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A sub-ppb level photoacoustic spectroscopy (PAS)-based sensor for nitrogen dioxide (NO; ) detection was
developed by means of a 3.5 W CW multimode diode laser emitting at 447 nm. A differential photoacoustic
cell was designed to match the imperfect laser beam and reduce the external acoustic as well as the
electromagnetic noise. The diode laser power, gas flow and pressure of the sensor were optimized, which
resulted ina NO; sensor system with a detection limit of 54 pptv with a 1-s averaging time and an excellent
linear dynamic range over > three orders of magnitude. The impact of water vapor as the catalyst on the
photoacoustic signal amplitude was also investigated. Continuous measurements covering an eight-day
period were performed to demonstrate the stability and robustness of the reported PAS-based NO, sensor

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Environmental pollution has become an extremely serious issue
for human health as the result of massive burning of fossil fuels.
Nitrogen dioxide (NO;) is one of the most prevalent air pollutants,
which causes photochemical smog and acid rain [1-3]. Ambient
NO, comes primarily from anthropogenic combustion processes,
such as the emissions from cars, power plants and factories. NO,
is also produced as a result of natural lightning and microbial
processes in the soil [1]. The average mixing ratio of NO, in the
atmosphere is ~5-30 part per billion by volume (ppbv), but can be
even several orders higher when closer to its sources. Breathing
air with a high NO, concentration can result in respiratory dis-
eases in humans as well as in animals. According to the US National
Ambient Air Quality Standards (NAAQS), the maximum NO, con-
centration in atmospheric air is at a concentration level of 100 ppbv
[4]. Therefore, there is a considerable interest in the development
of a cost-effective and robust NO, sensor system capable of sub-
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ppb concentration levels and with a large linear dynamic response
range for atmospheric monitoring.

Conventional methods for NO, measurement include chemilu-
minescence and wet chemical analysis which are widely employed
for atmospheric monitoring. But these methods have a slow
response time (i.e. minutes-hours) and are non-selective in dis-
criminating between NO and NO», especially at low concentrations.
Optical methods based on absorption spectroscopy for trace
gas detection provide high sensitivity, high selectivity and fast
response. Optical methods include infrared tunable diode laser
absorption spectroscopy (TDLAS) [5-8], cavity ring down spec-
troscopy (CRDS) [9-11], cavity enhanced absorption spectroscopy
(CEAS) [12] and Faraday rotation spectroscopy (FRS) [13]. Several
optical sensors for NO, detection have been demonstrated. For
example, M. Langridge et al. [14] reported a compact broadband
cavity enhanced absorption sensor for NO, detection with a sen-
sitivity of 100 pptv for a 60 s data acquisition time. Liu et al. [15]
reported a FRS based sensor using a widely tunable external cavity
quantum cascade laser (EC-QCL) emitting at 6.2 um as the exci-
tation source, resulting in a sensitivity of ~95 pptv with a 300s
averaging period.

Photoacoustic spectroscopy (PAS) is an important optical
method for trace gas detection [16-26]. One of the unique PAS
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Fig. 1. NO, unresolved absorption band between 250 nm-600nm and a photo-
chemical dissociation threshold: \ <424 nm.

advantages is that its sensitivity is proportional to excitation optical
power and thus the performance of PAS-based sensors can benefit
from the high output power levels achieved as a result of technology
developments by the semiconductor industry. In 2015, Zheng et al.
[27] demonstrated a quartz-enhanced photoacoustic spectroscopy
(QEPAS) based NO, sensors using a >1 W blue multimode LED emit-
ting at 450 nm. A 1o detection limit of 1.3 ppbv was achieved with
a 1-s integration time. However, an electrical modulation cancella-
tion method (E-MOCAM) had to be employed in order to minimize
the noise background from the stray light caused by the poor LED
light beam quality and the limited prong spacing (300 wm) of the
quartz tuning fork (QTF). This made the sensor system complex.
Moreover, the noise background was several orders of magnitude
higher than the thermal noise level. Hence, the zero point of the
sensor must be recalibrated due to temperature drifts during long
time NO, concentration measurements.

