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A B S T R A C T   

Here we report on a study of the non-radiative relaxation dynamic of 12CH4 and 13CH4 in wet nitrogen-based 
matrixes by using the quartz-enhanced photoacoustic spectroscopy (QEPAS) technique. The dependence of the 
QEPAS signal on pressure at fixed matrix composition and on H2O concentration at fixed pressure was inves
tigated. We demonstrated that QEPAS measurements can be used to retrieve both the effective relaxation rate in 
the matrix, and the V-T relaxation rate associated to collisions with nitrogen and water vapor. No significant 
differences in measured relaxation rates were observed between the two isotopologues.   

1. Introduction 

The concentration of methane (CH4) in atmosphere is currently 
around two-and-a-half times greater than pre-industrial levels and is 
increasing steadily. This rise has important implications for climate 
change, since methane is the second most abundant greenhouse gas 
following carbon dioxide and accounting for 30 % of the increase in the 
global temperature. It was estimated that at a 20-year timescale total 
global emissions of methane are equivalent to over 80 % of global car
bon dioxide emissions [1]. Moreover, CH4 is a potent local air pollutant 
and the primary contributor to the formation of ground-level ozone [2]. 
CH4 emissions can be grouped into three categories: biogenic, pyro
genic, and thermogenic. Biogenic CH4 is mainly produced by microbes 
found in wetlands, rice paddies, oxygen-poor freshwater reservoirs, 
digestive systems of ruminants and termites, sewages, landfills. Pyro
genic CH4 is a result of the incomplete combustion of biomass, biofuels, 
and fossil fuels. Thermogenic CH4 has been produced over time by 
geological processes and has been introduced into the environment via 
natural processes such as mud volcanoes, terrestrial and marine seeps, or 
human activities, as fossil fuels extractions, coal mining activities, 

bioenergy production [3,4]. Thus, within these categories, a distinction 
can be made between natural and anthropogenic sources. The 2022 
update of the IEA Global Methane Tracker estimated that the huger 
contribute for anthropogenic CH4 emissions comes from the agriculture 
activities and the energy sector [5]. 

Based on their emission source, methane samples have different 
isotopic signatures in terms of δ13C, that is the deviation of the isotopic 
ratio 13CH4/12CH4 (R) with respect to a standard ratio (Rst) expressed in 
part per thousand, i.e., δ13C[‰]=(R-Rst)/Rst*1000. Typically, δ13C 
ranges from − 55 to − 70‰ for biogenic emissions, − 25 to − 55‰ for 
thermogenic emissions, and − 13 to − 25‰ for pyrogenic emissions [4]. 
As a result, the isotopic abundance of a CH4 sample represents a 
fingerprint of its emission source. Moreover, δ13C measurement can be 
employed as a guide for downstream operations in petrochemical in
dustry. This parameter, together with the ratio of methane to higher 
hydrocarbons concentration (ethane and propane), allows the recon
struction of the Bernard graph, employed to determine the origin of 
natural gas seeps overlying possible oil reservoirs: petrogenic processes 
lead to mixtures containing higher molecular weight hydrocarbons and 
δ13C with negative value higher than –50‰ [6,7]. Isotopic ratio 
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measurements can also be used to study the dynamics of natural gas 
reservoirs by quantifying the carbon isotope fractionation resulting from 
molecular diffusion of methane in water-saturated sedimentary rocks 
[8]. However, directional drilling and hydraulic fracturing can nega
tively impact on groundwater quality, causing CH4 contamination of 
aquifers overlying shale formations. Therefore δ13C measurements can 
be employed to identify the contamination source: drinking-water 
contaminated samples characterized by less negative δ13C values are 
associated with nearby active sites [9,10]. Moreover, evidences of 
methane production under aerobic conditions in eukaryotes, such as 
plants, animals, algae or fungi and studies about their isotopic signature 
are reported in literature [11,12]. Finally, CH4 detection and isotopic 
ratio measurements also play an important role in research about 
planet’s atmosphere, providing indications on the nature of emission 
source [13,14]. 

