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A B S T R A C T   

We demonstrated a 19-inches 6U-rack sensing system based on quartz-enhanced photoacoustic spectroscopy for 
simultaneous detection of methane, nitrous oxide, and ammonia in atmosphere. The system embeds two 
detection modules, each one equipped with a quantum cascade laser as light source and a spectrophone 
composed of a T-shaped quartz tuning fork coupled with acoustic resonator tubes. The sensing system results 
compact, lightweight, and portable, with a computer interface for an easy end-user operation. The calibration 
was performed in laboratory environment with certified concentrations. Because of the NH3 large and permanent 
dipole moment, ammonia QEPAS signal was used to model and characterize adsorption/desorption processes, for 
an accurate and reliable sensor calibration. At 0.1 s signal integration time, detection limits of 28 ppb, 9 ppb, and 
6 ppb were obtained for CH4, N2O, and NH3, respectively. Since these detection limits were well below the 
natural abundance of the three analytes in atmosphere, the sensor was employed to monitor CH4, N2O, and NH3 
concentrations in laboratory air.   

1. Introduction 

With an increasing human population, and the consequent need for 
more food production, a major challenge for agriculture is the decrease 
in the environmental footprint. Indeed, agriculture strongly contributes 
to global environmental change, mainly through emissions of green-
house gases (GHG). The GHGs danger is measured by their global 
warming potential (GWP) that quantifies the heat trapping potential of 
each GHG relative to that of carbon dioxide. Methane (CH4) and nitrous 
oxide (N2O) are the most important non-CO2 GHGs emitted and are 
characterized by GWPs 28 and 265 times higher than CO2, respectively 
[1–3]. Both pollutants predominantly come from enteric fermentation 

produced in the natural part of digestive systems of ruminants, anaer-
obic decomposition of organic matter in paddy fields emitted by rice 
cultivation, application and storage of manure and burning of biomass 
vegetation and crop residues [4,5]. Furthermore, the use of animal 
manure and nitrogen fertilizers in grain crops production increase the 
emission of ammonia (NH3), contributing to the formation of fine par-
ticulate matter, which is considered a major public health concern [6]. 
Gaseous ammonia has a relatively short lifetime in the atmosphere 
ranging from a few hours to a few days [7] and is deposited quite close to 
its source [8]. Typical levels of ammonia can range from concentrations 
lower than part-per-billion (ppb), up to several part-per-million (ppm) 
near animal waste lagoons and animal buildings [9]. Accordingly, the 
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detection of traces of ammonia in the atmosphere is of interest from both 
an environmental and a physical point of view. 

With the aim to better understand the global warming and the impact 
on the environment, highly precise and sensitive gas sensors are 
necessary to determine the source and concentration levels of CH4, N2O 
and NH3. To fulfill the above requirements, optical techniques based on 
tunable diode laser absorption spectroscopy are the most appropriate 
methods [10]. Highly performant mid-infrared absorption spectrome-
ters for high precision measurements use quantum cascade lasers (QCLs) 
as light source to target absorption lines of fundamental bands, with 
optical powers of several tens of milliwatt. The compactness and the 
robustness that confer the possibility of a sensor to be employed for 
in-field operation are determined by the employed gas cell and the 
capability to preserve over long times the optical alignment between the 
laser beam and the gas cell. The two types of gas cell that guarantee high 
stability are the multipass cell and the photoacoustic cell. Multipass cells 
trap laser beam into multiple reflections between two large diameter 
focusing mirrors. Optical pathlengths as high as 50 m can be reached 
with gas cell lengths of few tens of centimeters [11]. Many robust 
portable sensors employing multipass cells and expensive fast infrared 
detectors were demonstrated and developed over the last years [12,13]. 
By squeezing the cell, the effective pathlength is reduced, making 
impossible to realize efficient multipass cells with physical size of less 
than 10 cm. Photoacoustic cells are acoustic resonators that amplify the 
weak sound waves generated by photoacoustic effect occurring within 
an absorbing gas. The optical alignment is easy, and a microphone is 
placed at the antinode point of the amplified acoustic pattern within the 
cell [14]. For Helmholtz acoustic resonators, a normal acoustic mode of 
few kHz imposes sizes of 10–20 cm for the gas cell. Moreover, the use of 
microphone requires a rigid acoustic isolation for the external ambient 
noise. Starting from 2002, an alternative to traditional microphones is 
represented by quartz tuning forks (QTF) which operate as sharply 
resonant acoustic transducers [15,16]. This variant of the photoacoustic 
spectroscopy is named as Quartz-Enhanced Photoacoustic Spectroscopy 
(QEPAS). The QTF is placed within the gas cell, and it is coupled with a 
pair of millimeter-size resonator tubes acting as organ pipes. As a result, 
the gas cell only serves to separate the sample to be analyzed from the 
external ambient, allowing volumes of few cubic centimeters [17], thus 
removing restrictions imposed on the gas cell size by the acoustic 
resonance conditions [18,19]. The laser beam passes through the reso-
nator tubes, between the prongs of the QTF, and is modulated at the QTF 
resonance frequency or at one of its subharmonics. Due to photoacoustic 
effect, the sound wave generated between the prongs of the QTF puts 
them into vibration: the prongs’ mechanical deflection is converted into 

