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A B S T R A C T

This work presents a single-pass optical sensor designed for the detection of a broadband absorption feature of 
benzene. It is based on light-induced thermoelastic absorption spectroscopy (LITES) employing a novel InAs/ 
AlSb-based quantum cascade laser source emitting at 14.85 μm as light source, and a custom-designed quartz 
tuning fork (QTF) as infrared photodetector. The sensor system was operated in both amplitude (AM) and 
wavelength modulation (WM) mode to characterize the absorption band parameters and assess the sensor ul
timate detection limit. The limitations of WM and double-frequency detection (2f-WM) approach for broadband 
absorption features are thoroughly analyzed and discussed. An absorption cross-section of (1.1 ± 0.1) ⋅ 10 cm2 

was measured in AM mode with a minimum detection limit of 1.6 part-per-million, while a minimum detection 
limit of 0.6 part-per-million was achieved using the 2f-WM mode, at 0.1 s of integration time, employing a 12 cm 
long single-pass cell.

1. Introduction

Optical absorption spectroscopy has proven to be a valuable tech
nique due to its ability to distinguish among different substances with a 
high accuracy by reconstructing the related absorption features. Diode 
laser sources have been widely employed in direct absorption configu
ration, comparing the residual radiation intensity with and without the 
target analyte, in accordance with the well-known Lambert-Beer law. 
Additionally, they offer the distinct advantage of wavelength tunability 
through injected current. However, by implementing modulation tech
niques such as amplitude and wavelength modulation, high detection 
sensitivities can be achieved when they are combined with low-noise 
demodulation approaches [1,2]. In Amplitude Modulation (AM) spec
troscopy, the laser is switched on/off at a fixed modulation frequency. 
When only the spectral component ν of the transmitted radiation IT is 
extracted, for example using a lock-in amplifier, the ratio IT⁄I0 (where I0 
is the incident intensity) can be plotted as a function of the light 

frequency, namely the laser current. This plot follows the trend of the 
absorption coefficient α(ν) just as in direct absorption spectroscopy, with 
the advantage of a significantly lower photodetector noise level thanks 
to the filtering of noise components outside a narrow bandwidth around 
ν. Therefore, the AM-based spectroscopic technique enables the full 
reconstruction of the spectral features; however it is not inherently 
background-free [3]. A viable alternative is a Wavelength Modulation 
(WM) approach [4]. In this case the laser injection current is modulated 
using a sinusoidal dither, resulting in a modulation of the laser emission 
wavelength as well as of the optical power [5]. The WM approach is 
usually combined with a double-frequency (2 f) demodulation of the 
photodetector signal. In the approximation of derivative spectroscopy, 
the reconstruction of the absorption feature will resemble the second 
harmonic derivative of the absorption coefficient α(ν) without back
ground signal [6–8]. A slight distortion typically appears as an asym
metry in the two lateral lobes, resulting from the contribution of 
Residual Amplitude Modulation (RAM), which is proportional to the 
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optical power modulation induced by laser current modulation [9]. 
When detecting well-isolated, narrow absorption features associated 
with a single radiative transition, the choice is clear: 2f-WM is preferred 
over AM due to its background-free nature and typically higher 
signal-to-noise ratio. In such cases, the absorption feature’s FWHM 
covers only a small fraction of the full dynamic current range of the laser 
source. Since the optimal amplitude of the sinusoidal dither is 1.1 times 
the FWHM, optical power modulation remains minimal, leading to a 
negligible RAM contribution. As a result, the absorption feature is 
accurately reconstructed as a second-derivative function of α(ν), with 
minimal distortion from RAM. Additionally, the background signal 
(measured in the absence of absorbing species in the gas cell) appears 
spectrally flat, with an average value comparable to the noise level, 
eliminating the need for any post-processing subtraction.