Isotopic composition is typically measured by collecting samples that 
are subsequently analyzed with Gas chromatography–mass spectrom
etry (GC-MS) systems [15,16]. However, the use of sensors in harsh 
environment and the ease of deployment in different scenarios of in situ 
measurements require a high level of robustness and compactness, 
hardly achievable with GC-MS systems. Laser-based spectroscopic 
techniques already demonstrated highly sensitive and selective detec
tion of several gas species [17–20], including hydrocarbons and their 
isotopologues [21–23]. Quartz-enhanced photoacoustic spectroscopy 
(QEPAS) helped in developing small sized sensors with the additional 
advantage of offering a high level of modularity. QEPAS is an evolution 
of photoacoustic spectroscopy (PAS) and employs a quartz tuning fork 
(QTF) as a sharply resonant acoustic transducer to detect acoustic waves 
generated by the target gas molecules absorbing modulated laser light 
and relaxing energy via non-radiative processes, i.e., via collisions with 
the surrounding molecules [24–26]. QEPAS and PAS were demonstrated 
as leading techniques for CH4 detection in wet and dry nitrogen-based 
matrixes [27–30], in samples containing both nitrogen and oxygen 
[31] or in air [32,33]. The possibility of performing multi-gas detection 
employing a single sensor was also exploited: methane was detected 
together with several infrared absorbers such as ammonia, oxides of 
nitrogen, water vapor, hydrogen sulfide for several applications like 
breath analysis, environmental monitoring, gas leaks detection in nat
ural gas plants [34–37], production monitoring during petroleum 
exploration, both at trace level and high concentration [38–44]. 

A common thread of PAS-based spectroscopy techniques is the 
dependence of the sensor responsivity on the gas matrix composition, 
whose variations can affect the dynamics of a target molecule energy 
relaxation through its collisional partners, affecting in turn the photo
acoustic generation [31,45–47]. Therefore, the assessment of the QEPAS 
signal dependence on the excited molecule relaxation rates is a crucial 
requirement for QEPAS detection of 13CH4 and 12CH4 abundances and to 
enable high precision δ13C measurements, which range between − 60‰ 
and − 50‰ for natural gas samples. Variation in the calculated isotopic 
ratio caused by matrix fluctuations rather than by drifts in the iso
topologue concentration must be recognized and filtered out to increase 
both the precision and the accuracy of the measurement. Several ap
proaches have been proposed to compute and compensate for the effect 
of non-radiative relaxation processes on PA signal, mainly relying on i) 
continuous monitoring of different analyte concentrations and physical 
parameters during the measurements, with a subsequent implementa
tion of complex algorithms [33,48], and/or ii) multivariate analysis of 
extended photoacoustic spectra [49]. A knowledge of methane iso
topologues relaxation dynamics could be extremely useful to predict the 
influence of matrix fluctuations on the isotopic ratio measurement. Dello 
Russo et al. demonstrated the possibility of employing a standard QEPAS 
setup to estimate the effective relaxation rate of methane [50]. The 
measured value was in excellent agreement with those reported in 
literature, generically associated to a standard sample of CH4, i.e., 
containing natural abundances of each isotopologue. However, 12CH4 
and 13CH4 have a mass difference due to the additional neutron in the 

second one, resulting in a ~10 cm− 1 shift between the isotopologues 
energy levels [51]. 

In the presented work, the method proposed by Dello Russo et al. is 
more extensively applied to retrieve the vibrational-translational 
relaxation rates associated to the collisions of each methane iso
topologue in the simplest methane gas mixture that can be analyzed in 
nature, i.e., 13CH4 and 12CH4 with the main collisional partners in the 
infrared range: water vapor (H2O) and nitrogen (N2). In detail, the 
relaxation rates of 13CH4 and 12CH4 colliding with H2O and N2 are 
measured, to determine whether the isotopologues mass difference and 
the consequent energy levels shift may cause a difference in their 
relaxation velocities. 

2. Influence of V-T relaxation processes on QEPAS signal 

When infrared incident photons are absorbed by molecules, 
rotational-vibrational levels are excited. De-excitation will occur mainly 
through non radiative processes, since energy is too small for chemical 
processes, and radiative lifetimes are long (10− 1-10− 3 s) compared to 
non-radiative processes (10− 6-10− 9 s) in the pressure range used in PAS 
spectroscopy (10–760 Torr) [52]. Thus, the absorbed energy can be 
directly converted into kinetic energy through collision-induced vibra
tional-to-translation relaxation (V-T) or transferred as vibrational en
ergy to molecules having vibrational states of similar energy, through 
collision-induced vibrational-to-vibrational relaxation (V-V). There
fore, heat is released within the gas sample as a result of the energy 
transfer from internal to translational molecular degrees of freedom, 
which depends on the number of collisions experienced by one molecule 
per second, namely the relaxation rate k. Modulation of the laser light at 
frequency f causes a sequence of local heating and cooling within gas, 
generating sound waves. In QEPAS, the QTF detects the photoacoustic 
waves and converts them into an electrical signal. The QTF quality factor 
has a strong dependence on pressure p [53]. 

Thus, the QEPAS signal S depends on i) the laser optical power PL 
exciting the target gas molecules, ii) the radiation-to-sound conversion 
efficiency ε(f , k, p), iii) the QTF quality factor Q(p), iv) the absorption 
cross-section σ(p): 

S(f , k, p) = ζPLε(k, f , p)Q(p)σ(p), (1)  

where ζ is a sensor constant. The dependence of σ(p) on pressure can be 
neglected as it provides a nearly constant value [54]. 