an electrical signal thanks to the piezoelectricity of the quartz [20]. 
Thus, QEPAS can face up to requirements to perform reliable measure-
ments of different gases through a modular assembly of centimeter-sizes 
multiple detection modules into one portable system. 

Here we report on the realization of a compact sensing system 
composed of two QEPAS sensor-heads (SHs). Each sensor-head contains 
the laser source and a spectrophone composed by a quartz tuning fork 
resonant at 12.4 kHz and a pair of acoustic resonator tubes. One sensor- 
head targets two adjacent but not superimposed spectral lines of CH4 
and N2O centered at 1275.04 cm-1 and 1275.49 cm-1 respectively, while 
the other one aims at a NH3 absorption line falling at 1103.44 cm-1. The 
two sensor-heads were embedded into a compact system equipped with 
control boards to simultaneously drive both laser sources, as well as to 
retrieve and analyze the spectrophone signals. It also allows to set the 
gas pressure and measure its flow. 

2. Experimental section 

The sensor is composed of two sensor-heads with the respective gas 
lines connected in series, all embedded in a box, as schematically 
depicted in Fig. 1a. A picture of the final 19-inches 6U-rack sensor sys-
tem which includes two chemical sensors to also measure CO2 and H2O 
concentrations, is shown in Fig. 1b. 

The optical components of a QEPAS sensor are placed inside the SH, 
improving the robustness to misalignment, and reducing its overall di-
mensions. Each SH is composed of a quantum cascade laser (QCL), a 
ZnSe lens with a focal length of 40 mm, an acoustic detection module 
(ADM) and an optical power meter (THORLABS PM100USB) for align-
ment purposes. The ADM (THORLABS ADM01) consists of a spec-
trophone enclosed in a compact vacuum-tight gas cell equipped with 
two windows and inlet/outlet gas connectors. The spectrophone is 
composed of a T-shaped QTF acoustically coupled with a pair of reso-
nator tubes having a length of 12.4 mm and an inner diameter of 
1.59 mm. This configuration has proven to provide the highest signal to 
noise ratio enhancement with respect to the bare QTF [21,22]. For each 
SH, the collimated laser beam is focused into the ADM, passing through 
the resonator tubes and between the QTF prongs. When the laser 
wavelength is modulated and tuned to an absorption feature, the pho-
toacoustic effect occurs, and a standing wave vibrational pattern is 
created within the spectrophone. SH1 mounts a QCL (Thorlabs 
QD7840HHLH-A) which targets two adjacent absorption features of 
CH4, centered at 1275.04 cm-1 and 1275.39 cm-1 with their respective 
linestrengths of 3.73•10-20 cm/molecule and 2.48•10-20 cm/molecule, 
and an absorption feature of N2O, centered at 1275.49 cm-1 with a 