In recent years, there has been a growing interest in detecting 
broadband gas species, characterized by spectral features which cannot 
be resolved even at fraction of atmospheric pressure (i.e., P < 50 Torr). 
In this scenario, the sensitive and selective detection of Volatile Organic 
Compounds (VOCs) is emerging as a major advancement in the field of 
gas sensing. Due to their high volatility (i.e., low boiling point), these 
compounds readily evaporate from products and surfaces into the air, 
leading to their widespread presence in various environments and 
posing significant risks to both the environment and public health [10, 
11]. Due to their inherent nature as heavy molecules, VOCs exhibit 
broadband absorption features, often deviating significantly from a 
Lorentzian lineshape. When applying WM techniques, what occurs in 
the case of broadband absorption features, where the FWHM spans 
nearly the entire dynamic current range of a laser source? While it is 
certain that AM remains unaffected, 2f-WM requires new consider
ations. To fully cover the absorption FWHM, the amplitude of the si
nusoidal dither must be increased to the point where it becomes 
comparable to the total dynamic current range of the laser. Conse
quently, RAM increases, leading to significant signal distortion. In the 
extreme case, the characteristic second-derivative-like shape may no 
longer be recognizable, and consequently the selectivity can be nega
tively affected. Additionally, the RAM can become so significant that it 
could distort the background signal even in the absence of absorption, 
disrupting the expected zero-background condition [12–14].

To investigate this, we implemented both the AM and WM approach 
to reconstruct a broadband absorption feature of benzene located at 
14.85 µm (674 cm− 1) in a standard laser-based absorption setup for gas 
sensing. Benzene was selected as a representative of BTEX, an important 
class of VOCs that also includes toluene, ethylbenzene, and o-, p-, and m- 
xylenes [15–17]. A long-wavelength InAs/AlSb Quantum Cascade Laser 
(QCL) was used to spectrally scan the selected absorption feature. Due to 
the lack of photoconductive, photovoltaic or thermal detectors capable 
of ensuring high detectivity at long wavelengths, a custom-designed 
T-shape Quartz Tuning Fork (QTF) was used as photodetector in a 
configuration known as LITES [18–23]. Thanks to its intrinsic ability to 
operate as a photodetector by converting photo-induced thermal energy 
in an electrical signal via the piezoelectric effect, the QTF is an ideal 
candidate for long-wavelength detection, as the selected wavelength 
falls within the spectral absorbance range of quartz [24]. A compact, 
single-pass cell with optical pathlength of 12 cm is placed between the 
laser source and the QTF-based photodetector to complete the LITES 
setup. The WM approach was implemented in the conventional way, by 
superimposing a sinusoidal dither onto the laser current while scanning 
across its dynamic range, investigating for the signal distortion arising 
from the requirement of large modulation depths, a consequence of the 
relatively broad FWHM of the benzene absorption feature. This 
approach was compared with an AM strategy. In this scheme, a square 
waveform is applied to the laser current, with a higher current level 
which was varied to scan across the absorption line, aiming to perform 
an accurate reconstruction of the spectral feature as well as a reliable 
retrieval of absorption parameters, with a high level of sensitivity.

2. Experimental setup

The experimental setup employed for benzene detection using the 
developed LITES sensor is sketched in Fig. 1.

An InAs-based long-wavelength QCL, designed to emit at λ = 14.85 
μm to match the absorption band of benzene, was used as excitation 
source [25,26]. The laser beam was aligned through a 12 cm-long ab
sorption cell equipped with two TPX windows with diameter of 40 mm 
and thickness of 2 mm and a pair of connectors for gas inlet and outlet. 
The radiation transmitted by the cell was focused on the QTF by means 
of a ZnSe lens with a focal length of 25 mm (THORLABS LA7542-E3).