In 2007, high-power continuous-wave (CW) GaN-based blue
diode lasers became commercially available [28]. In 2015, sin-
gle blue diode lasers capable of several watts optical power were
reported [29,30]. Output power levels of up to 20W are feasi-
ble by means of a multi-diode laser configuration [31]. NO; has a
strong visible absorption spectrum at 250-600 nm according to the
HITRAN database [32]. Conventional photoacoustic spectroscopy
can make the best use of high power diode laser excitation to detect
the NO,, since the QEPAS technique using QTFs is no longer suitable
for such high-power diode laser beams due to the limited prong
spacing [33,34]. The conventional photoacoustic cell has a large
resonator diameter, which can better match the larger diode laser
beam diameter and divergence. In this manuscript, we report on
the development of a sub-ppb level NO, sensor system using the
combination of a differential photoacoustic cell and a 3.5W blue
multimode diode laser.

2. Sensor design
2.1. Selection of high power diode laser

The unresolved NO, absorption band between 250 nm-600 nm
is depicted in Fig. 1. The visible absorption spectrum of NO,
is derived from the 2B, «—2A; and 2B; «— 2A; transition. The
vibronic structure of the 2B; «— 2A; transition is regular, while
the vibronic structure of the 2B, <— 2A; is complex caused by the
low energetic position of the conical intersection between the X
and A states of NO, [35]. The anomalous vibronic structure of the
2B, «— 2A; transition makes the visible NO, absorption band irreg-
ular and unresolved.

Fig. 2. (a) Emission spectrum of the high-power CW laser diode; (b) Laser diode
beam spot with an output power of 3.2 W after being reshaped by an optical fiber
and collimator.

Furthermore, NO, has a photochemical dissociation threshold.
When the excitation optical wavelength is <424 nm, NO, photolysis
occurs as follows [1]:

NO, +hv - NO+0 (1)
0,+0+ M — 03+M (2)

where M represents N, or O, or a third molecule. Therefore, the
wavelength (\) selection of the high-power blue diode laser should
meet two criteria: 1. A>424nm and 2. \ as close as possible to
the peak area of the NO, unresolved absorption band. We selected
a 447 nm multimode diode laser with an expected lifetime of
10,000 h in CW operation (Changchun New Industries Optoelec-
tronics Technology, China, Model MDL-F-447) as the PAS optical
excitation source. The temperature of the diode laser was operated
at 25°C to stabilize the emitting wavelength. The output optical
power of the diode laser is 3.5 W with a driving current of 3 A. The
diode laser emission spectrum was obtained using a spectrometer
(Avantes, Netherland, Model AVS-DESKTOP-USB2) with a spectral
width (FWHM) of ~6 nm, as depicted in Fig. 2(a). The diode laser
emits with a beam divergence 0, =26°, 0, =15° due to its multi-
mode characteristics. Hence the diode laser beam with a stripe-like
spot was coupled into a multimode quartz optical fiber with a
200 pm core diameter to reshape the diode laser spot into a cir-
cular shape. The exit beam was subsequently collimated using an
antireflection coated spherical lens with a focal length of 23 mm.
The beam divergence was reduced from ~450 mrad behind the
fiber facet to 16 mrad behind the collimation lens facet and the
diode laser beam diameter is <8 mm within the distance of 15cm
away from the facet of the collimation lens. A photo was taken at
100 mm from the collimator lens to show the reshaped diode laser
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Fig. 3. (a) Schematic of the differential photoacoustic cell; (b) Frequency response
of the differential photoacoustic cell.

beam spot size with an output power of 3.2 W, as shown in Fig. 2(b).
The power stability of the laser system was also tested, since the
sensitivity is directly proportional to the excitation optical power.
The power fluctuations were <3% within a 24 h period.

2.2. Design of a differential photoacoustic cell

Adifferential photoacoustic cell was designed in order to accom-
modate and match the beam of the high-power diode laser, as
shown in Fig. 3(a). The differential photoacoustic cell consists of
two identical cylindrical channels performing as two acoustic res-
onators. The length and diameter of each channel are 90 mm and
8 mm, respectively. The standing acoustic wave can be formed in
the acoustic resonator where the excitation diode laser beam is
located. Two electret condenser microphones are placed on the
walls in the middle of each channel to detect the acoustic pressure.
Two 10 mm long buffer volumes were constructed at both ends of
the two cylindrical channels to connect the two acoustic resonators
and enable them to operate as open-open resonators. The windows
are separated from the resonators by the two buffer volumes. The
distance between two windows is 110 mm. Such a distance with an
8 mm long resonator diameter allows the collimated beam to pass
through easily.