Fig. 1. a) Schematic of the sensor box composed of two QEPAS sensor heads, one for detection of CH4 and N2O, the other for NH3 detection, connected in series in the 
same gas line. b) Picture of the realized 19-inches 6U-rack sensor. Size: 35cmx55cmx44cm, weight 14 kg. PC – Personal Computer; QTF – Quartz Tuning Fork; mR – 
Resonator tubes; ADM – Acoustic Detection Module; PM – Power Meter; SH1 – Sensor Head 1; SH2 – Sensor Head 2; CB – Control Board; LD – Laser Driver; TEC – 
Thermoelectric Cooler; LID – Lock-In Detection; PR CTRL/FL MTR – Pressure controller/ Flow Meter; NV – Needle Valve. 
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linestrength of 1.42•10-19 cm/molecule [23]. In SH2, the laser source is 
a QCL (Thorlabs QD9062HHLH-C), capable to target the absorption line 
of NH3 at 1103.44 cm-1, having a linestrength of 1.51•10-19 cm/mole-
cule [23]. The QCLs injection currents and temperatures were controlled 
by the Merstetter Engineering LTC-1141 control boards (CB). For SH1, 
the QCL temperature was fixed at 20 ◦C to target the 1275.04 cm-1 CH4 
line at an injected current of 319 mA with an optical power of 74 mW, 
and the N2O line at 340 mA with an optical power of 77 mW. The QCL 
mounted in the SH2 operates also at 20 ◦C and the NH3 line is targeted 
with an injection current of 320 mA corresponding to a laser power of 
59 mW. In addition, the selected laser driver provides both a slow 
triangular ramp current modulation to each laser to scan the selected 
absorption features, and a fast sinusoidal modulation. In this work, 
QEPAS measurements were performed in wavelength modulation and 
2f-detection (WM-2f): for each SH, the laser sinusoidal modulation is set 
at half of the resonance frequency of its spectrophone, while the 
response is demodulated at its resonance frequency. The QTF current 
signals were converted into voltage signals by a transimpedance 
amplifier, with a 10 MΩ feedback resistor. The selected CB is equipped 
with an analog input terminal, allowing the acquisition and the 
on-board processing of the QTF signal. A custom-firmware was devel-
oped to detect the 2f-component of the signal, via a lock-in acquisition 
and the data have been acquired with an integration time of 0.1 s. In the 
calibration phase of the sensor, the gas delivery system is composed of 
(i) a gas mixer (MCQ Instrument Gas Blender GB1A30120164) whose 
output was connected to a Nafion tube to fix the water concentration 
(not shown in Fig. 1), and in turn to the input valve of the sensor box; (ii) 
a pressure controller/flow meter (MKS Type 649); (iii) a needle valve; 
and iv) a vacuum pump (KNF N 813.4). The selected components were 
employed to stabilize the pressure and fix the gas flow at 50 sccm in the 
two SHs. Under these conditions, the Nafion humidifier allowed keeping 
stable the water concentration in all investigated gas mixtures to 1.2 %. 
The gas mixer was removed from the gas line for atmospheric mea-
surements of the three gases, and the gas sample from outside directly 
flowed through the Nafion humidifier and then the SHs. 

2.1. Selection of the pressure working condition 

The developed sensor aims at detecting three important environ-
mental gas species, i.e., methane, nitrous oxide, and ammonia. Since the 
performance of QEPAS sensors depends on the pressure working con-
dition, the pressure dependence of the QEPAS signal was investigated 
for each target gas and the results are shown in Fig. 2. The amplitude and 
the frequency of sinusoidal modulation were optimized for each pres-
sure value. For all three gases, certified concentrations mixed with a 
synthetic standard air matrix (composed by 21 % of O2 and 79 % of N2) 
were flowed in the gas line. 

The methane peak signals measured for a mixture of 50 ppm of CH4 
in standard air in the 100 – 700Torr pressure range are shown in Fig. 2a. 
The highest QEPAS signal was measured at 500 Torr. In the same 

pressure range, the N2O peak signal of a mixture containing 10 ppm of 
N2O diluted in standard air was measured and the results are show in 
Fig. 2b. The maximum signal was measured at 300 Torr, while a 18 % 
reduction of the signal was recorded at 500 Torr. For a 14 ppm of NH3 
diluted in standard air, the SH2 response reaches its maximum value at 
500 Torr. Since the two SHs have to be operated at the same pressure, 
we selected 500 Torr as operating pressure and all reported measure-
ments in next paragraphs have been acquired under this condition. 
Consequently, the resonance properties of both spectrophones, in terms 
of resonance frequency and quality factor, were measured at 500 Torr. 
The SH1 spectrophone shown a resonance frequency of 12,465.0 Hz and 
a quality factor of 15910, while the SH2 spectrophone resonated at 
12,467.6 Hz with a quality factor of 13180. 

