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Abstract Sulfur dioxide (SO2) trace gas detection based on

quartz-enhanced photoacoustic spectroscopy (QEPAS) using

a continuous wave, distributed feedback quantum cascade

laser operating at 7.24 lm was performed. Influence of water

vapor addition on monitored QEPAS SO2 signal was also

investigated. A normalized noise equivalent absorption

coefficient of NNEA (1r) = 1.21 9 10-8 cm-1 W Hz-1/2

was obtained for the m3 SO2 line centered at 1,380.93 cm-1

when the gas sample was moisturized with 2.3 % H2O. This

corresponds to a minimum detection limit (1r) of 63 parts per

billion by volume for a 1 s lock-in time constant.

1 Introduction

1.1 Quartz-enhanced photoacoustic spectroscopy

Laser-based photoacoustic spectroscopy (PAS) is a well-

known technique for detection of trace chemical species in the

gas phase providing high sensitivity and selectivity [1, 2]. PAS

trace gas analysis finds applications in diverse fields such as

environmental monitoring, industrial process control or

medical diagnostics [3–5]. The absorption of modulated laser

radiation by gas molecules causes heating of the chemical

species which results in thermal expansion and leads to a

pressure change in the targeted media. For modulated laser

light, this generated pressure waves can be detected by an

acoustic transducer. Conventional PAS employs sensitive

microphones placed into resonant cells that have typically

volumes greater than 10 cm3 [6]. A variation of the traditional

PAS approach uses a quartz tuning fork (QTF) as a sharply

resonant piezoelectric acoustic transducer with an extremely

high quality factor (Q-factor) of [10,000, instead of a

broadband electric microphone and a relatively low Q-factor

(*200) resonant photoacoustic cell. This technique is known

as quartz-enhanced photoacoustic spectroscopy (QEPAS) and

was first reported in 2002 [7]. The QTF is a low-loss piezo-

electric element resonating at 32,768 (=215) Hz in vacuum and

converts its deformation, caused by generated pressure waves,

into separation of electrical charges that can be measured

either as voltage or current. Due to the small size of the QTF,

the QEPAS technique facilitates the measurement of trace

gases in an ultra-small acoustic detection module (ADM) with

a total effective sample volume of only a few mm3. Only the

fundamental symmetric vibration of the QTF is piezoelectric

active, i.e., when the two prongs bend in opposite directions in

the plane of the QTF. Thus, in a typical arrangement the laser

beam is focused between the prongs of the QTF in order to

probe the acoustic waves and achieve the highest electric

signal [1, 2, 8–10]. Acoustically the QTF is a quadruple, which

results in excellent environmental noise immunity, because

sound waves from distant acoustic sources tend to move the

QTF prongs in the same direction, thus resulting in no elec-

trical response. The detected QEPAS signal is directly pro-

portional to the absorption coefficient per unit concentration

of the target species, the concentration of the target species,

the laser power, the Q-factor of the acoustic resonator and

inversely proportional to the QTF frequency f0 [11]. The

pressure of the sample gas influences the Q-factor of the QTF,

vibrational–translational (V–T) relaxation of the targeted
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trace gas analyte, as well as the width of the absorption line

and potential cross-interference with other species. In order to

achieve the best QEPAS detection sensitivity and selectivity,

it is necessary to select the optimum operating pressure for a

QEPAS-based trace gas sensor system.