The QCL source was driven using a THORLABS ITC4002, which 
allowed the control of both operating current and temperature. An 
external water chiller was used to help the Peltier cooler installed within 
the QCL package in efficiently dissipating the extra heat. A Keysight 
Edu33212A waveform generator was employed to generate a square 
wave or a sinusoidal dither, applied to the laser current driver for AM or 
WM operation, respectively. The QTF was mounted on a 5-axis stage to 
be aligned with respect to the incident laser beam. For both approaches, 
the modulated QTF signal was acquired using a custom transimpedance 
amplifier with feedback resistor Rfb = 10 MΩ and voltage gain of 30, to 
be then sent to a lock-in amplifier to be demodulated (Zurich MFLI). The 
lock-in integration time was set to 100 ms for all the collected 
measurements.

The gas line consists of two gas cylinders containing 240 part-per- 
million (ppm) of benzene in nitrogen (N2) and pure N2, as certified 
concentrations. A MCQ Gas Blender 100 was used to regulate the flow 
rate and generate gas samples with different concentrations of benzene 
in nitrogen. The operating pressure inside the gas cell was controlled 
using an Alicat MC3S-D pressure controller placed downstream of the 
gas cell, with its output connected with a membrane pump.

3. Characterization of the quantum cascade laser

The laser emission wavelength was measured using a Nicolet iS50 
FTIR, mapping the source emission varying both the operating tem
perature and the injection current. This allows the evaluation of the 
optimal conditions to match the benzene absorption line at 
673.95 cm− 1. In Fig. 2a, the wavelength is plotted as a function of the 
injection current, for two representative operating temperatures, T = - 
1◦C and T = -5◦C. In the same graph, the benzene absorption cross- 
section, simulated from the HITRAN database, is also provided [27].

The absorption feature of benzene can be fully reconstructed fixing 
the laser temperature at T = -1◦C. The spatial quality of the laser beam 
profile was measured using a pyrocamera (Spiricon III HR Beam 
Profiling Camera) having an array of 160 × 160 pixels and a resolution 
of 80 μm, aligned to the laser beam. The beam profile was acquired by 
replacing the QTF with the camera in the setup of Fig. 1. It exhibits a 

Fig. 1. Schematic of the experimental setup. Black lines indicate electrical 
connections, while blue lines mimic the gas tubes. Pr. Ctrl., pressure controller; 
PC, personal computer.
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Gaussian-like, nearly circular profile with a diameter of ~500 µm along 
the x-axis and ~400 µm along the y-axis (inset Fig. 2a). The light- 
current-voltage curves of the QCL at the two selected temperatures are 
shown in Fig. 2b. A maximum power of 2.4 mW is reached when T = - 
1 ◦C.

4. QTF characterization

A custom T-shaped QTF was employed as infrared photodetector in 
the developed LITES sensor. The QTF consists of a hammer-shaped head 
with a length of 2.4 mm and a width of 2.0 mm, and a thinner prong 
body measuring 7.0 mm in length and 1.4 mm in width. The thickness of 
the QTF is consistent at 250 µm throughout. Additional information can 
be found in Ref. [18] where the same type of QTF is labeled as 
QTF-S08-T. The resonance properties of the QTF were measured by 
reconstructing the resonance curve of the fundamental in-plane flexural 
mode, at atmospheric pressure and room temperature, with an electrical 
excitation provided by the waveform generator. The resulting QTF 
signal, measured as a function of the input signal frequency, is shown in 
Fig. 3a, with y-axis values normalized to its peak value.

A Lorentzian fit was applied and superimposed to the collected data 
to evaluate both the resonance frequency and the quality factor, 
resulting f0 = 12,460.7 Hz and Q = 14,700, respectively.

A 2D mapping of the LITES signal on the QTF surface was performed 
for identifying the point that maximizes the photo-induced electrical 

signal. The QTF was moved along both x and y axes on its plane with a 
step resolution of 0.3 mm in each direction, while the laser beam posi
tion remained fixed. The mapped area extends 4.2 mm along the x-axis 
and 2.4 mm along the y-axis. The results, presented as a color map in 
Fig. 3b, show that the highest LITES signal was detected in proximity of 
the prong base, where the maximum strain field is produced when the 
fundamental flexural mode is excited. This finding aligns with previous 
observations reported in literature [28].