The radiation-to-sound conversion efficiency ε(f , k, p) can be evalu
ated by computing the total heat production rate from all the excited 
states involved in the relaxation process [48]. In the simplest hypothesis 
that only V-T relaxation of the excited state to the ground state occurs, 
ε(f , k, p) can be expressed as [30,55]: 

ε(f , k, p) =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
(

2πf
kp

)2
√ . (2) 

Therein k is the effective relaxation rate, measured in Torr− 1s− 1 and 
defined as the sum of the V-T relaxation rates associated to each collision 
in the mixture, weighted by the related concentration [31,50]. 

Let’s now consider a gas mixture composed of CH4, H2O and N2.

When methane is optically excited in the mid-infrared at 1296 cm− 1, the 
ν4 mode in the first polyad (dyad) is excited. V-T relaxation of excited 
CH4* molecules can be analyzed through a simplified model assuming 
the de-excitation occurring via one-stage collisions with H2O, N2 and 
CH4 [29,30] molecules. The relaxation rates associated to V-T paths are 
reported in Table 1. 

The methane effective relaxation rate can be written as: 

k = kN2 CN2 + kH2OCH2O + kCH4 CCH4 , (3)  

where each CP and kP represents the absolute concentration of the 
collisional partner P (N2, H2O or CH4) and the path-related energy 
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relaxation rate. Based on the relaxation rate values reported in Table 1, 
for wet (0.1–1 % absolute humidity) mixtures containing low methane 
concentration, i.e., in the 0.1 % range, the terms kN2 CN2 , kH2OCH2O and 
kCH4 CCH4 are in the order of 102 s− 1Torr− 1, 103-102 s− 1Torr− 1 and 100 

s− 1Torr− 1
, respectively. This demonstrates that the term due to self- 

collisions can be neglected for methane at trace-level in wet nitrogen. 
Methane in natural abundance is composed of 98.9 % of 12CH4 and 1.1 
% of 13CH4. Therefore, when methane ν4 mode is excited, energy 
relaxation paths for each isotopologue must be considered. Excited 
12CH4* V-T relaxation occurs via collisional paths with H2O, 13CH4, N2 
and 12CH4 itself [30]. A similar relaxation scheme can be considered for 
excited 13CH4* . Based on Eq. (3), the effective relaxation rate for the 
methane isotopologue I (12CH4 or 13CH4) can be written as: 

kI = kI
N2

CN2 + kI
H2OCH2O + kI

12CH4
C12CH4

+ kI
13CH4

C13CH4
(4) 

As discussed, assuming kI
12CH4

C12CH4
≈ kI

13CH4
C13CH4

≈ 0, Eq. (4) can be 
approximated as: 

kI ≈ kI
N2

CN2 + kI
H2OCH2O (5) 

From Eqs. (1) and (2), the effective relaxation rate trend can be 
retrieved by measuring the ratio between the QEPAS signal and the QTF 
quality factor, as a function of pressure [50]. Let’s introduce the 
frequency-related parameter AI expressed in terms of effective relaxa
tion rate: 

AI =
2πf
kI (6a)  

or in terms of V-T relaxation rates: 

AI ≈
2πf

kI
N2

CN2 + kI
H2OCH2O

(6b) 

Therefore, the ratio S/Q as a function of pressure can be written as: 

S(p)
Q(p)

≈
z1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
(

AI

p

)2
√ , (7)  

where z1 contains all the pressure-independent contributes to the QEPAS 
signal. 

Also, Eqs. (1–4) can be rearranged to analyze the dependence of the 
radiation to sound conversion efficiency on the concentration of the gas 
mixture components, at a fixed pressure. In a mixture of a low concen
tration of the isotopologue I in a wet nitrogen matrix and with a negli
gible variation of the QTF quality factor with the water concentration, 
the I-QEPAS signal as a function of the H2O concentration CH2O for a 
pressure p = p0 is given by: 

S(CH2O) ≈
z2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +

(
kI

N2
p0

2πf (1 − CH2O − CI) +
kI

H2 O p0

2πf CH2O

)− 2
√

=
z2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
(

BI
N2
(1 − CH2O − CI) + BI

H2OCH2O

)− 2
√ ,

(8)  

where BI
N2

= kI
N2

p0/2πf , BI
H2O = kI

H2Op0/2πf and z2 contains all the 
water-independent contributes (and therefore also Q(p0)) and represents 
the saturated QEPAS signal at high water concentration. Eq. (8) shows 
that the analysis of the QEPAS signal as a function of the H2O concen
tration can be also exploited to retrieve kI

H2O and kI
N2

. 

