time constant of the lock-
in amplifier was set to 100 ms for all measurements.

3 Results

Eight laser sources have been interchanged in the QEPAS
setup depicted in Fig. 2 to target eight different air
pollutants, namely CHs4, NO,, CO,, N,O, CO, NO, SO,
and NHs. The QEPAS spectral scans of the selected
absorption lines have been acquired by using certified
concentrations of the analytes in N, at their optimal
pressures. The gas target-N» mixture was then humidified
at 1% water content by the Nafion humidifier. Each
QEPAS sensor was then calibrated, by acquiring the gas
target spectral scan while diluting the certified mixture
with humidified N,. Then, the peak values have been
extracted from each spectral scan and plotted as a function
of the analyte concentration. The slope of the linear fit
corresponds to the sensitivity, and it was used together
with the noise level to estimate the ultimate detection
limit.

Table 1 summarizes the performance obtained for each
QEPAS sensor*.

Table 1. Summary of performance for air pollutants detection
using the developed QEPAS sensors. MDL — Minimum
Detection Limit

Gas Absorption Peak Sensitivity MDL
Species [em™] [mV/ppm] [ppb]
CHa4 2988.8 3.25 40
CO2 2360.1 0.157 800
N20 21914 0.58 230
CcoO 2190.0 0.32 450
NO 1900.1 2.24 78
NO2 1600.9 18.37 13
SO2 13534 9.64 18
NH3 1103.4 37.22 5.8

All QEPAS sensors allow the detection of air pollutants
with an ultimate detection limit below their typical natural
abundance in air, even when the signal integration time is
as low as 0.1 s.
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