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A ppb-level sulfur dioxide (SO2) monitoring platform was developed by exploiting standard photoacoustic
spectroscopy and a novel, highly stable UV laser. A 266.22 nm LD-pumped solid-state, acousto-optic modulator
Q-switched laser with high beam quality (M? =1.0275) and excellent output optical power stability (8ps < 1 %
~24 h) was selected as light source of the photoacoustic sensor. The performance of the SO, sensor was eval-

uated in terms of gas flow rate, pressure, and detection sensitivity. An ultimate detection limit of 3 ppb for SOy
detection in No was demonstrated with 1 s integration time, in laboratory environment. Continuous outdoor
monitoring for five days verified the excellent stability and reliability of the reported SO5 photoacoustic sensor.

1. Introduction

Sulfur dioxide (SO2) is considered one of the major atmospheric
pollutant due to its conversion to sulfate aerosol particles in the lower
atmosphere, which are precursors to environmental acidification. The
International Agency for Research on Cancer (IARC) of the World Health
Organization classifies SO, as Group 3 of carcinogens. At concentrations
of a few part-per million, SO, affects the human body causing serious
irritation. When it reaches 8 ppm, it may lead to coughing symptoms.
The SO, effects on human body are exacerbated when it is present
simultaneously with atmospheric soot. For example, a sub-ppm SO,
concentration together with a concentration of soot exceeding
0.106 ppm in atmosphere, enhance the risk of respiratory diseases and
the condition of patients with chronic illnesses may deteriorate rapidly.
Prolonged exposure to high concentrations of SO5 can cause respiratory,
cardiovascular, immune system disorders, and in severe cases, even be
life-threatening [1-3].

SO, is commonly used in industry as a catalyst, dehydrating agent,
and bleaching agent, as well as in the production of chemicals such as
sulfuric acid, phosphoric acid, and sulfates [4-6]. It is also used as a fuel
additive to improve combustion efficiency and reduce emissions [7]. In
high-voltage power systems, the inert gas SFq can produce SO during
corona discharge and spark decomposition. Different SOy concentra-
tions can reflect different insulation defects within the GIS, leading to
power system failures and serious accidents [8]. Consequently, moni-
toring and controlling SO, is crucial in atmospheric monitoring, public
health, and industrial applications.

Photoacoustic Spectroscopy (PAS) is a widely used gas detection
technique due to its high sensitivity, selectivity, fast response, and low
cost [9-16]. The basic theory of PAS is that target molecules are excited
by the absorption of modulated or pulsed light at a wavelength resonant
with a roto-vibrational radiative transition. The thermal energy released
by non-radiative relaxation processes of excited molecules causes
localized transient thermal expansion of the target gas, thus generating
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acoustic or ultrasonic waves at the modulation or pulse frequency of the
light. Acoustic wave is detected by a broadband microphone (standard
PAS) [17,18] or quartz tuning fork (QEPAS) [19-24]or by a cantilever
(CEPAS) [25]. In all three cases, the electrical signal generated by the
acousto-electric transducer will be proportional to the target gas con-
centration. PAS technology has been widely used for SO, detection in
recent years, targeting an SOy absorption feature properly selected
within its strong absorption mid-infrared band in the spectral range
7.2-7.6 pm. In 2014, J. P. Waclawek et al. used a mid-infrared distrib-
uted feedback quantum cascade laser (DFB-QCL) operating at 7.24 pm in
a QEPAS sensor to detect SOy in humidi6-fied Ny matrix, achieving a
minimum detection limit (MDL) of 63 ppb with a 1 s integration constant
[26]. In 2020, X. Yin et al. reached an MDL of 2.45 ppb using a 7.41 pm
high-power QCL in a PAS sensor [27]. Although SO, exhibits the
strongest absorption band in the mid-infrared range, this spectral win-
dow may not be the best choice for the operation of a SO, sensor in
industrial applications because other resulting gases from industrial
processes, such as SFg, also have strong absorption lines in the
mid-infrared range. Therefore, several works explored also the use of
strong SO; absorption bands in the UV range as listed in the MPI-Mainz
database [28,29]. The interest in targeting UV absorption bands has
been also triggered by recent developments in innovative UV sources.
UV lasers are divided into three types: solid-state lasers, gas lasers and
semiconductor lasers. Due to their high efficiency, reliable performance
and simple hardware structure, the new semiconductor-pumped all-so-
lid-state lasers in the short-wavelength UV band have a wide range of
applications, including trace gas sensing. In 2001, M. A. Gondal et al.
achieved an MDL of 1.3 ppb for SO, detection in N3 using a 225.7 nm
pulsed laser [30]. In 2017, X. Yin et al. used a 303 nm UV-band
diode-pumped solid-state laser with an output power of 5 mW to ach-
ieve an MDL of 74 ppb for SO detection in an SF¢ matrix [31]. Working
with the same gas matrix, in 2023 B. Chen et al. used a passive
Q-switching laser diode (LD) pumped all-solid-state 266.22 nm
deep-ultraviolet laser to achieve an MDL of 140 ppb [32]. The main
drawback of the laser sources in the UV range is related to the laser
power fluctuations which compromise the long-term stability of the SO,
Sensor response.