2.2. Methane and nitrous oxide calibration with sensor head 1 

For methane and nitrous oxide calibrations, standard air was used to 
dilute a cylinder with a certified concentration of 10 ppm of CH4 in 
synthetic air and another one with a certified concentration of 10 ppm of 
N2O in synthetic air, respectively. The QEPAS spectral scans of the 
selected CH4 absorption lines were acquired in WM-2f by applying a 
sinusoidal current modulation with a peak-to-peak value of 10 mA. The 
same current modulation was applied to retrieve the N2O absorption 
feature. Figs. 3a and 3b show the QEPAS spectral scans acquired for CH4 
and N2O calibrations, respectively, in the 1–10 ppm concentration 
range. 

As expected from the HITRAN database, together with the most 
intense methane peak in the laser tuning range falling at 36 s, also the 
CH4 peak at 1275.39 cm-1 is visible at 18 s. Hereafter, only the CH4 peak 
falling at 1275.04 cm-1 will be considered for the analysis, since it allows 
higher sensitivity. The methane and nitrous oxide absorption features do 
not spectrally overlap in the laser tuning range, therefore the peak 
values of the QEPAS signals can be employed to measure the concen-
tration of each gas in the mixture. The peak values were extracted from 
each spectral scan in Figs. 3a and 3b and plotted as a function of the 
related analyte concentration in Figs. 4a and 4b, respectively. 

As shown in Fig. 4a-b, the signal of both gases linearly depends on 
the analyte concentration. The linear fit of the two calibration curves 
yields a slope of 8.18 mV/ppm and 26.67 mV/ppm which represent the 
sensitivity for methane and nitrous oxide detection, respectively. The 
minimum detection limit (MDL) of the sensor was calculated as the ratio 
between the noise level and the sensitivity. The 1σ-noise level was 
measured as the standard deviation of the acquired data when standard 
air was flowing through SH1. With a 1σ-noise level of 230 µV at an 
integration time of 0.1 s, MDLs of 28 ppb and 9 ppb can be estimated for 
methane and nitrous oxide, respectively. The noise level can be lowered 
by further averaging the signal over longer times. An Allan-Werle de-
viation analysis was performed with the aim of estimating the 1σ noise 
(and thus the achievable MDL) as a function of the integration time. The 
laser was locked far from both the absorption features while standard air 

Fig. 2. a) CH4 QEPAS signals as a function of the pressure when a mixture of 50 ppm of CH4 in standard air flows in the sensor box. b) N2O QEPAS signal as a 
function of the pressure for a mixture of 10 ppm of N2O diluted in standard air. c) NH3 QEPAS signal acquired at different pressures for a mixture of 14 ppm of NH3 in 
standard air. 
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flows in the SH1. The obtained Allan-Werle deviation plot is reported in  
Fig. 5. 

For an integration time of 10 s the 1σ-noise level can be lowered to ~ 
50 µV, corresponding to minimum detection limits of 6 ppb and 2 ppb 
for CH4 and N2O, respectively. These detection limits can be further 
improved by increasing the integration up to 30 s. For longer integration 
times, drift effects emerge, mainly induced by mechanical instabilities 
which causes a deterioration of the overall sensor head performance. 

2.3. AMMONIA calibration with sensor head 2 

During the transport of a gas through a tube or cell, adsorption ef-
fects appear, especially in the case of polar molecules such as ammonia 
and water. Adsorption or desorption effects result in a change of the gas- 
phase concentration. Polar molecules such as NH3 with large and 

permanent dipole moment have a strong tendency to stick to surfaces. 
The adsorption/desorption processes depend both on physical proper-
ties of the internal surface (material, temperature, porosity) and on 
experimental conditions (gas flow and analyte concentration) [24]. In 
this work, the gas delivery system tubing is made of thermoplastic 
polyurethane (TPU). The internal wall surface of a sensor and tubes can 
be considered as a place with free binding sites for NH3 molecules as well 
as a reservoir of molecules. Thereby, adsorption/desorption processes 
need to be considered for accurately determining the concentration of 
ammonia. With respect to NH3, the N2O and CH4 dipole moment is much 
lower. For this reason, it is not necessary to consider their adsorp-
tion/desorption processes for their reliable calibration [25]. 

While a mixture is flowing within the sensor, an equilibrium condi-
tion can be achieved between the surface coverage and molecules con-
centration. Therefore, flowing a gas with a known concentration 
through a cell, the adsorption is quantified in terms of the time needed to 
reach a steady-state concentration. Conversely, when the gas species is 
removed from the gas line, molecules released from the reservoir will 
increase the number of molecules in the gas mixture (desorption pro-
cess). In both cases, adsorption–desorption processes will negatively 
affect the accuracy of a gas detection technique. 

