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A B S T R A C T

This study presents a detailed quantitative analysis of kinetic cooling in methane photoacoustic spectroscopy,
leveraging the capabilities of a digital twin model. Using a quantum cascade laser tuned to 1210.01 cm⁻1, we
investigated the effects of varying nitrogen-oxygen matrix compositions on the photoacoustic signals of 15 ppmV
methane. Notably, the photoacoustic signal amplitude decreased with increasing oxygen concentration, even
falling below the background signal at oxygen levels higher than approximately 6%V. This phenomenon was
attributed to kinetic cooling, where thermal energy is extracted from the surrounding gas molecules rather than
added, as validated by complex vector analysis using a previously published digital twin model. The model
accurately reproduced complex signal patterns through simulations, providing insights into the underlying
molecular mechanisms by quantifying individual collision contributions. These findings underscore the impor-
tance of digital twins in understanding the fundamentals of photoacoustic signal generation at the molecular
level.

1. Introduction

There is great potential for the development of trace gas sensors
based on photoacoustic (PA) spectroscopy for a wide range of applica-
tions, such as breath analysis [1], environmental monitoring [2] or
safety technology [3]. As an optical method, PAS often utilizes
narrowband emitters, e.g. interband cascade lasers (ICLs) [4,5], quan-
tum cascade lasers (QCLs) [6,7] or solid-state lasers [8], ensuring
spectral selectivity. Moreover, photoacoustic sensors demonstrate high
sensitivity, with the potential to extend even beyond the
parts-per-trillion by volume (pptV) range [9]. The use of cost-effective
components, such as MEMS microphones and 3D-printed measure-
ment cells [10] or quartz tuning forks [11], and the possibility of real-
izing miniaturized sensor systems with short optical path lengths [12,
13], highlight the capability of PA technology. However, photoacoustic
measurement systems have the drawback that changing measurement
conditions, e.g. variations in pressure, temperature, or in particular
sample composition, can impact not only the absorption behavior of the
sample but also acoustic parameters and the path of non-radiative
deactivation, which is crucial for photoacoustic signal generation. This
multi-faceted influence of system variables by different physical effects
often results in unexpected signal patterns, although only individual
measurement parameters are varied [14–16].

Individual calibration of these effects is not a viable approach for
transferring the technology from laboratory to real-world applications
due to the complexity of their mechanisms. Therefore, we have previ-
ously developed an algorithm to predict the cascade of collision-based
non-radiative relaxation processes (CoNRad) [17]. This algorithm
serves as the core of a digital twin (DT) that additionally considers
acoustic and spectral effects and ultimately compensates for all these
physical influences on the measurement signal [16]. Given knowledge of
all vibrational levels of the molecules in the gas matrix relevant for

signal generation and the lifetimes of all relevant non-radiative relaxa-
tion processes, a simple one-point calibration of the sensor under any
known measurement condition is sufficient. Additional calibration of
the sensor against environmental influences is not required. The func-
tionality of CoNRad and the DT has been validated in collaboration with
the GermanWeather Service (DWD) at a Meteorological Observatory for
atmospheric methane monitoring [18]. The results were compared with
a cavity ring-down spectrometer G2301 (Picarro, Inc., USA), which is
used as a calibrated reference device satisfying the standardization
guidelines defined by the European Integrated Carbon Observation
System (ICOS) program. Additionally, CoNRad and DT have been
compared with a data-driven approach based on partial least squares
regression (PLSR), demonstrating performance at least equivalent to
that of PLSR [19].