5. Amplitude modulation detection scheme

The AM approach was implemented using a square wave function 
with a 50 % duty cycle, superimposed on the QCL injection current 
initially set to IDC = 590 mA, below the lasing threshold. The lower 
voltage level of the square wave was fixed at 0 mV, while the upper 
voltage level was progressively increased to perform a complete scan of 
the absorption line. The square wave frequency was set to match the 
QTF resonance frequency (f0 = 12,460.7 Hz), and the LITES signal was 
demodulated at the same frequency using a lock-in amplifier. The ac
quired signals were recorded at a lock-in integration time of 100 ms. The 
QCL was operated at T = -1 ◦C tuning the emission current in the range 
610–750 mA. First, the benzene absorption feature was reconstructed at 
four different pressures, while the certified concentration of 240 ppm 
C6H6:N2 flows in the gas cell. For the background acquisition, the same 
scan was acquired with pure N2 flowing in the cell. The optical powers 

Fig. 2. (a) Benzene absorption spectrum simulated using HITRAN database at atmospheric conditions (black line). The right Y-axis reports the laser current matching 
the absorption feature at the operating temperature of − 5 ◦C (green triangular datapoints) and − 1 ◦C (red circular datapoints). The error bars represent the un
certainty associated to the FTIR resolution (0.125 cm− 1) (b) Laser LIV curve at the two representative temperatures: − 5 ◦C (green and red squared datapoints) and 
− 1 ◦C (black and blue triangular datapoint).

Fig. 3. (a) Normalized electrical response of the custom QTF used as photodetector (black dots). Lorentzian fit used to extract resonance frequency and quality factor 
(red line). (b) LITES peak signal mapping.
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transmitted by the absorption cell are shown in Fig. 4a. The absorption 
feature of benzene is clearly observed as a dip, with a minimum around 
690 mA, as expected. Below 630 mA, all curves overlap, confirming that 
no absorption occurs in this spectral region. Conversely, at higher in
jection currents beyond the absorption dip, the distribution of trends 
indicates the presence of an additional absorption contribution from 
benzene. As reported in Fig. 2a, this contribution can be easily attributed 
to the spectral overlap between the main feature peaked at 673.9 cm− 1 

and a secondary C6H6 absorption band around ~672.8 cm− 1.
The absorbance values A were calculated using the Lamber-Beer law, 

A = ln (I0/IT), as the point-by-point ratio between IT, the transmitted 
signal when benzene is present in the gas mixture and I0, the background 
signal. The absorbance values as a function of the QCL injection current 
are plotted in Fig. 4b for the four investigated gas pressure values. The 
collected absorption profiles were fitted with a Lorentzian function, as 
expected at these pressure values, where molecular collisions in gas 
samples are the dominant mechanism of pressure broadening [29]. The 
highest absorbance intensity was observed at the highest gas sample 
pressure (P = 700 Torr), which reflects the highest number of benzene 
molecules in the gas cell.

The pressure has two opposite effects on the signal intensity: 
decreasing spectral line intensities due to pressure broadening and an 

increasing absorber number density with increasing pressure. According 
to Lambert-Beer theory, these two terms have the same but opposite 
dependence on pressure, thus should compensate. Fig. 4c shows the 
extracted peak absorbance as a function of the operating pressure, with a 
superimposed exponential, Lamber-Beer-like, fit: 

y = y0 (1 − exp( − A • x)) (1) 

returning y0 = 1.07 ± 0.04 and A = (1.98 ± 0.15)•10− 3 Torr− 1. The 
performed fit matches the experimental data with excellent agreement 
(R2 = 0.9996), pointing out the emerging non-linearity. Indeed, at low 
pressures, the signal intensity linearly increases with pressure due to the 
increasing probability of light-sample interaction, as at very low pres
sure the absolute number of absorption molecule is low. At higher 
pressures, the effect of spectral broadening increases and the signal in
tensity approaches towards a plateau [29]. Fig. 4d shows the extracted 
Lorentzian halfwidth γL as a function of pressure, with a superimposed 
linear fit (R2= 0.997). This linear trend aligns with the background 
theory, as the pressure broadening linewidth is known to scale propor
tionally with pressure [30].

