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We report on the realization, calibration, and test outdoor of a 19-inches rack 3-units sized Quartz Enhanced
Photoacoustic Spectroscopy (QEPAS) trace gas sensor designed for real-time carbon monoxide monitoring in
ambient air. Since CO acts as a slow energy relaxer when excited in the mid-infrared spectral region, its QEPAS
signal is affected by the presence of relaxation promoters, such as water vapor, or quenchers like molecular
oxygen. We analyzed in detail all the CO relaxation processes with typical collisional partners in an ambient air

matrix and used this information to evaluate oxygen and humidity-related effects, allowing the real CO con-
centration to be retrieved. The sensor was tested outdoor in a trafficked urban area for several hours providing
results comparable with the daily averages reported by the local air inspection agency, with spikes in CO con-
centration correlated to the passages of heavy-duty vehicles.

1. Introduction

Among all the environmental pollutants, carbon monoxide (CO) is by
far one of the most dangerous and most common compounds. Its
colorless, odorless, tasteless and flammable nature and its ready reaction
with hemoglobin to form carboxyhemoglobin makes this compound
extremely toxic for humans and animals. CO is produced in the incom-
plete combustion of carbon-containing fuels, such as gasoline, natural
gas, oil, coal, and wood. Motor-vehicle emissions are the primary source
of CO in outdoor air in urban areas. High concentrations of CO lead to
reduced oxygen transport by hemoglobin, with health effects that
include headaches, increased risk of chest pain for persons with heart
disease. CO is also one of the main causes of unintentional as well as
suicidal poisoning, causing annually many deaths from hypoxia. The
World Health Organization (WHO) traced specific guidelines regarding
maximum suggested exposure time for different CO concentrations in air
(chapter 5, Section 5 in [1]), as reported in Table 1.

Abbreviations: QEPAS, Quartz-Enhanced PhotoAcoustic Spectroscopy.

CO background concentration in troposphere in non-urban, unpol-
luted areas usually spans in the ~ 0.05—0.3 parts-per-million (ppm)
range [2],[3], as recently confirmed by the data collected in the Mea-
surements of Pollution in the Troposphere (MOPITT) NASA mission [4].
Nevertheless, these values may grow up to 1—25 ppm in urban or
metropolitan areas because of vehicles exhaust or industrial emissions
[5,6]. In closed environments (such as houses or offices), carbon mon-
oxide may reach the worrying concentrations of 150 —3000 ppm due to
indoor fires, depending on ventilation condition of the room [7].
Therefore, carbon monoxide-related pollution represents a major threat
for air quality (both outdoor and indoor) and public safety and the
detection of leakages and emissions of such highly toxic pollutant turns
out as a substantial challenge for almost any actor in the heavy, chem-
ical, automotive and oil and gas industry.

In this paper, we present a CO sensor based on Quartz-Enhanced
Photoacoustic Spectroscopy (QEPAS). This technique consists in
exciting the target gas molecules with a modulated laser light. In the
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Table 1
WHO guidelines for CO exposure.

Concentration Maximum exposure time

90 parts per million (ppm) 15 min
50 ppm 30 min
25 ppm 1h
10 ppm 8h

mid-IR spectral range, at the usually employed working pressures
(ranging between a few hundred Torr and atmospheric pressure),
excited molecules relaxation through spontaneous emission is suffi-
ciently slow (ms timescale) to be entirely neglected [8,9]. This means
that the molecules relaxation from the excited state to the fundamental
state occurs almost exclusively via nonradiative relaxation, i.e., rota-
tional to translational (R-T), vibrational to vibrational (V-V) and
vibrational to translational (V-T) collisions with the surrounding mole-
cules composing the mixture. Such an energy release causes a local in-
crease of the gas temperature and, therefore, of the gas pressure. Since
the laser is modulated, pressure waves, i.e., sound waves, are generated,
further detected employing a quartz tuning fork (QTF) as a
sound-to-current transducers, due to the quartz piezoelectric properties
[9-11]. QEPAS, along with other QTF-based techniques, has been
already demonstrated to be capable to perform CO real time detection in
the sub-ppm range [8,12-15] or even in the ppt range [16]. However,
CO is a slow relaxer for the typical QTF operating frequencies (10 —
32.8kHz) and the QEPAS signal is strongly affected by the presence of
relaxation promoters in the mixture. The dependence of CO mid-IR
QEPAS signal from water vapor has been investigated in [12,13] and
both theoretically predicted and experimentally analyzed in [8].
Nevertheless, an extensive theoretical and experimental investigation on
CO relaxation in humid and dry air and its effect on QEPAS signal is still
missing and this represents an essential step toward CO detection in
ambient air for real word applications.