The generation of a photoacoustic wave is related to the

vibrational–translational (V–T) relaxation in gases, i.e., the

energy transfer from vibrationally excited molecular states

to translational degrees of freedom. In case of a slow V–T

relaxation with respect to the modulation frequency fmod

(xsVT � 1, where x = 2pfmod), the photoacoustic sound

generation is suppressed because the excitation of the gas

molecules is faster than the complete relaxation. Therefore,

the generated photoacoustic wave is weaker than it would

be in case of instantaneous V–T energy equilibrium. SO2 is

a comparatively slow relaxing molecule, and due to the fact

that QEPAS uses a rather high modulation frequency of

*16.384 kHz determined by the QTF, the detected signal

amplitude is affected by the V–T relaxation rate of the

target molecule. In a pure mixture of the trace chemical

species in N2, the vibrational energy can be transferred

during collisions between SO2 and N2 molecules and also

between SO2 molecules themselves. Due to the strong

dipole moment of the H2O molecule, its addition to a

sample gas mixture results in a V–T relaxation of excited

molecules that is considerably faster and is therefore an

efficient catalyst for the vibrational energy transfer reac-

tions in the gas phase [12, 13]. Thus, the presence of H2O

vapor enhances the QEPAS response to SO2 which results

in higher amplitude of the detected signal.

In this work, the metrological qualities of the QEPAS

detection are investigated with sulfur dioxide as the target

analyte. SO2 is a major air pollutant released into the atmo-

sphere by both natural and anthropogenic sources, including

industrial combustion processes, fuel-based transport activ-

ities as well as volcanic eruptions. SO2 emissions are a pre-

cursor to acid rain and atmospheric particulates which affects

vegetation, stratospheric chemistry and climate. Exposure to

SO2 in ambient air has been associated with various health

symptoms, including reduced lung functions, increased

incidence of respiratory diseases and premature mortality.

The threshold of SO2 impact on human health at brief

exposures occurs when the SO2 concentration exceeds

380 parts per billion by volume (ppbv) in ambient air [14].

2 Experimental

2.1 CW DFB-QCL performance and SO2 wavelength

selection

In this work, a high heat load (HHL) packaged continuous

wave (CW), distributed feedback quantum cascade laser

(DFB-QCL) (L10195-7253H, Hamamatsu) emitting at

*7.24 lm was employed as a compact, efficient and pow-

erful spectroscopic source generating up to 155 mW of

optical radiation in the molecular fingerprint region. The

DFB-QCL operated at a single-mode frequency and could be

tuned over a few wave numbers by varying the QCL either

by temperature or injection current. Coarse frequency tuning

from 1,380.73 to 1,378.94 cm-1 at a fixed laser current of

800 mA could be achieved by increasing the laser temper-

ature from 18 �C (291.2 K) to 30 �C (303.2 K). This results

in the laser temperature tuning coefficient of approximately

-0.149 cm-1 K-1. Fine frequency tuning in the range of

*1.77 cm-1 was accomplished by changing the laser cur-

rent from 600 to 800 mA, which correlated to a current

tuning coefficient of approximately -0.009 cm-1 mA-1.

The optical power of the collimated laser beam was mea-

sured by a commercial power meter (Solo 2, Gentec-Eo).

Figure 1a depicts the injection current versus optical power

characteristics of the CW DFB-QCL at four different tem-

peratures. The QCL is capable of emitting an optical power

as high as 155 mW when operated at a temperature of 18 �C

and at an injection current of 800 mA. Figure 1b shows the

emitted single-mode laser radiation spectra at different QCL

currents but constant temperature of 18 �C and the inset

shows a step scan recording of the modulated QCL beam.

Both spectra were obtained by a FT-IR spectrometer (Vertex

80v, Bruker Optics) with an instrumental spectral resolution

of 0.0749 cm-1.

The most intense absorption band of SO2 is located in

the spectral region between 1,330 and 1,400 cm-1, with the

strongest line centered at 1,348.38 cm-1. Figure 2a shows

HITRAN2008 simulated absorption spectrum for the m3

fundamental band of SO2 within the 7.3 lm spectral region

[15]. Figure 2b depicts HITRAN2008 simulated absorption

spectra of 10 ppm SO2:N2 and 2.5 % H2O:N2 within the

spectral range covered by the CW DFB-QCL. In order to

perform sensitive SO2 QEPAS measurements, an absorp-

tion line centered at 1,380.93 cm-1 and a QCL operating

temperature of 18 �C were selected, because of its high line

intensity, good separation from other SO2 lines, and no

H2O interference.