In this study, a 266.22 nm LD-pumped all-solid-state, acousto-optic
modulator, Q-switched UV laser was used as the excitation light
source for the SO, detection in a PAS sensor. This laser has high output
power and long-term stability, which breaks through the strict
requirement of laser power monitoring during sensor operation to
compensate the laser power fluctuations on the PAS signal. The PAS
sensor was tested for long-term detection of atmospheric SO, with a high
sensitivity and selectivity.

2. Selection of SO, absorption wavelength

Together with SF¢ and its derivatives (e.g. SO, and H»S), other at-
mospheric pollutant gases (e.g. NO and NO>) also have absorption bands
in the UV spectral range (10 nm - 400 nm). The absorption spectra of
these atmospheric pollutant gases are simulated in Fig. 1 by using the
MPI-Mainz database yielded.

The vacuum-ultraviolet region 10-200 nm cannot be targeted by
optical sources. Two distinct SO, absorption bands lie in the near-
ultraviolet region 200-400 nm. In this range, the absorption of SFg gas
is negligible, and water vapor, NOy, N2O, and H,S have weak spectral
interfere with the SO5 absorption band. The strongest SOy absorption
lines fall in the 200-225 nm range. however, the significant spectral
overlap with the H,S band prevents a selective SO detection. Therefore,
the 266.22 nm absorption line in the 250-350 nm band was selected as a
good compromise between high absorption cross section and weak
spectral overlap with other interferents. In previous studies [32] the
same line at 266.22 nm was targeted by using a laser source with output
power stability of 0.04 % in 2h of operation, reaching an ultimate
detection limit of 140 ppb for SO, detection in the SFg matrix. However,
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Fig. 1. SO, absorption cross-sections (blue line) simulated in the spectral range
10-400 nm by using the MPI-Mainz database, at room temperature and atmo-
spheric pressure. Absorption cross-sections of SFg, NO>, N2O, H>0 and H,S are
also reported in the same spectral range.

sensor performance starts to deteriorate when operation is extended for
longer times, mainly due to optical power instability.

3. SO, gas photoacoustic sensing monitoring platform

The SO, PAS sensor employing a novel UV laser optical source with
acousto-optic active Q-modulation technology is shown in Fig. 2. The
core component is a high Q-factor photoacoustic cell (PAC) made of
stainless steel with the inner surfaces finely polished to reduce surface
loss. Two quartz windows (®25.4 x 5 mm) are fitted for laser in and out.
An LD-pumped all-solid-state laser is pulse-modulated by a function
generator (Tektronix, AFG31052) to provide a stable modulated outup
at 266.22 nm. The laser beam passes through the PAC filled with SO gas
sample to excite the photoacoustic effect by resonant optical absorption
from SO, molecules. The generated weak acoustic waves are detected by
a high sensitivity microphone placed within the PAC. The electrical
signal generated by the microphone is demodulated at the laser pulse
frequency (1 f detection) by a lock-in amplifier (Stanford Research
Systems, SR830), with the filter slope set to 12 dB/oct and the time
constant to 1 sec, triggered by a reference signal provided by the func-
tion generator. A power meter (Ophir Photonics, 3A-FS & Nova II) is
placed at the PAC exit to monitor the transmitted laser beam in real-
time.

A gas dilution system (Environics, EN4000) equipped with two mass
flow controllers was used to generate different SO,: Ny gas mixtures
ranging from O to 50 ppm. A pressure controller and a system of needle
valves (NV), as well as a gas flow meter and a diaphragm pump (KNF
Neuberger GmbH, N813.5ANE) both placed downstrain, complete the
gas handling system for precise control and measurement of the pressure
and gas flow inside the gas line. All experiments were conducted at at-
mospheric pressure and room temperature to ensure the accuracy and
reliability of the results.