Starting from the study presented in [8], a modeling of CO relaxation
in airlike humidified gas matrices has been developed in this paper. A
compact and portable QEPAS-based CO sensor tailored for outdoor real
time monitoring has been designed, realized and tested under different
humidity and diluting gas conditions. The sensor prototype has been
tested nearby a traffic light in an urban area for several hours to
demonstrate the proposed sensor as a reliable ambient real-time CO
detector.
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2. Prototype sensor design

In Fig. la the architecture of the carbon monoxide QEPAS-based
197inches rack 3-units sized sensor, is reported. A picture of the real-
ized prototype is also shown in Fig. 1b. An AdTech High Heat Load
(HHL)-packaged Distributed Feedback (DFB) - Quantum Cascade Laser
(QCL) emitting at ~ 4.57um has been employed as the exciting laser
source targeting the CO absorption line located at 2190.02cm™!. This
line corresponds to the R-12th branch of the fundamental (Av = 1)
vibrational transition of the carbon monoxide with a line-strength of
2.9 x 107 %cm/mol [17]. The selected line was targeted by operating the
QCL at 18°C and an injection current of 246.3mA, with an optical power
of 32.3mW. The QCL collimated output beam was focused by an
anti-reflection coated 40 mm-focal CaF; lens between the prongs of the
QTF, inside the acoustic detection module (ADM). The ADM employed
in this prototype implemented a spectrophone composed of a T-Shaped
QTF having resonance frequency of fo = 12.47kHz (QTF S08-T in [18])
and a couple of micro-resonator tubes (12.4 mm long and 1.59 mm in-
ternal diameter) in on-beam configuration, to amplify the sound waves.
This specific spectrophone geometry was demonstrated to achieve the
best performances in terms of signal to noise ratio (SNR) [19,20] and
QEPAS signal (SP2 in [18]). More than 98% of optical power passes
through the spectrophone. The ADM included also two BaF; wedged
windows anti-reflection coated. The 2f-detection wavelength modula-
tion (WM) QEPAS technique was implemented by modulating the laser
current with a frequency of f;/2 and acquiring the fy-oscillating
component of the spectrophone signal output.

Pressure and flow inside the ADM are set and continuously moni-
tored by means of a pressure controller and a flow, as schematically
shown in Fig. la. The ADM employed in this prototype has been
equipped with a miniaturized pressure-temperature-humidity (PTH)
meter to measure continuously the water vapor concentration in the
mixture.

The electronics employed for the prototype consists of different
boards (see Fig. 1a), to drive and modulate the HHL QCL, keeps its
temperature stable, and acquire and demodulate the QTF signal. A
LabVIEW-based software has been developed to run the 19-inches rack
3-units sized sensor prototype (Fig. 1b) remotely and perform both QTF
electrical characterization and QEPAS measurements (either at fixed or
scanning wavelength), while continuously measuring pressure, humid-
ity, and flow inside the ADM.

(b)

Fig. 1. (a) Schematic of the prototype architecture. 1. HHL DFB-QCL; 2. Lens; 3. Acoustic detection module (also depicted in 3D, top right corner); 4. Needle valve; 5.
Pump; 6. Pressure controller; 7. Flow meter; 8. Power meter for optical alignment; 9. Electronics. Arrows indicate gas flow direction. (b) Photo of the realized 19-
inches rack 3-units sized CO sensor. Length x Width x Height = 36 cm x 48,2 cm x 13,3 cm; weight = 10 Kg.
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3. A theoretical model for carbon monoxide mid-IR relaxation
3.1. Pure N as the diluting gas