Due to the multitude of possible mechanisms on a molecular level,
simple one-dimensional changes in measurement conditions (e.g., the
successive addition of another matrix component) often result in unin-
tuitive signal patterns. A special case is the phenomenon of kinetic
cooling, which can lead to unexpected signal patterns solely due to
relaxation effects, even after compensating for all acoustic and spectral
effects. Kinetic cooling occurs when, on average, no energy is added to
the system during photoacoustic signal generation, but energy is instead
removed from the thermal energy reservoir of the surrounding mole-
cules. The term "kinetic cooling" was introduced by Wood et al. in 1971
when investigating the effects of changes in air chemistry on the at-
mospheric refractive index [20]. While the phenomenon was further
studied in the early 1970s using CO2 lasers and interferometric tech-
niques to examine atmospheric CO2 levels [21,22], Rooth et al. [23] and
Moeckli et al. [24] investigated the impact of kinetic cooling on pho-
toacoustic signal generation during CO2 detection in the 1990s.
Although CO2 remains the most well-known example of kinetic cooling,
the effect has also been observed in the photoacoustic detection of other
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gases, such as N2O [25] and CO [15]. The occurrence of the phenome-
non in the photoacoustic detection of CH4 has also been reported,
though in the near-infrared range and without a quantitative analysis of
the effect [26,27]. Here, we present for the first time an analysis of this
effect, quantifying the contributions of individual collision reactions
through digital twin (DT) simulation. This is demonstrated using the
example of mid-infrared methane excitation by a quantum cascade laser
(QCL) at a wavenumber of 1210.01 cm− 1. When adding oxygen to a
mixture of 15 ppmV methane diluted in nitrogen, a simple relaxational
system with only two molecular states and three relevant transitions is
sufficient to quantify the effect of kinetic cooling and to specify the in-
dividual contributions of collision reactions.

2. Theory and methods

The foundation of photoacoustic signal generation is built upon
molecular collision reactions. During superelastic collisions, internal
energy of vibrational states excited after absorption is converted into
kinetic energy, known as vibrational-translational (VT) transitions. If
the collision partner provides vibrational modes of similar energy,
vibrational energy can also be transferred to the collision partner
through vibrational-vibrational (VV) transfer processes. The specific
pathway of the relaxation cascade of an excited state of the analyte
molecule depends on the sample composition, its pressure and temper-
ature, and the periodicity of heat input resulting from the modulation
frequency of the emitter. Depending on these parameters, it is possible
that the energy absorbed may not be fully converted into kinetic energy
within one modulation period, leading to a relaxation efficiency ϵrelax of
less than unity. Furthermore, the photoacoustic signal amplitude ULIA,
which is the root mean square of the microphone voltage Umic in a PA
setup exploiting first longitudinal acoustic resonance and lock-in
amplification, respectively, is governed by Eq. (1) [16].
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This PA signal amplitude, represented as the magnitude of the
complex vectorial PA signal, also depends on the optical power of the
emitter P0(ν̃Ph) and the dimensionless volume fraction Ni of analyte i
with an absorption cross-section at the emitted wavenumber σi(ν̃Ph).2

Besides Avogadro’s constant NA and the microphone sensitivity Bmic, the
measurement signal relies on the molar volume of the sample Vmol and
the decremented heat capacity ratio (γ − 1). It also depends on the
length LR, volume VR, quality factor Q, and frequency fres of the acoustic
resonator. A refinement factor Ccor introduced in [17] must be deter-
mined once through a two-point calibration3 when applying a digital
twin of the photoacoustic sensor in order to quantitatively converge its
virtual space to the physical space [16].

Previous publications have detailed the function of the algorithm for
predicting the photoacoustic relaxation cascade [17] and the use of a DT
to comprehensively simulate the signal voltage of photoacoustic sensors
[16]. In this research, CoNRad and DT were applied to mid-infrared
methane excitation using a QCL at 1210 cm⁻1, and the influence of
sample composition on the sensor signal was investigated. For this
purpose, the nitrogen:oxygen (N2:O2) ratio of the bulk matrix was varied
while maintaining a constant analyte concentration of 15 ppmV. The
QCL was modulated at around 5 kHz with a 50% duty cycle, resulting in
an average optical power of 45mW. The measurements were conducted

at slight positive pressure of 1036 mbar and a temperature of 35 ◦C. The
acoustic signal was recorded using an ICS-4270 MEMS microphone
(InvenSense Inc., US). The remaining hardware and electronic compo-
nents of the measurement setup are as described in [7], with the addi-
tion of a schematic illustrating the experimental setup. Fig. 1 shows a
simple Jablonski diagram of a two-level system comprising the dyad of
methane νb (black) and the stretching vibration of oxygen ν (red), which
are sufficient to understand and quantify the observed effects. The solid
arrows illustrate VT processes, while the dashed arrows represent VV
processes. A VV transition to nitrogen is considered unlikely due to the
large energy gap between the states.