The symmetric double resonator construction of the photoa-
coustic cell constitutes a differential photoacoustic cell, which
resembles the well-known differential Helmholtz resonator [36].
The signals from the two microphones are differentially ampli-
fied. As a result, all noise components that are coherent in the two
resonators and microphones, such as the flow, window noise and
external electromagnetic disturbances are effectively suppressed
and thus the signal-to-noise ratio of the reported sensor system is
increased. The experimental frequency response of the differential
cell is shown in Fig. 3(b). The resonance frequency of the photoa-
cousticcellin air was fp = 1752.0 Hz and the FWHM of the resonance
width was Af=70Hz, resulting in a Q-factor of 25. The cell constant
of the differential cell is 10.7 V/cm~1W.
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Fig. 4. Schematic of the PAS-based sensor system based on a differential photoa-
coustic cell and a high power blue diode laser. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3. Experiment setup of sensor system

A schematic of the PAS-based sensor system based on the dif-
ferential photoacoustic cell and the high-power blue diode laser is
depicted in Fig. 4. The diode laser beam was collimated by use of the
collimator described in Section 2.1 and then passed through one of
the two acoustic resonators. Two quartz windows with a diameter
of 25.4 mm were employed with a transmissivity of >98% at 447 nm.
A power meter (Ophir Optronics Solutions. LTD, Israel, Model 3A-
ROHS) was placed behind the acoustic resonator to monitor the
optical power. A function generator (Agilent, USA, Model 33500B)
was employed to generate a square signal with a duty cycle of 50%
and a frequency of fy, driving the diode laser. This resulted in a mean
output power of 1.5W and 1.3 W in front of and behind the photoa-
coustic cell due to transmission losses from the windows and the
acoustic resonator. The signals from two microphones were ampli-
fied by a differential amplifier and then fed into a lock-in amplifier
(Stanford Research Systems, USA, Model SR830), which demodu-
lated the signal at 1-f mode. The parameters of a 12 dB/oct filter
slope and 1-s time constant were set for the lock-in amplifier, cor-
responding to a detection bandwidth of Af=0.25Hz. A personal
computer was used to acquire and process the signals from both
the lock-in amplifier and power meter.

The differential photoacoustic cell has a gas inlet and outlet
located on the two buffer volumes. A gas dilution system (Envi-
ronics Inc., USA, Model EN4000) was used to optimize and assess
the performance of the PAS-based sensor system. A 5 ppm NO,/air
calibration gas (Dalian special Gases Co., LTD, China) with an
uncertainty of 2% was diluted with zero gas to produce different
concentrations by means of the gas dilution system. The sampling
system of the PAS-based sensor includes a pressure controller, a
needle valve and a diaphragm pump, as shown in Fig. 4. The pres-
sure controller (MKS Instrument Inc., USA, Model 649B) was placed
upstream to control and maintain the pressure in the photoacous-
tic cell, while the needle valve and the diaphragm pump (KNF
Technology Co., LTD, Germany, Model N813.5ANE) were positioned
downstream to set the gas flow and provide a pressure difference
between the photoacoustic cell and the ambient pressure.

4. Optimization and assessment of sensor performance
4.1. Optimization of power, gas flow rate and pressure

With increasing laser power, saturation may occur, which
implies that the depletion from the vibrational excited level slows
with respect to the pump rate and no more molecules are able to be
excited to higher energy levels with increasing laser power [37-39].
Consequently, the PAS signal will not benefit from further higher
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laser excitation power. In order to avoid the nonlinear response of
the sensor from the complete saturation condition, an experiment
to check the saturation level was carried out. The gas flow rate was
set to 600 sccm (standard-state cubic centimeter per minute). Zero
air was introduced into the acoustic cell. A iV level background sig-
nal linearly proportional to the laser power, was observed, as shown
in the inset of Fig. 5. The background signal was derived from the
stray light due to the multimode nature of high-power laser diodes.
Subsequently, a 100 ppbv NO,/air mixture was fed into the acoustic
cell. The signal amplitudes after removing the background signal as
a function of the laser power are shown in Fig. 5. With the diode
laser power linearly increasing, the growth of the signal amplitudes
gradually decreases and a saturation effect occurs, but a complete
saturation condition was not reached. Further evaluation tests were
implemented with a diode laser mean power of 1.3 W.