The targeted absorption line, falling at 2190.02cm™!, represents the
transition described by the couple of quantic numbers (v,J):i =
(0,12)—f = (1,13) [8,17]. In the mid-IR, considering the pressures of
interest for photo-acoustic spectroscopy (PAS), usually ranging between
a few hundred Torr and atmospheric pressure, excited molecules
relaxation through spontaneous emission is sufficiently slow (ms time-
scale) to be entirely neglected [8,9]. This means that the CO relaxation
from the excited state f to the fundamental state (0,0) occurs almost
exclusively via nonradiative relaxation, i.e., rotational to translational
(R-T), vibrational to vibrational (V-V) and vibrational to translational
(V-T) collisions with the surrounding molecules composing the mixture.
Considering as a first instance CO diluted in dry Nj, for low CO con-
centrations (below 100 ppm), the V-T relaxation of CO onto a CO energy
level can be neglected, as well as any vibrational back transfer N»-CO.
Thereby, the fastest relaxation path for CO is constituted by the V-V
collision with N, having a rate of y%)_y, ~ 1.4 x 10%s~1atm™1 [10]. The
energy level of N, (2331cm™!) is located above the CO first vibrational
overtone (2145cm™!), giving rise to an endothermic process. If the
mixture is humidified, a new exothermic relaxation path V-Vco.g20
becomes available, corresponding to an energy level of 1595 cm ™! and a
rate of 7% _mmo ~ 5.5 x 10%~latm™! [10]. These two processes are
therefore in competition, and the CO QEPAS signal vs H>O concentra-
tion inside the mixture first drops down to a minimum (representing a
progressive averaging of the two contributions) and then progressively
increases (meaning that water relaxation promotion starts dominating).

Because of their extremely fast roto-translational relaxation
(PR N2 ~ 2.3 x 10%s7tatm™! [8]) it is possible to assume that the CO
molecules are excited directly to the rotational thermal equilibrium of
the excited vibrational mode. Such an assumption simplifies the rate
equations, which now involve only vibrational energy transfer. The
simplified system can be described with following set of equations [8]:

dNcor

a D(1) = Neo (760w *®nz + 7201120 *Prz0) (€Y
dNy»
a Neo *186-na*@x2 — N (13 * P + 130120 *Piz0) @
dNipo
dar Neor 'yg‘t/)—Hzo * @20 + Naoe '?’x;/fﬁzo * %m0 —

Where Ny is the population density function in the excited level of a

Table 2
Rate intensity of the different V-V and V-T relaxations channels involving CO, Ny
and H,0.

Process involved Rate intensity Reference in literature

(s 'atm™)
CO" + N,—~CO + Ny*, 1.4 x 10° [8]
CO* + H,0-CO + H0", y8_1r0 5.5 x 10° [8]
N;" + H0-N; + H;0", TNy_H20 2.2x 10° [8,21-24]
Ny* +N;=»N; + N5, 73 1.7 [8,21,22]
H,0" + H,0—H,0 + H,0, y}}%, 1.1 x 10° [10,19-22]
Hy0" + N;—»H0 + N2, 7iho_nz 1.2 x 107 [8,21-24]
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specific molecule M, g, is its partial pressure (total pressure is assumed
to be the optimal one, P = 500Torr) inside the mixture and y}f and
1y, are the relaxation rates for V-T and V-V collisions respectively.
The y parameters are summarized in Table 2.

In Eq. (1), @(t) represents the pump term related to the photon ab-
sorption, and results:

A g 1)
Nco’snhv(tf g rovin) =5 “

D) =
Where A is the Einstein’s A coefficient, v(t) is the emission wave-
number (varied sinusoidally in frequency modulation technique),
& /8 = (2Jy +1)/(2J; +1) [25] is the gyroscopic ratio between the initial
and the final state, I'(v(t) ) is the profile of the absorption feature at the
chosen working pressure, I(t) is the laser intensity and c is the speed of
light. N¢o; represents the number of CO molecules effectively allowed to
absorb the photon, occupying the initial energy-angular momentum
state i.

In typical QEPAS operating pressures, R-T relaxation time is in the
7y ~ 0.1 —0.01ns timescale, which is 5-6 orders of magnitude smaller
than laser modulation period (75, ~ 0.16ms in our experiments). R-T
recombination can therefore be assumed as instantaneous, which
together with the low optical power involved leads to the following
approximations during N¢g; evaluation:

e Depletion of the ith state can be neglected.
e fth state is far from population inversion condition and any bleach-

ing effect due to absorption can be neglected.

Under these assumptions, N¢o; can be calculated as [25]:

&iNco
N, i = kT 5
o GTOT(T)e ' )

Where N is the total number per unit volume of CO molecules in the
mixture, Gror(T) is the total partition sum of the CO gas at the chosen
temperature T and E; = hc#Ji?, with . the rotational constant
(# =1.9cm™! for 12C'0), E; is the energy associated to the i-th level.