The QCL-excited dyad of methane, encompassing different CH
bending modes, can relax to the ground state through collisions with N₂
(k₃) or O₂ (k₄), converting entirely into kinetic energy. Competing with
this transfer is an endothermic VV transfer to O₂ (k₁), which removes
kinetic energy from the system instead, i.e., the kinetic energy of the
collision partners is lower after collision. The inverse energy transfer
back to CH₄ (k₂) as well as the VT relaxation of excited O₂ via collision
with N₂ (k₅) are shown in grey, as the results indicated they are of
negligible relevance. Under the specified measurement conditions,
additional transition processes do not need to be considered. Table 1
specifies these collision reactions, including their relaxation rates, and
compares them with previously reported values that have been deter-
mined by other techniques such as shock tube experiments.

3. Measurements and discussion

Fig. 2 shows amplitude-modulated photoacoustic spectra of 15 ppmV
methane diluted in pure nitrogen (yellow) as well as with successive
substitutions of nitrogen by oxygen. Refer to the legend of the figure for
the assignment of the spectra and their respective O₂ concentrations. The
scaled sensor voltage |ULIA| accounts for changes in P0 during laser
tuning and has been scaled to the maximum optical power at
1209.2 cm− 1. This scaling point is extrapolated as a dotted black hori-
zontal reference line across the measured spectrum. Since this scaling
occurs outside the methane absorption feature, it corresponds to the
photoacoustic background signal (BS), which arises from the interaction
of QCL radiation with the windows of the PA cell during amplitude
modulation. The purple line represents the absorption cross-section of
methane as provided by HITRAN database.

It can be observed that the PA signal decreases with the addition of
O2, surprisingly this trend continues to a measured magnitude of less
than the background signal when exceeding O2 concentrations of 6%V.
The violet and green spectra at 10%V and 20%VO₂ appear to be mirror-

Fig. 1. Simplified Jablonski diagram of a two-level system to predict the
relaxation cascade of photoacoustic signal generation for methane monitoring
in air. The grey shaded area highlights the dyad of CH4 vibrations vb [28].

2 Assuming that analyte i is the only matrix component absorbing photon
energy at ν̃Ph.
3 Because of a non-zero background signal when applying amplitude modu-

lation, a two-point calibration is necessary. In case of wavelength modulation, a
single-point calibration is sufficient.
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symmetrical to spectra at lower O2 concentrations. The mirror axis is the
dashed horizontal reference line.

To further investigate this phenomenon, an extended series of mea-
surements with 13 different N₂:O₂ ratios was carried out at a fixed
wavenumber of 1210.01 cm⁻1, indicated by the red vertical line in Fig. 2.
Fig. 3 shows the photoacoustic signal of this measurement series in a
complex vector diagram with the vector length corresponding to the
signal magnitude. The green point cloud illustrates the background
signals without methane as the analyte, recorded for each matrix
composition, which are constant over all measurements both in ampli-
tude and in phase. The measurement points at the minimum (pure N₂)
and maximum (20%V) O₂ concentrations are highlighted in bold.

The projection of the background signal vector onto the signal vector
in pure N₂ in Fig. 3 represents its contribution to the measured signal
amplitude |ULIA(0%V − O2) |. The red arrow labeled "VV" indicates
relaxational losses by vibrational-vibrational energy transfer to oxygen
when increasing the O2 concentration. By successively adding O₂, the
percentage of the background signal in the total signal amplitude in-
creases until signal and background vectors are equivalent. Further
increasing the bulk O₂ yields kinetic cooling, visualized by the blue
arrow in Fig. 3. As after this threshold, thermal energy is in total
removed from the system rather than added. The required energy is
extracted from the surrounding molecules in the form of kinetic energy.
Consequently, the length of the signal vector becomes shorter than that
of the background signal.