The dependence of the signal amplitude and noise on the gas
flow rate range from 150 sccm to 700 sccm was investigated with a
100 ppbv NO, /air mixture as depicted in Fig. 6. The noise remained
constant within this flow rate range, while the signal amplitude
increased with a larger flow rate. This behavior can be explained
as follows. With an increasing flow rate, unexcited molecules enter
the photoacoustic cell. The ratio of the upper state molecules num-
ber densities to the total molecules number densities is reduced.
As aresult the saturation effect decreases and the signal amplitude
is enhanced. A gas flow rate of 600 sccm was selected, since with
a flow rate of 700 sccm, the signal amplitude barely benefited. The
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Fig. 7. Relationship between the signal amplitude of a 100 ppbv NO;/air mixture
and the gas pressure inside the differential photoacoustic cell.

response time of the PAS-based sensor is mainly determined by the
exchange rate of the air sample in the acoustic cell and the gas flow
system. With a flow rate of 600 sccm and a 1 m long, 4 mm ID Teflon
tube, the exchange rate of air sample is ~3s.

In PAS, the pressure is a critical parameter, since the Q-factor
of the acoustic cell, the V-T relaxation rate of target gas and the
intensity of the absorption spectrum are pressure dependent. The
relationship between the signal amplitude of a 100 ppbv NO,/air
mixture and the pressure are plotted in Fig. 7. The Q-factor of the
acoustic cell and the intensity of the absorption spectrum increase
with gas pressure [40]. Furthermore, collisions between molecules
occur more frequently at higher pressure and hence the V-T relax-
ation rate increases. The combined action of these factors results
in a linear increase of the signal amplitude with the total gas pres-
sure as observed in Fig. 7. A gas pressure of 640 Torr was selected as
the optimum operating pressure of the PAS-based sensor in order
to achieve a PAS signal amplitude as large as possible. This nega-
tive pressure allows the sensor system to sample the ambient gas
directly.

4.2. Effect of water vapor on the NO, signal amplitude

The PAS signal amplitude strongly depends on the V-Trelaxation
rate of the target gas. Dry NO, in nitrogen has a V-T relaxation rate
of T<4 s [19]. The resonant frequency of the differential photoa-
coustic cell is fo=1752.0Hz, i.e. 1/w=1/2mfy~90 ws. In case of a
fast V-T relaxation rate with respect to the modulation frequency
(T<<1/w), the translational gas temperature can follow changes of
the laser induced molecular excitation rate [41]. However, water
vapor is known to be an efficient catalyst for vibrational energy
transfer reactions in the gas phase [42-44]. The typical amount of
water vapor in ambient air is 0.5-4%, depending on seasons, cli-
mate, weather and topography. Therefore, a detailed analysis of
the effect of water vapor on NO, signal is essential for precise NO,
measurements using PAS.

Ahumidifier (Perma Pure., USA, Model MH-110-24F-4) was used
to add water vapor into a mixture of the 100 ppb NO,/air. The NO,
signal amplitude was measured at different water concentrations.
The results are shown in Fig. 8. With a dry NO,/air mixture, the
signal amplitude is 2.18 mV. A 0.3% addition of water results in an
enhanced signal of 2.5 mV. When the water concentration is >0.3%,
the signal amplitude of NO, stops increasing and remains constant,
since relaxation saturation is reached. Therefore for atmospheric
measurements, the effect of water vapor on the NO, signal is negli-
gible since the concentration of water vapor is usually >0.3% in the
atmosphere.
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4.3. Performance assessment of sensor system

To evaluate the performance of the PAS-based sensor for NO;
detection, the system was operated with optimized parameters
that included diode laser power, gas flow rate and pressure. Vari-
ous NO; concentration levels from 50 ppb to 5 ppm were generated
with the gas dilution system. Results for the concentration range
of 50 ppb to 250 ppb acquired with a 1-s averaging time (0.25Hz
bandwidth) are plotted in Fig. 9(a) in order to evaluate the NO,
sensor detection sensitivity. A constant LV level background sig-
nal was observed in zero gas and was removed. Based on the data
of the 100 ppbv NO,/air mixture and an effective absorption cross
section of 4.4699 x 10~'9 cm?/molecule [30], the noise equivalent
(10) concentration is ~54 pptv, which corresponds to an absorption
coefficient of 1.583 x 10-2 cm~! W/Hz!/2 normalized to the detec-
tion bandwidth and optical power. To verify the linearity of the
PAS-based NO,, sensor, the concentration values were averaged and
plotted in Fig. 9(b). This plot with linear fitting R square values
>0.999 confirms the linearity of the sensor system response to con-
centration. The linear dynamic range of the PAS based NO, sensor
covers three orders of magnitude.