3. Experimental setup 

The experimental setup used to measure the relaxation rates of 
methane isotopologues in a wet nitrogen-based matrix is depicted in  
Fig. 1. 

The QTF was hold inside the Acoustic Detection Module (ADM), i.e., 
a vacuum-tight stainless-steel cell with fittings for gas inlet and outlet 
equipped with two ZnSe 7–12 µm antireflection (AR) coated windows to 
transmit the laser light. Methane molecules were excited using a 
distributed-feedback quantum cascade laser (DFB-QCL) with center 
emission at ⁓ 7.719 µm. The laser temperature was controlled by a 
thermoelectric cooler (TEC), whereas a current driver (CD) provided 
current to the QCL. The laser beam was focused between the QTF prongs 
inside the ADM by using a plano-convex ZnSe lens with a focal length of 
75 mm and a 7–12 µm AR coating. The ADM was placed on a 5-axis 
stage for alignment purposes. The laser power passing through the 
ADM was measured by a power meter (PM) set behind the ADM also for 
alignment purposes. The QTF piezoelectric current signal was converted 
into a voltage signal by a transimpedance amplifier (feedback resistor 
10 MΩ). A multifunction I/O device (model NI USB 6361) and a 
LabVIEW-based software were employed to electrically characterize the 
QTF and to perform QEPAS measurements. 

For QTF electrical characterization, the analog output AO1 provided 
a sinusoidal voltage excitation for the QTF, while for QEPAS measure
ments the analog output AO0 provided a dither to the laser current 
driver at half of the QTF resonance frequency f, to perform wavelength 
modulation, added to a slow ramp, to scan the laser current across the 
gas target absorption peak. In both cases, the generated signals were also 
used as a reference for the lock-in demodulation. The QTF transduced 
signal was acquired through the analog input AI2. For QTF electrical 
characterization the signal was demodulated at the excitation frequency 
using the reference signal acquired thorough the analog input AI1, while 
for QEPAS measurements the signal was demodulated at the resonance 
frequency f using the reference signal acquired thorough the analog 
input AI0. The 2f -signal resembles the second derivative of the ab
sorption cross-section line-shape distorted by a residual amplitude 
modulation, proportional to the first derivative but not affecting the 
peak intensity [57]. 

Measurements were performed using two gas cylinders, one con
taining a certified concentration of 1000 ppm of 13CH4 in N2 and the 
other containing a certified concentation of 1000 ppm of 12CH4 in N2. 
The mixture was humidified using a 1000 cm2 silicone membrane hol
low fiber gas exchanger (PermSelect). When the gas stream enters the 
port on one end cap of the membrane gas humidifier and flows through 
the silicone hollow fiber, water fills the shell side of the humidifier 
(outside of the hollow fiber), and permeate through silicone, thereby 
humidifying the gas stream. 

The gas flow was controlled via a valve-system. The pressure in the 
gas line was set using a vacuum pump and a pressure controller. Gas 
temperature and relative humidity inside the line were monitored using 

Table 1 
V-T relaxation rates (kP) associated to the collisions between CH4 molecules in 
the ν4 excited state and the collisional partner P, i.e., H2O, N2 or CH4.  

Collisional partner 
P 

Relaxation path kP 

(s¡1Torr¡1) 
Ref. 

H2O CH*
4(ν4) + H2O ̅̅̅ →

kH2 O
CH4 +

H2O  

1.32 * 105 

[30] 

N2 CH*
4(ν4) + N2 ̅̅→

kN2 CH4 + N2  
1.05 * 102 

[56] 
CH4 CH*

4(ν4) + CH4 ̅̅̅ →
kCH4 CH4 +

CH4  

1.05 * 103 

[56]  
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a Testo 635–2 thermohygrometer equipped with a humidity probe and 
connected to the personal computer for data acquisition. 

A set of five custom QTFs was chosen to measure the effective 
relaxation rate of methane isotopologues using the method proposed in 
[50]. QTF with I- or T-shaped prongs, with or without grooves carved on 
the surfaces were properly selected to analyze the QEPAS signal ob
tained by exciting methane molecules with modulation frequencies 
ranging between 3 kHz and 15 kHz, with a step of about 3 kHz, A 
schematic of the employed QTFs is shown in Fig. 2(a). QTF I0.8 was 
recently designed with the aim of developing a low-resonance frequency 
QTF (between 2 kHz and 4 kHz) with a quality factor higher than the 
typical values (lower than 5000 at atmospheric pressure) of the 
currently available low-resonance frequency custom tuning forks [58]. 
The QTF I0.8 resonance curve obtained at atmospheric pressure is 

Fig. 1. Schematic of the experimental setup. QCL: quantum cascade laser, TEC: thermoelectric cooler, CD: current driver, WFG: waveform generator, AO0, AO1: 
analog outputs; AI0, AI1: analog: inputs; L: focusing lens, ADM: acoustic detection module, TA: transimpedance amplifier, PM: power meter, V0, V1 and V2: needle 
valves, DAQ: data acquisition card, PC: personal computer. 