The assumption to neglect any radiative emission (spontaneous as
well as stimulated) in this range allows to evaluate the thermal energy

dissipated per unit volume and time, /7 (t), as the sum of all non-
radiative relaxation contributions (here indexed with r) [8,21,22]:

Nio (7’?{/}071\12 *Pny t VX—zro 5 IZO) @)

H(t) =Y (hev,Nu- ()7 @ar ) + hevrrri y, @(1)gon, (6)
MM r

The process of heating of the gas sample via CO relaxation results to
be isochoric due to the boundary constraints imposed by the metallic
walls. Moreover, in low gas flow regime (tens of standard cm®) any mass
exchange happens in timescales several orders of magnitude greater
than modulation period 7., and the gas can therefore be considered as
isolated, as far as concerns the PAS process. Thereby, it is possible to
combine the first law of thermodynamics in isochoric conditions with
the ideal gas law:

Cvap— L ap %)

A =AU = CyAT = —
Rn y—1
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Where Cv is the specific heat at constant volume, R is the gas constant, n
is the number of moles. This leads to the conclusion that /7(t) is con-
verted into a variation in pressure P with a conversion factor 1/y — 1,
where y is the heat capacity ratio (for a diatomic gas at ambient tem-
perature, y = 1.4). In frequency modulation technique, both optical
power and emission wavenumber of the laser are modulated as follows
[8,9,26,27]:

v(t) =vo+Av  cos (277‘% t) 8)

1(t) = Iy +AI cos (271]% t) )

In pressure regimes where pressure broadening of the absorption line
dominates over Doppler broadening, the best frequency modulation
depth is fixed by the relation Av ~ 1.1w [27], where w is the FWHM of
the targeted absorption line at the working pressure. This constraint in
the choice of modulation depth results in a negligible intensity depth
(AT ~ 0).

Z (t) is a linear combination of the Ny (t), solutions of a system of
ordinary differential equations (ODE) having a pump term sinusoidally
modulated with frequency f,/2, which means /7 (t) can be written in
terms of a Fourier series:

20 =700 = S Ep (izfmj% z) (10)

According to Eq. (7), localized and modulated heat production is
converted into a pressure wave (or sound wave) which has .7 (t) itself as
the source term and is the solution of the wave equation:

2 ~,

%P—vzvzpz(y—l)%—’? 11)
Where v is the speed of sound in air. Since the Fourier transform oper-
ation is linear, it is possible to write Eq. (11) for each one of the .7, (t)
Fourier components described in Eq. (10), obtaining n pressure wave
solutions P,(t). Since the QTF acts at the same time as a sharp frequency
filter and as an acoustic wave detector, the only component extracted
and amplified, when the wavelength modulation and 2 f detection
approach is employed, will be P5(t). In conclusion, the QEPAS signal
results to be Scox75.

A Python-based script has been written to solve iteratively the rate
equations Eqs. (1-3) and calculate /7', varying the humidity conditions,
while keeping fixed the CO concentration. /7', value, rescaled on the dry

w S o
1 1 1
.
.
3
.
.
.

H, wet/ H, dry ratio
N

7

T

T
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value, has been plotted for each water vapor concentration Cy in the
0 —1.55% range as reported in Fig. 2.

The theoretical calculations confirm the qualitative behavior ex-
pected. The predicted minimum is located at Cyy = 0.191%, in agree-
ment with the theoretical and experimental results reported in [8]. For
water vapor concentrations lower than C, the endothermic path
(through N;) dominates, whereas at higher concentrations range the
exothermic path (through H,0) dominates. Thermal energy ratio at its
minimum results to be /72(0.191%)/.72(0) = 0.19, whereas at the
highest water concentration level is /7'5(1.55%)/7%2(0) = 5.39. In the
concentration range of interest for this manuscript the dissipated ther-
mal energy ratio turns out to be independent on the CO concentration.