5. Continuous monitoring of atmospheric NO,
concentration levels

The field application of the PAS-based NO, sensor with a 1-s
averaging time was demonstrated by continuous monitoring of
atmospheric NO, located in the Shaw Amenities Building on the
Shanxi University campus in Taiyuan, China. The gas sampling sys-
tem acquired air from outdoors. A metal powder sintering filter and
a3 wm micro-pore PTFE filter membrane were used at the front end
of the sampling tube as 1st and 2nd stage air filters, respectively, in
order to avoid the contamination by dust or soot particles and the
interference of aerosols [45,46].

The NO, mixing ratios measured for eight days of continuous
monitoring (Oct. 28, 2016 to Nov. 4, 2016) are shown in Fig. 10(a).
This time period was selected because winter central heating in
Taiyuan starts each year on November 1 and all the heating plantsin
the Taiyuan area are activated to provide central heating for the city
residents. For comparison, the NO, concentration data released by
the China National Environmental Monitoring Center (CNEMC) [47]
are shown in Fig. 10(b). This data was acquired by an environmental
monitoring station, which is located 7.6 km from our sensor system
and uses a chemiluminescence detection method.

The variation trend of the NO, concentrations in Fig. 10(a) is in
excellent agreement with Fig. 10(b). The short duration behavior
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Fig. 9. (a) PAS-based sensor signals at five NO, concentration levels. (b) Linearity of
the PAS-based NO; sensor system.

of concentration fluctuations in Fig. 10(a) was due to local meteo-
rological conditions, such as wind. In Fig. 10(b), a similar behavior
was not observed due to the fact that the data updating rate was
1 data point/hours, i.e. all data within 1h was averaged. Further-
more, some details of the concentration variations were observed
using our sensor system, as shown in Fig. 10(a) due to our second
level response time of the sensor system. For example, a concentra-
tion valley occurred at 4:32 p.m (8:32 a.m. GMT), on Oct. 30, 2016
shown in Fig. 10(a), but a counterpart is not found in Fig. 10(b).
Before 4 p.m. (8:00a.m. GMT), on Oct. 31, 2016 the NO, concen-
tration maximum is <40 ppbv. Thereafter, the NO, concentration
steadily increased and the maximum reached up to 80 ppbv during
the day due to the presence of the NO, sources from the heating
plants.

In a previous publication of NO, concentration monitoring [15],
the NO, concentration values in Houston, TX, USA, indicated a peri-
odic variation, since the photolysis process induced by sunlight (see
Eqgs.(1)and (2))and an atmospheric chemistry reaction with ozone
(03) [1] occurred. The two processes constitute a natural circu-
lation of NO, — NO — NO,. But such a periodic behavior was not
observed in Taiyuan, China. Instead, a periodic variation dominated
by the NO, source was found as shown in Fig. 10. Two periodic
peaks of NO, concentrations appear at 10:00 a.m. (2:00 a.m. GMT)
and 6:00 p.m. (10:00 a.m. GMT) every day after Nov. 1, 2016. An
explanation is that the heating plants are operated continuously in
response to high demand at these times.
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Fig. 10. (a) NO, concentrations measured during an 8 day period in Nov. 2016 on the Shanxi University campus, Taiyuan, China. Before winter central heating in Taiyuan;
After winter central heating in Taiyuan. (b) Corresponding data available from a nearby Chinese National Environmental Monitoring Centre.

6. Conclusions

A robust and compact PAS-based sensor system for NO, detec-
tion was developed. A 3.5 W blue multimode diode laser was used
as the excitation source and a differential photoacoustic cell was
designed. The combination of a high-power diode laser and differ-
ential photoacoustic cell offers advantages, such as high sensitivity,
low cost and a large linear dynamic range. The sensitivity of the
PAS-based sensor was found to be 54 pptv for NO, detection with
a 1-s averaging time, which is 24 times lower than an E-MOCAM
based QEPAS sensor reported previously [27]. This sensitivity cor-
responds to a normalized noise equivalent absorption (NNEA) of
1.583 x 1079 cm~! W/Hz!/2, The linear response of this sensor sys-
tem can cover >3 orders of magnitude. Continuous monitoring of
atmospheric NO, for eight days was demonstrated. The agreement
between the data released by the CNEMC and ours validated the
performance of our sensor system. A further improvement of the
PAS based sensor system can be achieved by using a stronger vac-
uum pump to provide a higher gas flow. In this case, a shorter
averaging time can be obtained to improve the sensor response
time without sensitivity loss. The reported PAS-based sensor can
be employed to measure NO, concentration levels for environmen-
tal monitoring, atmosphere chemistry research as well as exhaust
analysis of motor vehicles as it offers high detection sensitivity and
a large linear dynamic range, simultaneously.
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