4. Parameter optimization and performance evaluation of UV
lasers

In the experiment, a Changchun New Industries’ AO-Mini-E-266
(20 mW) LD-pumped all-solid-state laser with an Acousto-optic modu-
lator (AOM) was used. This laser uses a semiconductor pump source to
efficiently transfer the pump source to the gain medium, thereby
creating population inversion and consequently light at the fundamental
frequency. AOM Q-switching is used to obtain pulses with an adjustable
repetition rate, to be then amplified by Raman scattering. Finally,
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Fig. 2. Schematic of the photoacoustic sensor for SO, detection. NV: Needle valve; PAC: photoacoustic cell.

nonlinear crystals for frequency doubling and quadrupling are used to
convert them into monochromatic UV pulsed light at specific repetition
rate, with stable output power and good spatial beam quality. These
features make it suitable as light source in a PAS sensor for trace gas
detection.

The main characteristics of the output UV laser beam were measured
at first. According to the national standards specified in Measurement
methods for the main parameters of solid-state lasers (GB/T

15175-2012), the laser beam spatial quality is mainly characterized by
the following features: beam waist diameter (dy, mm), far-field beam
scattering angle (¢, mrad), and beam quality factor (MZ), which related
by:

MZ:%.do.e )

With an emission wavelength of 266.22 nm, the repetition frequency
and the duty cycle were set to 1773 Hz and 1 %, respectively, resulting

(a) )
S
:
q
. 1 . - . 3()
-12000  -8000 -4000 0 4000 8000 12000
Radius (pm)
8000
(b)
;E\ 4000 i s — 0.616 mm
2 2
g O l &
5 z
= =
& 4000} ; :
-8000 R e s P
0 3 6 9 12 15 18 21 24 27 30 33

Distance (cm)

Fig. 3. (a) Intensity distribution of LD-pumped all-solid-state UV laser beam acquired at different distances; (b) Laser beam radius as a function of the distance; (c)
Two-dimensional intensity distribution of the UV laser beam acquired 18 cm far from the laser source.
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in an output optical power of 17.6 mW. The repetition rate of the laser
was set to match the resonance frequency of the photoacoustic cell. This
is because the photoacoustic cell used in this experiment is a resonant-
type cell, which can efficiently detect acoustic signals only when their
frequency matches its resonance frequency. The intensity distribution of
the laser beam was reconstructed by a pyrocamera (Ophir Photonics, PY-
III-HR-C-A-Pro, Camera), by placing the it at different distances from the
laser source, from 3 cm to 30 cm at steps of 3 cm. Fig. 3(a) shows the
laser intensity distribution as the distance increases from 3 cm to 30 cm.

For each profile, the beam size was extracted by measuring the radial
distances at which the light intensity drops to 1/e2 of its maximum
central value by fitting the profiles with a Gaussian function. Fig. 3(b)
reports the extracted beam radius as a function of the pyrocamera dis-
tance. The beam propagation in the investigated pathlength can be
considered as an approximation of a parallel beam in the Rayleigh range.
Fig. 3(c) reports the intensity distribution corresponding to the lowest
sizes, achieved when the camera is positioned 18 cm far from the laser
source. At this distance, the beam diameter (dg) is 0.616 mm and
0.669 mm along x- and y-direction, respectively, with a far-field beam
scattering angle(0) of 0.54 mrad. By using Eq. (1), M? results 1.028,
indicating that the beam quality resembles that of a theoretical
diffraction-limited Gaussian beam.

A key performance metric for laser manufacturing is the power sta-
bility. The output beam power stability of solid-state lasers is mainly
characterized by the two figures of merit, the Peak-to-Peak Stability
(PTP Std) and the Output power stability. PTP Std, characterizing the
range of output power variation over a specific period of time, indicates
the percentage spread between the highest (Ppq,) and lowest (Ppin)
power values measured over a set of N continuous measurements, as:

Purax—Pwmin

PTP Std = —2
P

ave

x 100% (2)

where Py, is the average power. The output power stability character-
izes the degree of dispersion of the output power with respect to the
mean value. It is usually expressed in terms of the output power standard
deviation instability (8ps) as:

kP,
8p, = —2 x 100% 3

ave

where, k = 1,2 3... is the coefficient of standard deviation and P, is the
power standard deviation defined as:

4

To long-term monitor the output laser power, the power meter was
placed at the exit of the PAC filled with a 50 ppm SO2: N5 gas mixture.
Fig. 4 displays the laser power monitoring data over 24 h.