To verify that kinetic cooling is responsible for the signal amplitude
dropping below the background when increasing the oxygen concen-
tration, the complex PA signals for each measurement were simulated
using a digital twin according to [16], and the results (red dots) are
compared with the empirical data in Fig. 4. For this purpose, the

measured PA signals (blue crosses in Fig. 3) have been offset-corrected
with the respective background signals taking the signal phase into ac-
count. Fig. 4a illustrates these corrected sensor signals (blue crosses) in a
vector diagram and Fig. 4b their absolute values as a function of O₂
concentration.

Plotting these measured and simulated complex signal vectors
clearly reveals a 180◦ phase shift at approximately 6%V O₂, strongly
indicating a transition from effective sample heating to cooling. The
further addition of O₂ produces signal vectors in the third quadrant,
highlighted in blue in Fig. 4a, indicating the region where kinetic
cooling occurs. The DT-simulated signal vectors agree well with the
empirical measurements, although the latter are slightly offset and do
not pass exactly through the origin of the coordinate system as expected.
This discrepancy is likely because each background signal was not
recorded immediately after the corresponding measurement signal.
Instead, the measurements containing analyte have been carried out in a
separate series following a series for all background signals. Fig. 4b
shows the amplitude response of the PA sensor with the addition of
oxygen, with its intricate pattern attributable solely to relaxational ef-
fects. Simulation of signal magnitudes using the DT notably demon-
strates that even such complex and unintuitive signal patterns can be
reproduced with only minor deviations. This not only aids in under-
standing the underlying effects and mechanisms on a molecular basis
but also eliminates the need for calibrating photoacoustic sensors for
such cross-sensitivities.

Table 1

Processes including rate constants and their energy difference
ΔE
hc0

for the complete de-excitation of methane via collisions with oxygen and nitrogen, respectively.

Negative energy differences indicate exothermic collision reactions. Reactions labelled in bold correspond to VT-processes, the others to VV-processes. A (*) indicates
the three most important processes identified by DT simulation (refer to Fig. 5).

Reaction ΔE
hc0

in cm¡1 Reaction rate k in s¡1atm¡1 (used/literature)

(1)∗ CH4(νb) + O2 ̅̅̅ →
k1 CH4 + O2(ν) +346 k1 = 2.53× 106 /3.30× 106 [29]

(2) O2(ν) + CH4 ̅̅̅ →
k2 O2 + CH4(νb) − 346 k2 = 3.27× 107 / 3.27× 107 [29]

(3)∗ CH4(νb) + N2 ̅̅̅ →
k3 CH4 + N2 − 1210 k3 = 4.50× 104 /8.00× 104 [30]

(4)∗ CH4(νb) + O2 ̅̅̅ →
k4 CH4 + O2 − 1210 k4 = 7.00× 104 /7.00× 104 [29]

(5) O2(ν) + N2 ̅̅̅ →
k5 O2 + N2 − 1556 k5 = 18 /18 [31]

Fig. 2. Amplitude modulated photoacoustic spectra of 15 ppmV methane in
pure N2 (yellow) and successively substituting N2 by O2 (red to green). The
purple line depicts the absorption cross-section from HITRAN database.