Fig. 2. (a) Schematic of the employed QTFs. All reported dimensions are in the unit of millimeters (mm). (b) Normalized resonance curve of QTF I0.8 at atmospheric 
pressure (blue dots) with Lorentzian fit (purple line). 

Table 2 
Resonance properties of the QTFs sketched in Fig. 2(a). QTF name key: G: 
grooved, T: T-shaped, I: I-shaped, number: prongs spacing (in mm). f0: funda
mental mode resonance frequency at atmospheric pressure. Q: quality factor at 
atmospheric pressure.  

QTF name f0 (Hz) Q Ref. 

G0.8  15222.93  15050 [58] 
T0.8  12460.55  15540 [58] 
TG1  9350  9080 [60] 
TG0.8  8069.96  10900 [61] 
I0.8  3846.57  7050 This work  
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shown in Fig. 2(a), together with the Lorentzian fit. 
At atmospheric pressure, the measured resonance frequency and 

quality factor for QTF I0.8 are 3846.57 Hz and 7050, respectively. 
Asymmetry in the resonance curve is ascribed to residual parasitic 
capacitance at the pins connection [59]. The fundamental mode reso
nance frequencies and quality factors at atmospheric pressure of the 
selected set of QTFs are summarized in Table 2. 

Each selected QTF has a prong spacing greater than the DFB-QCL 
beam waist at the lens focal plane (∼ 400 µm) in order to reduce the 
possible background noise arising from beam tails hitting the prongs of 
the resonators. 

4. Results 

4.1. Absorption lines selection 

The optimum configuration to unambiguously identify and inde
pendently excite the two methane isotopologues, avoiding spectral 
interference, consists in a set of working parameters, including pressure 
and temperature of the gas sample, allowing a complete separation of 
the 2 f-QEPAS profiles associated with the targeted optical transitions. 
Moreover, the most preferable 12CH4 absorption line should have a line- 
strength ∼ two orders of magnitude lower than 13CH4 to balance out 
their different concentrations (~ 98.9 % 12CH4, 1.1 % 13CH4) in a 
methane sample in natural abundance and to achieve a suitable detec
tion sensitivity for both species. The cross-section dependence on tem
perature via ground state energies must also be comparable. 

The Hitran Database was employed to simulate the absorption cross 
section of 1000 ppm of 13CH4 and 12CH4 diluted in pure N2 within the 
laser emission spectral range [54]. Absorption cross section of 2400 ppm 
of H2O was also simulated. The second derivative of the simulated ab
sorption cross sections are shown in Fig. 3, at the lowest and highest 
working pressure, namely 50 Torr and 700 Torr, and at a room tem
perature of 23 ◦C. 

The selected 12CH4 and 13CH4 absorption features are located at 
1296.12 cm− 1 and 1296.25 cm− 1, far from H2O features, and have a 
line-strength of 3.97 * 10− 24 cm/molecule and 4.57 * 10− 23 cm/mole
cule, respectively. For a methane sample, having isotopologues in nat
ural abundance, the cross-section ratio σ13/ σ12 is equal to 0.11 at 
50 Torr and T = 23◦, with a negligible − 0.68‰/◦ temperature coeffi
cient. It is worth to notice that in this spectral range QEPAS cannot be 
used to retrieve H2O concentration due to the overlap with a 13CH4 
absorption feature. This justifies the use of a hygrometer to determine 
the temperature and relative humidity of the gas sample and to calculate 

the absolute humidity [33]. 

4.2. Measurement of vibrational-translational effective relaxation rate 

As discussed in the first section, the dependence of the QEPAS signal 
and QTF quality factor on gas pressure can be used to recover the ra
diation to sound-conversion efficiency for different acoustic frequencies. 

Measurements were first performed by flushing a mixture of 
1000 ppm of 12CH4, 2400 ppm of H2O and the rest N2 through the gas 
line. Each QTF was firstly electrically characterized at different working 
pressures, namely 50, 100, 200, 300, 400, 500, 600 and 700 Torr. The 
12CH4 QEPAS signal was acquired at the listed pressure values, opti
mizing the laser amplitude modulation and frequency. Measurements 
were repeated by flushing a mixture of 1000 ppm of 13CH4, 2400 ppm of 
H2O and the rest N2. 