An average optical power of Pg.= 17.6 mW was measured, with
Pprax —Pyin = 0.75 mW. From Eq. (3), PTP Std results 2.13 %. The
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Fig. 4. Optical power monitoring of UV laser output over a 24-Hour period.
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standard deviation of the output power instability can be calculated by
using Eq. (4) with k =1, and results &p; = 0.212 % over 4 h and &ps
=0.853 % over 24 h. For both short and long temporal dynamic
domain, 8p; values calculated are less than 1 %, and are mainly due to
the thermal fluctuations of the crystal inside the laser. However, the
performance test results demonstrate the high-quality output beam as
well as the long-term power stability makes the laser source as an
excellent candidate for PAS spectroscopy.

5. Parameter optimization and performance evaluation

The gas flow rate significantly affects the time required for gas ex-
change within the photoacoustic cell, thereby altering the overall
response time of the sensor. However, while a higher flow rate decreases
the response time, it may also increase the background noise of the
system. Therefore, the effect of gas flow rate on sensor performance was
initially investigated. Additionally, considering the adhesive properties
of SO, gas, the temperature of the gas entering the photoacoustic cell
was monitored during flow rate optimization. In this study, the gas
temperature was consistently maintained at room temperature, 24°C.
Both flow rate and temperature data were continuously recorded in real
time using gas flow meters (Alicat Scientific, Inc. Model M-500SCCM-D,
UK). To verify the influence of flow rate on SO5 sensor performance, the
PAS signal was measured by injected a certified mixture of 50 ppm SOy:
N3 in the PAC at different flow rates. Fig. 5(a) reports the PAS signal
amplitude acquired at different flow rates at atmospheric pressure,
together with that acquired when pure Ny is injected in the PAC.

Increasing the flow rate from 100 Sccm to 600 Sccm does not
significantly change the signal level when pure N5 was injected into the
PAC. This indicates that the increase in flow rate did not introduce
additional background noise. Conversely, with the mixture of 50 ppm
SO2:N,, the PAS signal amplitude gradually increases as the flow rate
was increased from 100 to 300 Sccm. At higher flow rates up to 600
Sccm, no significant increase in signal amplitude was observed. Thus, all
measurements reported hereafter will be performed at 300 Sccm. Being
the volume of the PAC approximately of 9.8 ml, this corresponds to a gas
exchange time of ~ 2 s.

Changes in the gas pressure within the photoacoustic cell not only
alter the resonance frequency and quality factor of the cell but also affect
the photoacoustic relaxation rate of the gas, thereby significantly
changing the amplitude of the photoacoustic signal. When investigating
the impact of gas pressure on sensor performance, the resonance fre-
quency of the photoacoustic cell at different pressures is first tested.
Then, the laser modulation frequency is set to match the respective
resonance frequency before measuring the photoacoustic signal. Fig. 5
(b) reports the PAS signal amplitude as a function of the gas pressure.
The signal varies linearly as the pressure increases, thus atmospheric
pressure was selected as the optimal one for all measurements.

To assess the sensitivity of the PAS sensor for SO, detection, different
mixtures were injected with SO, concentrations ranging from 0 to 5 ppm
in No matrix. Stepwise SOy concentration measurements were per-
formed to verify the linearity of the PAS signal as a function of the SO2
concentration. For each concentration step, the PAS signal was
measured every 1 s, for a total time duration of ~ 28 min. The results are
shown in Fig. 6(a). Considering the gas exchange time, for each step,
when the SO, concentration is varied, a dead time of 2 s was considered
before starting the PAS signal acquisition.

For each concentration step, data were averaged and plotted as a
function of the SO, concentration to obtain the calibration curve shown
in Fig. 6(b). The results confirm that the PAS signal is proportional to the
SO, concentration with a sensitivity of 0.44 mV/ppm. Considering a
noise level of 0.10 mV, a minimum detection limit of ~3 ppb was esti-
mate [33,34].

To further verify the detection performance of the SO, photoacoustic
spectroscopy sensor, an online monitoring study of atmospheric SO
concentrations was conducted outdoors. Since the resonance frequency
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Fig. 6. (a) Stepwise SO5:N, PAS signal amplitudes at 500 ppb — 5 ppm. (b) Calibration curve from measured PAS signals vs. SO, concentration.

of the photoacoustic cell shifts with changes in the gas density inside the
resonator cavity, it is necessary to recalibrate the resonance frequency of
the photoacoustic cell prior to outdoor monitoring.
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Fig. 7. (a) The frequency response curves of the differential photoacoustic cell
in Ny and SA. (b) Influence of carrier gas on SO, signal.

As shown in Fig. 7(a), the resonance frequency of the photoacoustic
cell in synthetic air (SA) and Ny were fo= 1754 Hz and fo= 1773 Hz, the
full width at half maximum (FWHM) of the resonance width were Af
=39Hz and Af =38 Hz, resulting in a Q-factor of 45 and 46,
respectively.