3.2. Synthetic air as the diluting gas

The theoretical model proposed for CO relaxation in Ny has to be
modified, when O is included to the mixture to mimic the experimental
condition in “standard air”, in which the sensor is planned to operate. In
terms of simulation, standard synthetic air (21%0; : 79%N>) replaced
pure N3 as the diluting gas. The introduction of Oy in the mixture, and
therefore the availability of a new molecular level (1556cm™1), unlocks
several other collisional processes, excluding CO* +02—CO+02 tran-
sitions since the probability of CO V-T collisions with other molecules,
except the ones involving Ny and H,0, is much lower with respect to
other possible relaxation paths [28]. The relaxation rates involving Oy
are summarized in Table 3:

Consequently, the rate Eqs. (1-3) have been modified considering
oxygen contribution as:

dNcor

dr = &(t) = Ncor (}/ZZ—NZ PNy T+ 7@5’4;20'%20 + Vggfozpoz) 12)

dNy»+
dt

= Ncor *¥lt-n2*$ns — N (7@102 %02 + a-02"F02 T Tz * e
+ 720 Pi0) (13)

dN o+
dt

= N0+ *7 115002 * 02 + Nx2- #7502 * P02 — Noz- (703 120 * Piino
+ 7852 P02 + 708 w2 * Pz T 701 1120 * P20 a4

dNpo-
dt

= Nco *18h-10* Przo + N 10 1120 * P20 + Noz #7853 120 * Pizo
— Ninno (Vhho-n2*#na + 1130 02* P02 + 7120 Przo) (15)

Egs. (12-15) give a new 7" (t), and therefore a new /7," typical of
airlike gas matrices.

To our knowledge, there are no data available from literature on the
relaxation rate y%3_, related to the V-V collision CO* + 0;—~CO + O,",
and thus, to evaluate /72" (Cw) function in synthetic air information on
this parameter has to be retrieved experimentally. Nonetheless, it is
possible to predict 772" (Cw) behavior at least qualitatively:

Table 3
Rate intensity of the V-V and V-T relaxations involving Os.

Process involved Rate intensity Reference in literature

— 1 T T T T T T T T T T

0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 16
Absolute water vapor concentration (%)

Fig. 2. Theoretical prediction of /7; value calculated for different water vapor

concentrations and divided by the dry /7, value, plot obtained using a Py-
thon script.

(s"'atm™1)
0y + H,0-0; + H:0°, 7% 1120 1.3 x 10° [21,29]
H,0" + 0;—H:0 + 057, 7}y0_02 4.6x 107 [30]
N2' +0;=N2 + 07", vXy o2 1.5 x 10? [30]
0" + 0;-0; + 0z, 73} 6.4 x 10! [30]
0" +N;-0; + N2, 105 n2 4.0 x 10! [21,29]
Ny 4+ 0:5N2 + 02, N0, 1.0 [30]
H,0" + 0,-H0 + 03, 7150 _0s 6.0 x 10* [30]
0" + H,0-0; + H0, 710} 40 1.1x 10° [22]
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Fig. 3. Schematic of the gas handling system: 1. Diluting gas bottle; 2. Test gas bottle; 3. Gas mixer; 4. flow regulation electronic device (FReD); 5. On/off valves; 6.

Permselect humidification membrane.

a) 18802 X YeY _no # 2" (Cw) will display a linear behavior, with a
negligible intercept (dry signal is expected to be close to zero).

b) 788 _02>784 o Exothermic process is dominant even for low water
concentrations. There is no minimum in the /72" (Cw) function.

Q) ¥ZY _0r<<rls _noThe 75" (Cw) will resemble the 7> (Cw) obtained for
a diluting gas of pure Nj.

With the aim of monitoring and measuring CO signal at different
humidity and CO concentrations, a specifically tailored gas handling
system has been built (see Fig. 3) and connected to the prototype gas-in
connector.

4. Experimental procedure and results

The cylinders containing the certified mixture CO:Ny and diluting
gas were connected to a gas mixing system, composed of a gas mixer and
a flow regulation electronic device (FReD), designed to produce flow-
controlled dilutions. A humidification system was connected down-
stream with respect to the FReD. It consisted of two gas lines assembled
by using two T-shaped connectors, the first one, the “wetting” line, is
equipped with a PermSelect membrane filled with distilled water and
placed between two on-off valves, while the second “dry” line is
equipped with a single on-off valve.

The humidification and de-humidification processes were carried out
using the following procedure: once the chosen CO concentration was
selected from the gas mixer, only the dry line was opened. After a few
minutes, the dry line was closed and the humidified one opened. The

mixture humidity level was then monitored via software, by reading the
data coming from the PTH inside the ADM. Once the mixture was
saturated, reaching a saturation value of ~1.55% water vapor concen-
tration (process that took usually no more than 30-45 min), the valves
were suddenly switched to the initial position, closing the humidified
line and opening the dry one. The measurements taken varying humidity
were performed only in this third step, following the continuous and
slow drop in water concentration (which by contrast took several hours).
The flow was simultaneously monitored upstream (FReD) and down-
stream (flow meter) with respect to the humidification line, to ensure
and monitor the line seal.