As a representative, the QEPAS signal of both isotopologues 
measured with QTF T0.8 is shown in Fig. 4 at 50 Torr and 700 Torr. 

At 700 Torr the negative lobes of the QEPAS scans of the two 13CH4 
absorption lines overlap, but the QEPAS peak of the selected line is not 
affected by this distortion. The 12CH4 QEPAS signal of the 1296.19 cm− 1 

absorption line merges with the 1296.12 cm− 1 one, leading to an 
asymmetry in the measured QEPAS spectrum. 

The normalized QEPAS signals 12CH4 S and 13CH4 S, related to each 
isotopologue, are represented as a function of pressure in Fig. 5a and d, 
respectively. The uncertainty on the represented data points corre
sponds to the 1σ standard deviation of the signal acquired with the laser 
current locked on the absorption peak for about 40 s. Starting from the 
lowest pressure, the QEPAS signal rapidly increases until it reaches a 
maximum value; then it slightly decreases. This trend results from the 
combination of two opposite effects. The gas density increases with 
pressure, causing a stronger damping of the prong motion and thus a 
reduction of the QTF quality factor. On the other hand, the radiation-to- 
sound conversion efficiency increases with pressure since more colli
sional partners are available for energy relaxation of the excited mole
cules. The maxima in the graphs of Fig. 5a and d correspond to the 
pressure at which the tradeoff between these behaviors occurs. As an 
example, for 12CH4 the highest QEPAS signal is achieved at 200 Torr for 
QTFs I0.8 and TG0.8 and at 300 Torr for the others. Thus, the tradeoff 
pressure decreases with the modulation frequency. 

The ratio S/Q normalized to the highest value is plotted in Fig. 5b 
and e for the two isotopologues as a function of pressure (datapoints). 
Such curves represent a family of ε(p) functions, each corresponding to a 
modulation frequency. Initially, ε(p) shows an increase with pressure 

Fig. 3. Second derivative of the absorption cross section of 1000 ppm of 12CH4 
(orange), 1000 ppm of 13CH4 (green) and 2400 ppm of H2O (blue) in N2, within 
the laser spectral range at working pressure of 50 Torr (a) and 700 Torr (b). 

Fig. 4. QEPAS signal of 1000 ppm of 12CH4 (orange) and 13CH4 (green) 
measured in a mixture containing 2400 ppm of H2O and the rest N2 at 50 Torr 
(a) and 700 Torr (b) by employing QTF T0.8. 
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and then it reaches a plateau, which corresponds to a complete con
version, per oscillation cycle, of vibrational energy of the excited state 
into heat. The pressure at which the plateau is reached increases with f 
since more molecules are needed to have a complete energy release of 
the gas in one oscillation cycle. Eq. (7) was used to fit the data in Fig. 5b 
and d (solid lines) to retrieve the parameter AI, which has been further 
plotted as a function of the modulation frequency f in Fig. 5c and f for the 
two isotopologues. 

Then, the effective relaxation rate was retrieved for the two iso
topologues using Eq. (6a). The obtained results are reported in Table 3, 
together with the theoretical values calculated employing Eq. (3) and 
the values of methane V-T relaxation rate reported in Table 1. 

The result shows that within the fitting errors, no significant differ
ences in measured relaxation rates were observed between the two 
isotopologues. Moreover, both values are in a good agreement with the 
effective methane relaxation rate estimated in a standard sample of CH4 
containing natural abundances of each isotopologues. 

4.3. Measurement of vibrational-translational relaxation rates 

A more detailed comparison between the relaxation dynamics of the 
two isotopologues requires measuring the relaxation rate of a 13CH4 and 
12CH4 molecule colliding respectively with N2 (k

13CH4
N2

, k
12CH4
N2

) and H2O 

(k
13CH4
H2O , k

12CH4
H2O ) molecules. With this aim, data in Fig. 5 were fitted 

considering the explicit dependence of AI on the V-T relaxation rates, i. 
e., using Eqs. (5) and (6a). In this case, the fitting procedure did not 
converge due to the increase of number of parameters being the dataset 
size the same. Therefore, to enlarge the dataset a different approach was 
employed by acquiring the QEPAS signal related to 1000 ppm of 13CH4 
and 12CH4, respectively, at different water vapor concentration in the 
mixture, with QTF G0.8. Starting from a minimum value of 1000 ppm, 
the water vapor content in the line was increased by varying the gas flow 
through valve V0 (see Fig. 1). As the humidity was gradually increased 
the QEPAS signal increases and reaches a plateau. This trend was 
observed at four different pressures, namely 100, 300, 500, and 
700 Torr. 