The photoacoustic signals of 5 ppm SOz using SA (a symbols) and Ny
(Il symbols) as carrier gases are plotted in Fig. 7(b), with the laser
modulation frequency set to 1754 Hz and 1773 Hz, respectively. The
background noise of the sensor under both SA (@ symbols) and Ny (%
symbols) conditions were also measured at the laser modulation fre-
quencies corresponding to their respective resonance frequencies. The
nearly identical results of the data sets indicate that changing the carrier
gas only affects the resonance frequency of the photoacoustic cell
without significantly impacting its other characteristics. Therefore,
when conducting atmospheric SO, concentration monitoring, all
experimental parameters are kept as optimized in the previous section.

To test its potentiality for outdoor operation, the SO, PAS sensor
platform was placed on the third floor of the First Laboratory in Taiyuan,
Shanxi, in China. A 3 pm diameter PTFE microporous membrane was
installed upstream at the air inlet of the PTFE tube to reduce the
contamination of the PAC coming from dust and particulate matter
present in the atmosphere. Fig. 8(a) shows the atmospheric SO, con-
centration continuously monitored between October 29, 2023, and
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Fig. 8. (a) Real-time SOz monitoring at First Laboratory, Taiyuan (Oct. 29 - Nov. 3, 2023) using the developed PAS platform (blue). (b) Atmospheric SO, acquired by
the Wucheng monitoring station of the China National Environmental Monitoring Center in the same time period.

November 3, 2023, at a 1 Hz acquisition rate. For comparison, Fig. 8(b)
shows the atmospheric SO5 recorded by the Wucheng monitoring station
of the China National Environmental Monitoring Center (CNEMC). The
Wucheng station is located ~ 3 km far from the PAS sensor, and the
CNEMC platform updates its data every hour.

A good match between the two datasets can be observed, with a
better reconstruction of the temporal variability of SO, trace by the PAS
sensor because of its high refresh rate between two consecutive mea-
surements. Each day, starting from ~9:00 a.m., the concentration of SO
gradually increases and reaches a peak at around 12:00 p.m.; then, it
starts to decrease up to 18:00 p.m. and remains almost flat overnight.
The increase in the morning can be correlated to air pollutant emissions
from transportation as well as to emission of SOy gases caused by
heating, charcoal, and cooking in northern China during the winter
period. The remarkable differences between the two datasets are
showed in red boxes in Fig. 8(a). One possible cause of the observed
jitter is small fluctuations in the gas chamber caused by outside gases
entering the chamber, another potential cause is laser output power
jitter. As shown in Fig. 9, the laser power was monitored over a period of
five days. The laser power undergoes automatic calibration approxi-
mately every 24-27 h, during which a certain amount of power fluctu-
ation (both increases and decreases) is observed. This process leads to
the fluctuations in the data marked by the red box in Fig. 8(a). However,
these fluctuations do not have a significant impact on the overall con-
centration curve. Although some jitter appears on the timeline

corresponding to the red box in Fig. 8(a), the output power remains
stable at around 17 mW.

6. Conclusion

To address the issue of limited optical power stability and in turn
unfeasibility for long-term monitoring, a SO, gas sensor based on pho-
toacoustic spectroscopy and a novel, highly stable 266.22 nm-laser was
developed. The sensing platform employs a UV laser with active
acousto-optic Q-modulation technology, which has a high beam quality
(M2 =1.0275) and a good stability of the output power (5p; = 0.212 % <
1 % over 4 h, 8p; = 0.853 % < 1 % over 24 h) compared with the UV-
band lasers previously investigated. To overcome the challenge of
maintaining optical power stability in long-term monitoring, the sensor
achieved a minimum detection limit (MDL, 1c6) of ~3 ppb at a steady
excitation power of ~17 mW in a laboratory test of certified gas con-
centrations. Outdoor SO: monitoring was also performed for five
consecutive days, and the test showed that the standard deviation of the
laser output power for five consecutive days of monitoring was Sps
=4.039 % < 5 %, which meets the criteria for long term stability of
lasers, and that the sensor matches very well with the data from the SO2
monitor that passes through the monitoring station. This technology
provides a solution with high stability and sensitivity for photoacoustic
gas sensors, which is particularly suitable for environments requiring
long-term monitoring and high-precision detection. In the future,
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25
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= 20
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= 15 w »
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Fig. 9. Optical laser power monitoring from Oct. 29 to Nov. 3, 2023, during SO, platform operation. The x-axis timeline matches Fig. 8.
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sensors based on this technology have a wide range of applications in
environmental monitoring, industrial gas leakage detection, and gas
monitoring in power systems.
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