Fig. 3. The photoacoustic measurement signals for 15 ppmV CH₄ at 13 different
N₂:O₂ ratios is presented as a complex vector diagram (blue crosses). The
measurement points at the minimum (pure N₂) and maximum (20%V O₂)
concentrations are highlighted in bold, while the background signals are shown
as a green point cloud. The colored curved arrows illustrate relaxation processes
and do not represent vectors.
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A valuable additional feature of our algorithmic approach for
simulating photoacoustic signals is its ability to quantify the contribu-
tions of individual collision reactions to the total PA signal magnitude.
Based on this functionality, Fig. 5 displays the contributions to signal
generation for selected N₂:O₂matrix compositions as a bar chart. The red
dashed horizontal line represents the energy of a photon, i.e. approx.
0.15 eV. The overlaid white diagonally hatched area illustrates the ab-
solute heat dissipation per absorbed photon relative to the maximum
possible energy input into the system, q100. The net contribution to
photoacoustic signal generation, whether resulting from heat input into
the system (indicated by red bars) or heat extraction from the system
(indicated by blue bars), is represented in Fig. 5 by the value between
0 eV baseline and the boundary line in q100 that the respective filled bars
either touch or intersect. The values of net contribution, which indicate
whether kinetic heating or kinetic cooling occurs depending on their
sign, are displayed on the bars.

The first notable observation in Fig. 5 is that the excited νb state of
methane can relax and contribute to photoacoustic signal generation
only up to approximately 80% (+0.121 eV), even in the absence of
oxygen. This results from the fact that the VT relaxation rate k3 is not
sufficiently fast to allow all excited CH₄ molecules to fully relax at a
modulation frequency of 5124Hz. The addition of 1%V O2 further re-
duces this net contribution to +0.073 eV, as vibrational-translational
(VT) energy transfer via N2 (red filled bars) competes with
vibrational-vibrational (VV) energy transfer to O2 (blue filled bars),
which in return extracts heat from the system. Examining all oxygen-
containing compositions reveals that VT via O2 (red vertically hatched
bars) becomes more significant with increasing oxygen content, yet it
plays a relatively minor role overall. Analyzing the individual contri-
butions at oxygen concentrations of 6%V and 7%V shows a slightly
positive (+0.002 eV) and slightly negative (− 0.003 eV) net contribution,
respectively, indicating that effective cooling of the system seems to
start at an oxygen concentration slightly exceeding 6%V. With a net
contribution of − 0.026 eV, the sample with the highest oxygen con-
centration of 20%V clearly demonstrates the effect of kinetic cooling.
Theoretical DT-based simulation of a sample in pure oxygen predicts a
maximum heat extraction from the system per photon of − 0.038 eV.
This net contribution is predicted to result from 91%VV cooling and 9%
VT heating (via O2).

4. Conclusion

This work builds on the observation of unexpected signal patterns in
amplitude-modulated photoacoustic spectra of methane around

wavenumbers of 1210 cm− 1 when varying the N2:O2 matrix composi-
tion. Through extended measurements, the inclusion of phase informa-
tion from the complex signal, and the application of a digital twin in
particular, these signal patterns were successfully interpreted. The
phenomenon of kinetic cooling was identified as the cause of the
observed drop in signal amplitude below the background level,
accompanied by a 180◦ phase shift. This highlights a significant
advantage of analytical models over data-driven models, which require
training before they can be applied. As a result, data-driven models
would not have been able to interpret unexpected molecular-level
measurement effects observed in a single-shot measurement series.
Notably, the ability to quantify the contributions of individual collision
reactions to photoacoustic signal generation is unique and, to the best of
the authors’ knowledge, has not been previously reported. The results
can be accurately described using a simple two-level system. This study
demonstrates that digital twins are not only essential for translating
photoacoustic sensor technology from the laboratory to practical ap-
plications but also for enhancing the understanding and prediction of
fundamental scientific phenomena.

Fig. 4. Measured PA signals from Fig. 3 after offset-correction (blue crosses) and DT-simulated signals (red dots) are presented in a complex vector diagram (a) and
their absolute values plotted as a function of O₂ concentration (b).

Fig. 5. Representation of the contributions of individual collision reactions to
the photoacoustic signal amplitude for selected N₂:O₂ matrix compositions as a
bar chart. The red dashed horizontal line indicates the energy of a light
quantum in eV. The overlaid white diagonally hatched area illustrates the ab-
solute heat dissipation q100.
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