The calibration of the LITES sensor was performed at an operating 
pressure of 700 Torr by acquiring spectral scans related to five dilutions 

Fig. 4. (a) LITES 1f-AM spectral scans of the selected benzene absorption line at four different operating pressures, at QCL operating temperature T = -1◦C. (b) 
Calculated benzene absorption coefficients at different operating pressures, fitted with Voigt function. (c) Peak values of the absorption profiles, plotted as a function 
of the operating pressure, and the corresponding best exponential fit. (d) Lorentzian halfwidth γL plotted as a function of the operating pressure fitted with a linear fit.
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of the certified 240 C6H6:N2 mixture in pure N2, generated with the gas 
blender. As for the previous analysis, the absorbances were calculated 
using the Lambert-Beer law and plotted for different benzene concen
tration in Fig. 5a.

Peak values were extracted and plotted as a function of the benzene 
concentration in Fig. 5b. A sensitivity of 0.0034 ppm− 1 was retrieved 
from the linear fit of the experimental data. The calibration curve was 
employed to estimate the minimum detection limit (MDL) of the LITES 
sensor. The MDL corresponds to the concentration at which the signal- 
to-noise ratio (SNR) equals 1. The noise level was defined as 1σ- fluc
tuations in the LITES signal when the upper level of the square wave was 
fixed, resulting in 0.05 mV for both benzene mixture and pure N2 in the 
cell, which was then converted into absorbance fluctuations using the 
error propagation law. Based on this, an MDL of 1.6 ppm was estimated 
with a lock-in integration time of 100 ms. The absorbance measure
ments in Fig. 5a were further used to calculate the absorption cross 
section at the peak of the benzene band, applying the well-known 
relation: 

σ(ω) = A/(Ntot • c • L) (2) 

where Ntot = 2.5 ⋅ 10− 19 was the molecular density of the sample, c was 
the gas target concentration and L = 12 cm was the measured optical 
pathlength. The calculated absorption cross section was (1.1 ± 0.1) ⋅ 
10− 17 cm2 corresponding to an absorption coefficient (c = 1) α = Ntotσ =
270 ± 21 cm− 1. The uncertainties associated to the retrieved values 
were calculated using the error propagation law.

The absorption cross section calculated from the experimental data 
was then compared with values available in the HITRAN [31] and GEISA 
[32] databases, as summarized in Table 1.

The experimentally measured absorption cross-section falls within 
the range of values reported in the HITRAN and GEISA databases. This 
agreement is particularly noteworthy, as it suggests that the experi
mental value represents a consistent and reliable estimation, in accor
dance with the adopted method.

6. Wavelength modulation detection

The 2f-WM approach was carried out by modulating sinusoidally the 
current of the QCL at a frequency f0/2 = 6230.35 Hz using the wave
form generator, while demodulating the QTF signal at f0 = 12,460.7 Hz. 
The spectral scans of the benzene absorption band were acquired by 