Fig. 6 shows the normalized 12CH4 QEPAS signal as a function of the 
calculated absolute humidity at the four listed pressures. 

The obtained curves demonstrate the dependence of the radiation to 
sound conversion efficiency ε on the moisture level of the gas sample. As 
listed in Table 1, CH4-H2O collisions exhibit large rates; therefore, H2O 
acts as a V-T promoter for methane [62]. Consequently, the 12CH4 PA 
signal increases as H2O concentration increases until it reaches a plateau 
level. In this condition, the amount of water is so high that the excess of 
energy of optically excited CH4* molecules is completely relaxed via 
CH4-H2O collisions. The absolute humidity at which this condition is 
reached decreases as the pressure increases since more molecules are 

Fig. 5. Normalized QEPAS signal S as function of pressure for 12CH4 (a) and 13CH4 (d). Normalized S/Q data-points as a function of pressure for 12CH4 (b) and 13CH4 
(e). The fitting curves obtained using Eq. (7) are represented as continuous lines. A1 parameter as a function of modulation frequency f for 12CH4 (c) and 13CH4 (f). 
Data are referred to a mixture containing 1000 ppm of 12CH4 or 13CH4, 2400 ppm of H2O and the rest N2. 

Table 3 
Comparison between the experimental effective relaxation rates of 1000 ppm of 
12CH4 and 13CH4 in a mixture of 2400 ppm of H2O and the rest N2 and the 
theoretical effective relaxation rate of 1000 ppm of CH4 in the same mixture, 
calculated employing the k values reported in Table 1.  

Molecule k (102 Torr-1s-1) Ref. 
12CH4 4.02 ± 0.39 This work 
13CH4 4.51 ± 0.55 This work 
CH4 4.22 

Table 1  
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available for excited molecules relaxation. For this reason, the plateau is 
not reached at 100 Torr, meaning that for such a low pressure, an ab
solute humidity greater than the one achievable with the employed 
experimental setup was needed to reach a saturation condition. Similar 
trends were obtained with 13CH4. By fitting the experimental data with 
Eq. (8), parameters BI

H2O and BI
N2 

can be calculated. The obtained 
values for 12CH4 are plotted as a function of pressure in Fig. 7. 

A linear fit was imposed to estimate the V-T relaxation rates asso
ciated to each relaxation path in the mixture, i.e., 12CH4* -H2O and 
12CH4* -N2, leading to an R2 value of 0.993 and 0.988. The obtained 

Fig. 6. Normalized 12CH4 QEPAS signal as function of absolute humidity for the four investigated pressures.  

Fig. 7. Plot of the parameters B
12CH4
H2O = k

12CH4
H2O p0/2πf and B

12CH4
N2

= k
12CH4
N2

p0/2πf (see Eq. (8)) as a function of pressure p0, calculated for 12CH4. Here, k
12CH4
H2O and k

12CH4
N2 

are the 12CH4 V-T relaxation rate for collisions with H2O and N2, respectively, and f is the modulation frequency. 

Table 4 
Experimental values of the V-T relaxation rates associated to collision of 13CH4 
and 12CH4 isotopologues in the excited state with an N2 or H2O molecule in its 
ground state.  

Isotopologue (I) kI
H2O(Torr− 1s− 1) kI

N2
(Torr− 1s− 1)

12CH4 (1.36 ± 0.08) * 105 102.37 ± 7.85 
13CH4 (1.39 ± 0.08) * 105 89.95 ± 9.94  
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values and fitting errors are summarized in Table 4, together with the 
results obtained from the equivalent analysis performed on 1000 ppm of 
13CH4. 

The retrieved values for 12CH4 and 13CH4 are comparable within the 
errors and nearly match the theoretical values found in literature for 
CH4 reported in Table 1. It is worth to notice that the effective relaxation 
rates calculated using Eq. (5) and the kI

P values in Table 4 are 
k12CH4= 428 ± 23 Torr− 1s− 1 and k13CH4= 423 ± 24 Torr− 1s− 1, in good 
agreement with the theoretical value reported for methane in natural 
abundance in Table 3. To evaluate how much the difference in kI

P 
values between the two isotopologues could affect the measurements 
performed with our QEPAS setup, these values were employed to 
calculate the radiation-to-sound conversion efficiencies ε12CH4 andε13CH4 

using Eq. (2) for each selected modulation frequency, at the pressure 
corresponding to the highest QEPAS signal-to-noise ratio (see Fig. 5a 
and d). εI relative differences lower than 0.5 % were calculated and 
resulted to be in each case lower than the relative error of the signal 
considering the 1-σ fluctuations for both isotopologues. Therefore, the 
measured difference between the kI

P values is not expected to affect δ13
CH4 

measurements performed with the employed QEPAS setup. 
The obtained results can be extended for mixtures of lower methane 

concentrations since Eq. (5), i.e., the hypothesis of negligible self- 
collisions, remains valid. 