2.2 Sensor system architecture and operation principle

The QEPAS-based gas sensor system architecture employ-

ing a high heat load (HHL) packaged CW DFB-QCL as a

spectroscopic source is depicted in Fig. 3. An anti-reflection

(AR) coated aspheric collimating lens (Black DiamondTM,

effective focal length = 4 mm) was used to collimate the

laser beam. The HHL QCL package consists of an anti-

reflection (AR) coated ZnSe window placed coplanar to the

QC chip. In order to improve the laser beam quality, a spatial

filter consisting of a plano-convex CaF2 lens (f = 25 mm)
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and a 300-lm pinhole was implemented. The beam was

focused with a second CaF2 lens (f = 25 mm) into a com-

pact QEPAS ADM gas cell, which consisted of a gas in- and

outlet connectors, two ZnSe windows (AR coated) and the

QTF used as an acoustic transducer. The Q-factor of the bare

QTF used in this work was *106,415 in vacuum and

*14,603 at atmospheric pressure, resulting in a change in

the QTF resonant frequency from f0 = 32,763.8 to

f0 = 32,751.5 Hz, respectively.

A further significant enhancement of the detected

QEPAS signal can be achieved when two tubes acting

as a micro-resonator (mR) are added to the QTF sensor

architecture. For a near-IR fiber-coupled diode laser-

based QEPAS system, an experimental optimization

study of the geometrical mR parameters showed that the

highest signal-to-noise ratio (SNR) is achieved for two

4.4 mm long and 0.5–0.6 mm inner diameter mR tubes

[16]. However, when using mid-IR-free space optics, a

lager inner diameter of the tubes is acceptable to sim-

plify the alignment of the excitation beam through the

mR tubes without significant reduction in the QEPAS

signal. Therefore, two 4.4-mm-long stainless steel tubes

with 0.84 mm inner diameter were used. Moreover, for

better confinement of the propagating acoustic wave, a

typical QEPAS configuration was used, where the QTF

is positioned 30–50 lm from the end faces of the QTF

mR tubes. The QCL beam was transmitted through the

mR tubes and the gap between QTF prongs. Acoustic

coupling between the mR and the piezoelectric QTF

leads to an improved QEPAS-based trace gas sensor

detection sensitivity of *10 times.

A reference cell filled with 0.5 % SO2:N2 at a pressure

of 133 mbar and a MCT detector (PCI-2TE-12/MPAC-F-

100, Vigo Systems S.A.) located after the ADM were used

as the reference channel in order to lock the laser frequency

to the center of the selected SO2 absorption line. The sensor

platform was based on 2f wavelength modulation

Fig. 2 a HITRAN2008 simulated spectra of 10 ppm SO2 in N2 and

b HITRAN2008 simulated spectra of 10 ppm SO2 and 2.5 % H2O in

N2 within the wavelength tuning range of the 7.24 lm CW DFB-QCL

(p = 100 mbar, l = 1 cm, T = 296 K)

Fig. 1 a CW DFB-QCL output power and injection current tuning

characteristics at four temperatures, b single-mode QCL output

radiation for six injection currents at a fixed temperature of 18 �C;

Inset: Step scan recording of the single-mode QCL radiation

modulated with a frequency of 16.4 kHz and a modulation depth of

m = 0.072 cm-1
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spectroscopy (WMS) and QEPAS detection [8, 17]. The

2f WMS operation mode provides suppression of the

acoustic background that is by nonselective absorbers. In

this case, the noise level is primarily determined by the

thermal noise of the QTF [18]. However, additional noise

can be introduced by unintended illumination of the QTF

by laser light, including any scattered light and incidental

reflections from optical elements [11].