Preliminary investigations allowed to identify the optimal operating
conditions in terms of gas sample pressure and flow, and QCL amplitude
modulation. All the measurements presented in this paper were per-
formed at a pressure of 500 Torr and by modulating the laser current
with an amplitude of 290 mVpy,.

4.1. Sensor calibration

The sensor calibration was performed in controlled humidity con-
ditions, by setting the water vapor content up to the saturation value of
Cw = 1.55%, well above the reading threshold value of the employed
PTH sensor Cy; = 0.125%.CO concentration inside the humidified line
was varied by mixing 9.82ppm CO:N, with pure N, down to 50 parts-
per-billion (ppb). For each CO concentration value, a spectral scan
around the peak, taken at 1s integration time, was performed. A selec-
tion of measured spectra is shown in Fig. 4a. Every peak value was

(b)

125 120
124
10.0 <o)
' S 100 bl
2 754 £ 8 °l
E ~ 3 44
5 T 80 ¢,
2 504 5 L
.9 .a 0;;0 025 050 075 1.00 1 ‘25
[
0 25 @ 60+ GO concentaton o)
& o
& w
G 00 zes S 40-
3 g
O 25 g
O 204
O
5.0
\/ 0
75

T T T T T T
2189.85 2189.90 2189.95 2190.00 2190.05 2190.10 2190.15
Wavenumbers (cm™)

T T T T T T

0 2 4 6 8 10
CO concentration (ppm)

Fig. 4. a): Spectral scan of CO absorption line at different CO concentrations, while keeping the water concentration fixed at Cyy = 1.55%. b): peak signal value
plotted as a function of CO concentration (black dots) and the related best linear fit (red line). In the inset is shown an expanded view of the linear fit in the ppb range

of concentrations.
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extracted, plotted as a function of the CO concentration and the results
linearly fitted, as reported in Fig. 4b.

The CO QEPAS peak signal displays a linear trend (R? ~ 0.9998)
versus concentration in the whole analyzed concentration range. The fit
provided the following calibration curve:

\4
Sco s = 10.82 m—Cco(ppm) +0.11mV (16)
ppm

The intercept is comparable with the noise level ¢ = 0.11mV evalu-
ated in pure Nj.

4.2. Water vapor-promoted CO relaxation in pure N3

Once the QEPAS peak calibration in saturated mixture was
completed, the subsequent step consisted in the investigation of QEPAS
signal dependence on water vapor concentration for fixed CO concen-
trations. Using the procedure described in Section 4, QEPAS peak signal
and absolute humidity were measured and are shown in Fig. 5. The
theoretical calculations (Fig. 5a) have been compared with the corre-
sponding results obtained at an integration time of 1s, for the CO con-
centrations of 0.5ppm, 0.75ppm and 1ppm in humidified-N; (Fig. 5b), as
a function of the water vapor concentration. Experimental data were not
acquired below the PTH detection range lower limit Cy; (Fig. 5b). The
theoretically predicted minimum in 7’5(Cw) experimentally occurs in
the QEPAS signal for a water vapor concentration of Cy; ~ 0.19% for
every CO concentration, thus proving that the endothermic to
exothermic transition does not depend on CO concentration, as pre-
dicted in Section 3.1.

Another evidence of the endothermic to exothermic transition is
given by the phase shift in the peak signal. In QEPAS technique, 2f signal
phase on the absorption peak is related to the phase of the frequency-
modulated source by the [9,22,26,27]:

tang, = —2x (fQTp/Z) Trel 17)

where 7, represents the overall relaxation time.

To approximately predict phase shift A¢p, the following argument
may be used. An ideal transition from an instantaneous endothermic
relaxation to an instantaneous exothermic relaxation would lead to a A
@p = 180° shift, for any pressure value.