adding a slow triangular voltage ramp at 5 mHz to the fast dither at f0/2. 
The influence of gas pressure and modulation depth on the 2 f-LITES 
signal was preliminarily investigated. Spectra of benzene absorption 
were obtained by varying the pressure inside the gas cell from 100 to 
700 Torr, and the modulation depth from 100 to 700 mV. Representa
tive spectra of benzene and nitrogen, measured at a modulation ampli
tude of 600 mV and a pressure of 700 Torr, are shown in Fig. 6a. The 
spectra were recorded by scanning the laser current over its full dynamic 
range. As predicted, the effect of extremely large modulation depth 
significantly impacts the accuracy of band reconstruction. The spectral 
scan acquired with benzene in the gas cell (red solid curve in Fig. 6a) 
deviates significantly from the expected second derivative of a Lor
entzian function, with noticeable distortion in the negative lobes. This 
distortion arises from RAM contribution, which introduces a first- 
derivative component of the ultimate shape [33–35]. As a result, the 
negative lobe extends to the same degree as the positive lobe. Of course, 
the effect of this distortion increases with modulation depth, reaching its 
maximum at the highest investigated value, corresponding to a current 
modulation of 140 mA, comparable with the laser dynamic range. 
Moreover, at low injection currents, near the laser threshold, a non-zero 
signal was observed even in the absence of absorbing molecules. This 
was caused by optical power oscillations induced by the large modula
tion depth, i.e., again the RAM effect. Consequently, identifying a 
spectral interval with a true “zero signal” is not possible, complicating 
the determination of a reference for measuring the peak absorption 
value. The situation is even more problematic for the background signal, 
i.e., the spectral scan recorded with pure N₂ in the gas cell (black solid 
line in Fig. 6a). Unlike the ideal case of a spectrally flat background with 
a mean value within the 1σ noise level, as typically seen with a single 
narrow absorption feature, the background instead exhibits a distinct 
structure. With respect to flat, non-zero offset, the background sub
traction results more challenging, also requiring continuous verification 

Fig. 5. (a) Absorbance of the benzene samples at different gas concentrations. (b) Peak values of the benzene absorption coefficients, at different concentrations, and 
the corresponding best linear fit.

Table 1 
The absorption cross section calculated from the experimental data compared 
with the value obtained from HITRAN and GEISA databases.

Experimental 
Value

HITRAN 
Database

GEISA 
Database

Absorption cross 
section [cm2]

(1.1 ± 0.1) ⋅ 10− 17 1.4 ⋅ 10− 17 0.8 ⋅ 10− 17
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to ensure long-term stability. As a result, the usual advantages of the 
2f-WM approach are lost when dealing with large modulations targeting 
broad absorption features.

The peak values of the LITES spectra, recorded at different pressures, 
were plotted against modulation depths of the sine waveform applied to 
the QCL, as shown in Fig. 6b. For high pressure values, i.e., 500 and 
700 Torr, the LITES signal increases monotonically, indicating that the 
maximum modulation depth used is insufficient to fully cover the broad 
FWHM of the benzene absorption feature. Higher modulation depths 
would be required, but their implementation is restricted due to the 
current limit imposed for laser safety. This behavior is expected at high 
pressures, as the FWHM increases with pressure, as observed in Fig. 4c. 
This not the case when the sensor operates at lower pressures, i.e., 100 
and 300 Torr, where the two trends in Fig. 6b reach a maximum before 
decreasing at higher modulation depth values [36]. The highest LITES 
signal was achieved at 700 Torr with a modulation depth of 700 mV. 
However, to minimize signal distortion, a modulation depth of 600 mV 
was selected for further measurements, intentionally sacrificing a small 
fraction of the signal intensity to reduce the lineshape deformation. 

Consequently, all subsequent measurements were conducted at 700 Torr 
and 600 mV modulation depth. After identifying the optimal operating 
conditions, following the same approach as in the AM analysis, the 
2 f-LITES spectral scans were collected at different benzene concentra
tions, as shown in Fig. 7a.

The peak values of the LITES spectra were extracted and plotted 
against gas concentration in Fig. 7b, revealing a non-linear, exponential 
trend. The linear approximation of Lambert-Beer’s law does not apply 
because of absorbance values approaching to 1, as observed using AM 
approach (see Fig. 5b). Moreover, the LITES peak signal at zero-benzene 
concentration differs from zero, as a consequence of the background 
pattern recorded in pure N2 (Fig. 6a). Following the Lambert-Beer law, 
the experimental data in Fig. 7b were fitted using the exponential 
function shown in Eq. 1 with an additional offset contribution, B, to 
account for the non-zero offset. and the resulting fitting parameters 
were: A = (0.053 ± 3.8) ⋅10− 4 ppm− 1, B = (- 0.74 ± 0.03) mV, y0 
= (3.8 ± 0.15) mV, with R2 = 0.9995.