The dynamic equilibrium between adsorption–desorption processes 
can be expressed by a qualitative theoretical model in terms of time and 
spatial derivatives of NH3 concentration and surface coverage, i.e., the 
number of particles per area [26,27]: 

∂cg(x, t)
∂t

= − u
∂cg(x, t)

∂x
−

dS
dV

∂cw(x, t)
∂t

(1)  

where cg is the ammonia concentration in the gas mixture, cw is the 
ammonia surface coverage, dS is the infinitesimal surface area, dV is the 
infinitesimal volume, u is the drift velocity of the gas mixture which can 
be expressed as the ratio between the flow velocity Φ and the cross- 
sectional area A, and x is the direction of flow, assumed to be 

Fig. 3. a) QEPAS spectral scans measured for different CH4 in standard air concentrations. b) N2O QEPAS scans measured for 7 different N2O concentrations in 
standard air. 

Fig. 4. (a) Peak values measured for each methane concentration (green dots). The black solid line is the best linear fit of the experimental data. (b) QEPAS peak 
signal as a function of N2O concentration (red dots) with the corresponding best linear fit (black line). 

Fig. 5. Allan-Werle deviation plot of the QEPAS signal as a function of the 
integration time. For a 10 s integration time, the 1σ-noise level can be lowered 
to ~ 50 µV. 
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rectilinear. Since the ammonia concentration is measured at the point 
x = xmeas, the Eq. 1 can be integrated from the entrance of the sensor 
system, x = 0, where the ammonia concentration is c0

g to x = xmeas, 
where a concentration cm

g is measured, leading to: 

∂cm
g (t)
∂t

=
Φ
V

[
c0

g − cm
g

]
−

S
V

∂cw(x, t)
∂t

(2) 

The factor Φ/V is the inverse of the characteristic gas-exchange time 
τ0. ∂cw /∂t represents the effective adsorption rate, namely the difference 
between the adsorption rate and the desorption rate. ∂cw /∂t can be 
expressed in the form of a dynamic exchange of molecules between the 
surface and the gas by separating the two contributions. If the surface 
wall coverage saturation is cw0, the molecules of gas lost to the surface 
per unit time (adsorption) can be assumed proportional to the density of 
free binding sites on the surface, cw0 - cw, while the number leaving the 
surface per unit time (desorption) is proportional to the density of 
occupied sites cw: 

∂cw

∂t
= k1(cw0 − cw) − k2cw (3)  

where k1 and k2 are the proportionality constants. With this formulation, 
adsorption and desorption can be separated. This allows the identifica-
tion of two distinguishable situations: i) the sensor contains no ammonia 
and at a certain time a gas mixture with a fixed ammonia concentration 
c0 starts to flow inside (sensor filling); ii) the sensor contains a mixture 
with fixed concentration of ammonia c0 and a certain point it is pumped 
out by flushing standard air (sensor cleaning). It is safe to assume that 
the desorption is negligible during sensor filling and, conversely, the 
adsorption can be neglected during the sensor cleaning. For sensor 
filling, Eq. 3 becomes: 
(

∂cw

∂t

)

f
= k1(cw0 − cw) (4)  

which has as solution: 

cw(t) |f = cw0

(
1 − e−

t
τ1

)
(5)  

where τ1 = 1/k1. By combing Eqs. 2 and 5 and imposing the boundary 
condition cm

g (0) = 0 and c0
g = c0, cm

g (t)|f can be expressed as: 

cm
g (t)

⃒
⃒
⃒

f
= A0

(
1 − e−

t
τ0

)
+A1

(
1 − e−

t
τ1

)
(6)  

where: 

A1 =
S • cw0

Φ(τ1 − τ0)
(7)  

and A0 = c0 – A1. 
For sensor cleaning, the first term of right-hand side of Eq. 3 can be 

neglected and its solution is: 

cw(t) |c = cw0 e−
t

τ2 (8)  

where τ2 = 1/k2. Again, by combing Eqs. 2 and 8 and imposing the 
boundary condition cm

g (0)= c0 and c0
g = 0, the cm

g (t)|c can be expressed 
as: 

cm
g (t)