Taking now into account the actual relaxation timescales in this
experiment, the overall relaxation time 7,,; may be evaluated as [22,31]:

Tary R (yggim Gonz) - A~ 10.85us for dry mixture and

-1 .
Tsar ® ( 70-to0PHz0 + 7oo-noPn2) = 6.81us for saturated mixture,

(a)

H, amplitude (kW/m?®)
o
(<]
1

T

T T T T T
0.0 0.2 0.4 0.6 08 1.0 1.2 14
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Fig. 6. Signal phase on QEPAS peak versus absolute water vapor concentration
(retrieved via PTH), at a CO:N, concentration of 0.75 ppm. The vertical blue
dashed line marks the Cy; value (0.191%), horizontal black straight lines are
guides for the eye marking 10° and 150° values.

leading to: @p g, ~ 23.05°andep s, ~ (180° —14.95°), giving a phase
shift App = @psar — Ppary ~ 142°. As a term of comparison, for a gas
pressure of 200Torr the related phase shift is smaller (Agp ~ 99.50°),
whereas at atmospheric pressure is greater (Agp ~ 154.40°). In general,
the slower is the relaxation process (which for fixed mixture components
depends only on the number of collisional partners, i.e., on the gas
pressure), the less evident becomes the phase transition.

In Fig. 6 the phase of the peak signal is plotted versus water vapor
concentration, for a fixed CO concentration of 0.75ppm.

The measured phase shift Agp =~ 140°, nearly matching the theo-
retical one, occurs at the threshold water humidity Cy,; = 0.191% (see
the dashed blue line in Fig. 6), which corresponds to the inflection point,
and physically represents the turnover between the two relaxational
behaviors.

4.3. Water vapor-promoted CO relaxation in synthetic air

With the aim to investigate how the presence of an energy relaxation
quencher as O, (see [12,13,21,2229]) affects CO relaxation at
atmospheric-like concentrations, measurements reported in Section 4.2
were repeated by replacing the diluting gas (N3) with synthetic air

(b)

12

1] ——1 ppm N
104 0.75 ppm W o

of | 0.5 ppm 3

CO QEPAS signal (mV)
o

T T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2 14
Absolute water vapor concentration (%)

Fig. 5. a): theoretical calculation of the .7, for different values of CO concentration diluted in Nj. b): CO QEPAS peak signal versus absolute water vapor con-
centration. H,O concentration values below Cy; = 0.125% are not detectable with the employed PTH system.
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Fig. 7. a): simulations for .7," amplitude versus water vapor concentration for 750 ppb CO diluted in synthetic air, obtained for different values of y{}_o,, all values
of relaxation rates are expressed in s—'atm~'. b): measured QEPAS peak signal of 0.75 ppm of CO in synthetic air.

(certified 21%0; : 79%N>), for a CO concentration of 0.75ppm. The
X 2" (Cw) simulated curves, calculated for different values of the
parameter y%b_o», are shown in Fig. 7a, while the CO QEPAS peak signal
is plotted in Fig. 7b, both as a function of mixture humidity.

In Fig. 7b, the minimum in the QEPAS signal of CO in humidified
synthetic air occurs at a water vapor concentration of Cy,, = 0.229%,
greater than the concentration value Cy; = 0.191% measured for CO
in humidified nitrogen. Therefore, the obtained experimental results
indicate that O, acts as a quencher in CO non-radiative de-excitation in
the mid-IR spectral range, delaying the effect of water induced promo-
tion and, thus, shifting the minimum of the QEPAS signal to higher
values of humidity with respect to the case of CO diluted in Nj.

The comparison between the simulation and experimental results
show that the hypothesis 7% o, > 10*s7latm™! must be rejected
because either 75" (Cw) do not show any minimum (as for y&f_o, >
re6_no simulations, green and pink dotted curves in Fig. 7a), or the
minimum occurs for lower values of water vapor concentration (blue
dotted curve). It can therefore be stated that y%4 o, < 10* s~ latm™!.

In saturated humidity conditions, the presence of atmospheric Oy
reduces the QEPAS CO signal of ~11.5%. Therefore, to correctly convert
QEPAS signals retrieved in saturated atmospheric air into actual CO

—— Minimum detection limit
- - --Johnson noise limit

10 o

Minimum detection limit (ppb)

10 100
Integration time (s)

0.1 1

Fig. 8. Allan deviation analysis expressed in terms of an overnight 15 h-long
noise level measurement (black solid line), compared with the Johnson noise
(red dashed line).

concentrations, the calibration curve retrieved from Eq. (16) must be
modified as:

Scosarair = 9.57(mV /ppm)Cco(ppm) +0.11mV (18)

4.4. Allan-Werle deviation analysis

An Allan-Werle deviation analysis was performed to analyze the
sensor stability and predict how the sensitivity can be enhanced by
employing greater integration times. With this aim, a 15 h-long over-
night acquisition was performed, obtained running the QEPAS sensor
and fixing the QCL emission wavelength at the selected CO absorption
line, while flushing pure N,. The Allan-Werle deviation plot is reported
in Fig. 8.