5. Conclusions 

In this work, the V-T relaxation rates associated to collisions of each 
methane isotopologue with H2O and N2 are measured, using mixtures 
containing 1000 ppm of 12CH4 or of 13CH4. The model is based on two 
assumptions: i) self-collisions are neglected, and ii) only vibrational- 
translational transitions from the excited state to the ground state are 
considered. The good agreement between the experimental trends and 
the theoretically predicted ones demonstrates that this assumption is 
valid for describing methane isotopologue relaxation in wet nitrogen- 
based mixtures. Firstly, the effective relaxation rates of both iso
topologues were measured, by studying the dependence of the radiation- 
to-sound conversion efficiency on the laser modulation frequency and 
on the gas pressure, with a standard QEPAS setup. Then, the specific V-T 
relaxation time through collisions with N2 and H2O was determined for 
both isotopologues, by studying the QEPAS signal dependence on 
moisture level at fixed modulation frequency, at four different pressures. 
Both methods show that the mass difference between the two methane 
isotopologues and the consequent shift between their vibrational levels 
does not cause a significant difference between the two isotopologues 
relaxation rates. Consequently, when considering a mixture of methane 
isotopologues in a matrix of nitrogen and water, fluctuations in water or 
nitrogen concentration would affect in a similar way the QEPAS signal of 
13CH4 and 12CH4 isotopologues. Thus, the isotopic ratio is not expected 
to change and it’s not going to depend on the matrix composition. 

As a future development, this study should be extended to high 
concentration methane samples with variable isotopic compositions. In 
such a case, the relaxation rates associated to self-collisions and to col
lisions of each isotopologue with the other one can no longer be 
considered negligible. The final aim is to assess and filter out the 
possible non-spectral cross-correlations when the fluctuations in con
centration of one isotopologue can influence the measurement of the 
other one, leading to an accurate evaluation of the isotopic ratio of a 
CH4-based sample with QEPAS technique. 
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[31] S. Schilt, J.P. Besson, L. Thévenaz, Near-infrared laser photoacoustic detection of 
methane: the impact of molecular relaxation, Appl. Phys. B Lasers Opt. 82 (2006) 
319–329, https://doi.org/10.1007/s00340-005-2076-y. 

[32] V. Zéninari, B. Parvitte, D. Courtois, V.A. Kapitanov, Y.N. Ponomarev, Methane 
detection on the sub-ppm level with a near-infrared diode laser photoacoustic 
sensor, Infrared Phys. Technol. 44 (2003) 253–261, https://doi.org/10.1016/ 
S1350-4495(03)00135-X. 

[33] A. Elefante, G. Menduni, H. Rossmadl, V. Mackowiak, M. Giglio, A. Sampaolo, 
P. Patimisco, V.M.N. Passaro, V. Spagnolo, Environmental monitoring of methane 
with quartz-enhanced photoacoustic spectroscopy exploiting an electronic 
hygrometer to compensate the H2O influence on the sensor signal, 20 (2020) 2935, 
Sensors Vol. 20 (2020) 2935, https://doi.org/10.3390/S20102935. 

[34] G. Menduni, A. Zifarelli, E. Kniazeva, S. Dello Russo, A.C. Ranieri, E. Ranieri, 
P. Patimisco, A. Sampaolo, M. Giglio, F. Manassero, E. Dinuccio, G. Provolo, H. Wu, 
D. Lei, V. Spagnolo, Measurement of methane, nitrous oxide and ammonia in 
atmosphere with a compact quartz-enhanced photoacoustic sensor, Sens. Actuators 
B. Chem. 375 (2023), 132953, https://doi.org/10.1016/j.snb.2022.132953. 

[35] A. Zifarelli, G. Menduni, M. Giglio, A. Elefante, A. Sukhinets, A. Sampaolo, 
P. Patimisco, S. Fangyuan, W. Chongwu, Q.J. Wang, V. Spagnolo, Compact and 
versatile QEPAS-based sensor box for simultaneous detection of methane and 
infrared absorber gas molecules in ambient air, Front. Environ. Chem. 3 (2022) 
1–11, https://doi.org/10.3389/fenvc.2022.926233. 

[36] L. Dong, J. Wright, B. Peters, B.A. Ferguson, F.K. Tittel, S. McWhorter, Compact 
QEPAS sensor for trace methane and ammonia detection in impure hydrogen, 
Appl. Phys. B Lasers Opt. 107 (2012) 459–467, https://doi.org/10.1007/S00340- 
012-4908-X/FIGURES/12. 
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