Due to the non-linear sensor’s response, its sensitivity varies with the 
concentration and can be calculated as the slope of the tangent to the 

Fig. 6. (a) 2f-LITES spectral scan of the benzene (red line) and pure nitrogen (black line) absorption line at modulation depth of 600 mV and operating pressure of 
700 Torr. (b) Peak values of the LITES spectral scans plotted as a function of different modulation depths at four different operating pressures.

Fig. 7. (a) 2 f-LITES spectral scans of the benzene absorption line at six benzene concentrations. The operating pressure was 700 Torr, and the modulation amplitude 
was 600 mV. (b) LITES peak signals as a function of the benzene concentration and the corresponding best exponential fit.

A. Zifarelli et al.                                                                                                                                                                                                                                Sensors and Actuators: A. Physical 396 (2025) 117239 

6 



calibration curve at a given concentration. However, the MDL assess
ment requires an evaluation of the sensor response at low concentration 
ranges. In this range, the exponential trend can be linearized, leading to 
a sensitivity of 0.020 mV/ppm. A 1σ noise level of 0.012 mV was esti
mated at 100 ms lock-in integration time, corresponding to an MDL of 
600 parts-per-billion (ppb). This demonstrates that our approach can 
detect benzene at sub-ppm levels under relatively compact conditions. 
Such performance can be compared with other spectroscopic tech
niques: benzene detection has indeed been reported using FTIR, 
achieving MDLs on the order of 100 ppb, but only with very long optical 
paths (up to 300 m) [37]. In comparison, our approach attains compa
rable sensitivity with a cell length of only 12 cm, which offers significant 
advantages in terms of compactness and cost-effectiveness. Even lower 
MDLs, down to a few ppb, have been demonstrated using QEPAS-based 
sensors [26,38]; however, these systems require careful consideration of 
the gas matrix in which benzene is contained, which can complicate 
their implementation.

7. Conclusion

This work introduces a novel approach for detecting broadband ab
sorbers based on amplitude modulation, with respect to standard 
wavelength modulation and double-frequency detection. The selected 
sensing technique was LITES, using a long-wavelength QCL as the laser 
source, specifically designed to emit at 14.85 μm, resonant with the 
benzene absorption feature. A custom T-shaped QTF, with a resonance 
frequency of f₀ = 12,460.7 Hz, was used as a highly sensitive infrared 
photodetector. The LITES sensor was operated in two different detection 
modes: (i) amplitude modulation, and (ii) wavelength modulation. The 
AM mode enabled the accurate reconstruction of the spectral feature and 
retrieval of absorption parameters, yielding an absorption cross-section 
of 1.1⋅10⁻¹ ⁷ cm² and an absolute absorption coefficient of 270 cm⁻¹ , in 
good agreement with theoretical values reported in the literature. The 
WM approach was also implemented but encountered challenges due to 
the requirement for high modulation depths, because of the large FWHM 
of the benzene absorption feature. This led to a distortion of the typical 
2f-WM shape and the presence of a non-zero background even in the 
absence of the absorber. As a result, either post-processing subtraction 
was required, or a non-zero LITES signal at zero benzene concentration 
in the cell was accounted for, the latter being the approach adopted in 
this work. Consequently, the usual benefits of the 2f-WM method are 
compromised. A MDL of 1.6 ppm and 0.6 ppm was achieved with AM 
and WM approach, respectively, at a lock-in integration time of 100 ms. 
This difference is primarily attributed to the noise level, with AM 
exhibiting higher noise than WM.
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