In order to implement the 2f WMS technique, the

emission wavelength of the CW DFB-QCL was modulated

at half of the QTF resonance frequency fmod = f0/2 by

embedding a sinusoidal modulation atop of the DC laser

current. The detection of the QTF signal was performed at

f0, using an internal lock-in amplifier (LIA) with a time

constant set to 1 s. The QEPAS detection was carried out in

two modes: scan mode and locked mode. In the scan mode,

the DC component of the QCL current is slowly tuned, so

the laser frequency sweeps over the desired spectral range

in order to acquire spectral information of the gas sample.

In the locked mode, the QCL frequency is locked to the

center of the SO2 absorption line at 1,380.93 cm-1, and a

MCT detector signal is demodulated by a LIA at 3f. A

proportional correction signal is applied to the DC com-

ponent of the QCL to maintain the laser frequency at zero-

crossing of the demodulated at 3rd harmonic MCT detector

signal for the targeted SO2 line. In this case, a continuous

monitoring of the reference channel 3f signal helps to avoid

any laser drift.

The acoustic waves interact with the QTF causing

vibration of its prongs and therefore generate a piezoelec-

tric current in the element. The piezoelectric current was

converted to a voltage by a custom-made ultra-low noise

transimpedance amplifier with a 10 MX feedback resistor

and was subsequently transferred to a custom-made control

electronics unit (QEPAS Control Electronics Unit, CDP

Systems Corp.), which provides measurement of the QTF

parameters, modulation of the laser current and measure-

ment of the 2f component of the QTF and the 3f component

of the photodetector signal. Further data processing was

carried out with a LabVIEW-based program by transferring

the digitized data to a computer.

2.3 Sample preparation system

Different SO2 concentration levels within the range of

0–10 ppm were achieved by diluting a 50 ppm SO2:N2

calibration mixture with ultra-high purity N2 using a cus-

tom-made gas mixing system. The N2 used for dilution can

be moisturized with water vapor in a range between 0 and

*88 % of a relative humidity when passing N2 through the

Fig. 3 Schematic diagram of the QEPAS-based SO2 gas sensor employing a 7.24 lm CW DFB-QCL
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gas phase of temperature controlled H2O bath. The mois-

ture was measured by a capacitive humidity sensor

(KFS150, Hygrosens) and could be varied either by the

temperature of the water bath or of the gas pressure.

Pressure and flow of the sample gas inside the ADM are

controlled and maintained at optimum level using a gas

flow meter (GSC-B9TS-BB23, Vögtlin), a needle valve and

a vacuum pump (N860.3 FT.40.18, KNF). The flow of the

gas mixture was kept at a constant flow of 250 ml min-1

for the dry sample gas and 100 ml min-1 for the humid

sample gas mixtures, respectively.

3 Experimental results and discussion

3.1 Determination of optimum QEPAS operating

parameters

The laser wavelength modulation depth m must be opti-

mized at each pressure level in order to identify the opti-

mum operating conditions in terms of the highest 2f WMS

signal amplitudes, since the QEPAS sensor’s sensitivity to

the concentration of the trace gas component in a specific

gas mixture is a function of the sample pressure. This two-

parameter sensor optimization (p and m) was performed for

two different gas mixtures:

• a dry reference gas mixture and

• a reference gas mixture moisturized with 2.3 % H2O

corresponding to a relative humidity of *81 % at

23 �C and atmospheric pressure.

At each pressure level, the QTF parameters f0 and

Q were measured and the QEPAS laser modulation depth

was varied in the range between 1 and 25 mA, which

corresponded to 0.009 and 0.225 cm-1.

The results of the 2f WM QEPAS signal amplitudes for

different modulation depths are shown in Fig. 4. The

optimum working pressure and modulation depth for a dry

sample gas of 50 ppm SO2:N2 was found to be 175 mbar

and 0.072 cm-1 and for 50 ppm SO2 in moisturized N2

(AH = 2.3 %) 100 mbar and 0.054 cm-1, respectively.