As it can be observed, the Allan-Werle plot nicely resembles the
Johnson noise trend, related to 1/+/t thermal noise, for integration times
up to 100 s, whereas the rise at longer integration time can be attributed
to slow mechanical oscillations of the system [32]. The Allan-Werle
deviation for 1s integration time is o1 = 0.11mV (in agreement with
the 015 reported in Section 4.1), which leads to a minimum detection
limit of 12ppb in air, a value that is far below the carbon monoxide
concentration in troposphere (see with Section 1).

4.5. Outdoor validation

Since the sensor was designed and realized for air quality monitoring
purposes, for its first outdoor validation the prototype was set close to
the traffic light between Via Amendola and Via Omodeo, in the city of
Bari, Italy. The portable QEPAS sensor was equipped with a filled hu-
midifier to maintain a stable and saturated water concentration of
1.55% during the whole measurement, which lasted almost 7h, from
11:45 to 18:15, on Tuesday 15% of June 2021.

The integrated PTH hygrometer (shown in the 3D draft in Fig. 2) was
employed to measure water vapor concentration throughout the whole
acquisition period. Measured water concentration was online converted
in signal enhancement in order to retrieve the correct CO concentration,
thereby including also small fluctuations or drifts due to ambient tem-
perature variation (< 5%). The QEPAS signal was real-time converted
into CO concentration using Eq. 18.

In Fig. 9, the detected CO concentration is compared with the daily
averages collected the same day by two monitoring stations located in
Via Caldarola (~1.5 km south-east from the selected traffic light) and in
Corso Cavour (~2 km north-west) by the regional agency ARPA Puglia
[33]. Corso Cavour is located in the city center and thereby higher CO
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Fig. 9. CO concentration measured using the QEPAS prototype vs time, be-
tween 11:45 and 18:15, on Tuesday 15™ of June 2021 near the traffic light
between Via Amendola and Via Omodeo, in the city of Bari, Italy. The averaged
CO levels for that day measured by ARPA Puglia in Bari on Corso Cavour (red
straight line) and via Caldarola (yellow straight line) are also reported
for comparison.

concentration values are expected.

The measured CO concentration values shown in Fig. 9 are consistent
with the daily averages reported by ARPA Puglia on Tuesday 15% of
June 2021. Values above the daily averages were recorded in the time
span from 12:00 to 15:00, due to a high traffic congestion during to the
lunch break for schools, universities and offices in surrounding area. CO
concentration spikes corresponded to the passage of heavy-duty vehicles
and, in particular, the highest one reported at 12:21 was measured
during the passage of a concrete mixer, as documented by the photo in
the inset of Fig. 9.

5. Conclusions

In this work, carbon monoxide non-radiative energy relaxation in the
mid-IR spectral region has been investigated in a pure N3 matrix and in
an air-like gas matrix, by analyzing the QEPAS signal and phase
behavior in terms of competing relaxational paths. A compact, rugged,
and portable QEPAS-based CO sensor has been designed, realized, and
calibrated in saturated humidity conditions. A minimum detection limit
of 12ppb CO in air at 1s integration time was achieved. The prototype
was employed to investigate the main CO energy relaxation processes in
dry and humidified Ny and in synthetic air matrixes. These studies
allowed determining the upper limit (y%_o, < 10%*s~tamm™) for the
relaxation rate related to the vibrational-to-vibrational collision CO* +
0,—CO + O3". Moreover, the calibration curve was corrected by taking
into account the effect of oxygen in air as a quencher for CO energy
relaxation in a humidified air matrix [31].

The sensor has been tested in-field to continuously monitor the
carbon monoxide concentration in air close to a traffic light for seven
hours. Measurements were performed in saturated humidity conditions,
to reliably convert the QEPAS signal into CO concentration, employing
the calibration curve. The retrieved CO concentration values were
comparable with the daily averages reported by the local air inspection
agency, thus proving the developed prototype as a reliable, fast response
time sensor for highly sensitive real time CO detector.
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