⃒
⃒
⃒

c
= A2

(
1 − e−

t
τ0

)
− A3

(
1 − e−

t
τ2

)
(9)  

with: 

A3 =
S • cw0

Φ(τ2 − τ0)
(10)  

and A2 = c0 – A3. 
To estimate τ0, τ1 and τ2, a mixture of 14 ppm of NH3 in standard air 

and standard air were used as channel inputs to the gas blender. The 
situation of sensor filling was realized starting with standard air flowing 
inside the sensor box: at a certain time (corresponding to t = 0 of the 
theoretical model) a fast switching interrupts the standard air flows and 
the mixture of NH3 starts to flow. Conversely, the sensor cleaning starts 
with the mixture of NH3 and moves to a fast switch at t = 0 to the 
standard air. In both cases, the laser current was locked to NH3 ab-
sorption peak while the sinusoidal modulation is applied with a peak-to- 
peak current of 15 mA, in WM-2f detection. The NH3 QEPAS signal 
normalized to the unit as a function of time during the filling and 
cleaning procedure is reported in Figs. 6a and 6b, respectively. 

As shown in the inset of Fig. 6a, the initial signal rise has a positive 
concavity until t = 92 s where there is an inflection point. Thus, for 
t < 92 s, the QEPAS signal rises more slowly than that predicted by Eq. 
6, suggesting the presence of nonlinear effects that are not included in 
the simplified theoretical model [26]. This initial QEPAS signal behavior 
can be ascribed to the starting huge density of free binding sites on the 
sensor inner surfaces, consequently the probability for NH3 molecules to 
be captured is very high and few molecules reach the measurement 
point, i.e., the spectrophone. When these sites start to be filled, the NH3 
molecules more easily reach the spectrophone and a dynamic equilib-
rium between the gas flux and the adsorption processes can be estab-
lished, which is the condition imposed by the theoretical model during 
the transient. A similar situation is also observed in the sensor cleaning 
process: the QEPAS signal decrease looks like delayed until t = 60 s, 
then the signal drops down with a positive concavity, as predicted by Eq. 
9. Based on these considerations, only experimental data beyond the 
inflection points were fitted by using Eq. 6 and Eq. 9 and reported as 
solid red line in Fig. 6a and Fig. 6b for the filling and cleaning processes, 
respectively. The fitting procedure gives τ0 = 93 s and τ1 = 966 s for the 
filling procedure and of τ0 = 107 s and τ2 = 1212 s for the cleaning 
procedure. In both cases, the time constant related to adsorption/de-
sorption processes is more than one order of magnitude higher than the 
characteristic gas-exchange time τ0, which is related only to the di-
mensions of the sensor and the gas flow. These obtained results were 
employed to accurately calibrate the sensor. 

The calibration of SH2 for NH3 was performed as for SH1, starting 
from the certified concentration of 14 ppm of NH3 in standard air and 
mixing it with standard air matrix. For each dilution, a waiting time of 
60 min for reaching a steady-state signal was considered. After that, the 
sensor was cleaned before moving to the next dilution. The QEPAS scans 
referred to different NH3 concentrations in standard air are reported in  
Fig. 7a. 

The peak values are plotted as a function of the NH3 concentration in 
Fig. 7b, together with the linear fit which returns a sensitivity of 
37.22 mV/ppm, corresponding to an MDL of 6 ppb (1σ-noise level of 
210 µV) at an integration time of 0.1 s. The Allan-Werle analysis of the 
1σ noise level is reported in Fig. 8. 

The noise level can be lowered to 50 µV when the signal integration 
time is increased to 10 s and consequently the minimum detection limit 
reaches 1.4 ppb. 

3. Measurement of atmospheric ammonia, methane and nitrous 
oxide 

The MDLs reached for the three gas species at an integration time of 
0.1 s are below the natural abundance of the three analytes, thus making 
SH1 and SH2 suitable for the monitoring of their levels in environmental 
air. The sensor was employed to measure the concentrations of methane, 
nitrous oxide, and ammonia in laboratory air for more than 4 h. The use 
of the Nafion humidifier allowed keeping stable the water concentration 
to 1.2 %. This approximately corresponds to 50 % relative humidity at 
20 ◦C. This setting is reasonable because the relative humidity of the 
laboratory air is significantly lower than 50 %. For the cases in which the 
relative humidity is higher than 50 %, one possibility is to insert a 
membrane gas dryer before the tube humidifier for an upstream 
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reduction of the relative humidity below 50 %. A software was devel-
oped to drive both sensor heads and acquire and process the QEPAS 
signals. The measurements were performed at 500 Torr by acquiring 
QEPAS spectral scans of the CH4 and N2O absorption lines with SH1 and 
the QEPAS spectral of the NH3 absorption line with SH2, both operating 

Fig. 6. (a) Normalized QEPAS signal as function of time acquired locked on NH3 absorption peak during filling step (black curve) together with the performed 
exponential fit (red curve) based on Eq.6. Inset: zoom on the inflection point observed in the initial signal rise. (b) Normalized QEPAS signal as function of time 
acquired locked on NH3 absorption peak during cleaning step (black curve) together with the performed exponential fit (red curve) based on Eq.9. Inset: zoom on the 
inflection point observed in the initial signal decrease. 

Fig. 7. (a) 2 f-QEPAS spectra collected by varying the NH3 concentration within the gas cell. (b) QEPAS peak signals extracted from spectral scans reported as 
function of NH3 concentration (blue dots). The performed best linear fit is superimposed to the collected data (black line). 

Fig. 8. Allan-Werle deviation analysis for NH3 sensor. The estimated 1σ-noise 
level is reported as a function of sensor integration time. 

Fig. 9. QEPAS peak signals extracted by consecutive QEPAS spectra acquired 
by sampling the air inside the laboratory af fixed H2O concentration of 1.2 %. 
SH1 was used to monitor CH4 (green line) and N2O (red line) concentrations, 
while sensor SH2 was used to detect NH3 (blue line). 
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at 0.1 s integration time. For each spectral scan, the QEPAS peak signals 
of CH4, N2O, and NH3 absorption features were extracted and are plotted 
as a function of time in Fig. 9. The time interval between two consecu-
tive peaks of the same analyte was 50 s. The reported concentrations 
were calculated using the calibration curve of each analyte, reported in 
Fig. 4a-b and Fig. 7b. 

The extracted peaks returned stable concentrations of methane and 
nitrous oxide, with an average CH4 concentration of 1.81 ppm, with a 
standard deviation of 0.04 ppm, and an average N2O concentration of 
330 ppb, with a standard deviation of 13 ppb. These measured values are 
consistent with the expected CH4 and N2O levels in atmosphere [28]. 
The ammonia concentration slightly varied during the measurement 
period, with an average level of 83 ppb and a standard deviation of 3 
ppb. This NH3 level is coherent with the typical levels of ammonia in 
indoor air [6]. 

4. Conclusions 

In this work, we reported on a portable QEPAS 19-inches 6U-rack 
sensor system capable to detect methane, nitrous oxide, and ammonia, 
three important analytes for the study of the environmental footprint of 
agriculture and food production industry. The realized QEPAS sensor is 
composed of two sensor heads, connected in series. The first sensor head 
is equipped with a QCL, capable to target two adjacent absorption fea-
tures of CH4, centered at 1275.04 cm-1 and 1275.39 cm-1, and an ab-
sorption feature of N2O, centered at 1275.49 cm-1. A QCL capable to 
detect the NH3 absorption feature at 1103.44 cm-1 was selected and 
mounted in SH2. The same type of spectrophone, composed of a 
12 kHz T-shaped QTF coupled with optimized resonator tubes, was 
employed in both sensor heads. At an integration time of 0.1 s, the CH4 
and N2O minimum detection limits were 28 ppb and 9 ppb, respectively. 
Since ammonia is a polar molecule with large and permanent dipole 
moment, adsorption/desorption processes were modeled and consid-
ered for an accurate calibration of the sensor. An NH3 minimum 
detection limit of 6 ppb at an integration time of 0.1 s was obtained, 
considering a waiting time of 60 min between each concentration in the 
calibration phase. The sensor was employed to monitor the concentra-
tion of CH4, N2O and NH3 in laboratory air, since the achieved detection 
limits were all below the natural abundance of the three gas species in 
atmosphere. This measurement returned an average CH4 concentration 
of 1.81 ppm, an average N2O concentration of 330 ppb and an average 
NH3 concentration of 83 ppb. These results are compatible with the 
expected levels of these analytes in indoor air. Considering the obtained 
performances and the lab test, the realized sensor results suitable for the 
on-field monitoring of gas traces of methane, nitrous oxide and 
ammonia for agriculture and food production industry applications. 
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