The difference between optimum working conditions for

the two situations is due to the V–T relaxation mechanisms

which are different in the two mixtures because of the

different pressures and water content. In the dry gas mix-

ture, the vibrational relaxation is slow, since the heat dis-

sipation cannot efficiently follow the fast frequency

modulation of the incident laser radiation. In this case, the

optimum working conditions can be found at higher pres-

sure levels, since an increase in the relaxation rate is

achieved by an increase in the gas pressure. On the other

hand, the QTF Q-factor decreases with increasing pressure,

which causes the detected QEPAS signal to decrease [19].

Figure 4a shows the sensor optimization curves for a dry

gas sample resulting from the competition of these two

mechanisms. For a humid SO2 gas mixture, the optimum

working pressure shifted to lower pressure levels in respect

to a dry gas mixture results. The presence of H2O vapor

influenced the QEPAS response to SO2 by enhancing the

V–T energy transfer rate. As previously, the QTF Q-factor

increases at reduced pressures and the impact of these

effects result in the sensor optimization curves shown in

Fig. 4b. At optimum working pressure, the QTFs Q-factor

shifted from *27,958 to 33,448 and its resonance fre-

quency shifted from f0 = 32,756.78 to f0 = 32,757.29 Hz,

respectively.

3.2 Influence of water vapor on the SO2 QEPAS signal

As discussed above, the presence of water vapor increases

the relaxation rate of slow relaxing molecules such as SO2

Fig. 4 Sensor optimization curves acquired at different operation

pressures for a 50 ppm SO2 in dry N2 and b 50 ppm SO2:N2

moisturized with 2.3 % H2O
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and therefore improves the QEPAS response to SO2 by

increasing the signal amplitude. Figure 5 shows QEPAS

spectra of 10 ppm SO2 in dry N2 and moisturized with

2.3 % water vapor mixture when the CW DFB-QCL

emission wavelength was tuned across the SO2 absorption

line centered at 1,380.94 cm-1. The measurements were

performed at optimum operating conditions for each sam-

ple gas mixture, i.e., p = 175 mbar, m = 0.072 cm-1 for

dry gas and p = 100 mbar, m = 0.054 cm-1 for humidi-

fied gas, respectively. A comparison of the measured

results shows that a *2.04 times improvement of the

QEPAS signal amplitude was achieved when the absolute

humidity of analyzed gas mixture was 2.3 %.

The dependence of the H2O concentration on the

response of the QEPAS-based SO2 sensor system was

investigated by acquiring 2f WMS signals of the 50 ppm

SO2 sample gas as a function of the H2O concentration

calibrated at the optimum working condition for a humid

sample gas mixture (p = 100 mbar, m = 0.054 cm-1).

The results shown in Fig. 6 indicate an improvement of the

QEPAS signal by a factor 3.13 when the absolute humidity

of the analyzed gas mixture was 2.3 %.

3.3 Sensitivity and linear response of the QEPAS-

based SO2 sensor system

For the selected SO2 absorption line centered at

1,380.93 cm-1, the optical power emitted by the CW DFB-

QCL was *140 mW. The laser beam was focused

between the mR and the gap of QTF prongs with a trans-

mission efficiency of [97 %. The optical power measured

at the focal point was *52 mW due to optical power losses

by the sensor system components, i.e., the aperture, the

spatial filter and the CaF2 lens. An optical power of

*48 mW was directed through the QTF prongs, when

taking the absorption of the ZeSe window and the trans-

mission efficiency into account.

The evaluation of the SO2 QEPAS sensor sensitivity for

dry and wet sample gas mixtures was investigated for both,

a scan mode and a line-locked mode. The evaluation in the

scan mode was performed by tuning the laser current from

760 to 790 mA which corresponded to a frequency tuning

from 1,381.12 to 1,380.83 cm-1 and acquiring 2f WMS

signal for dry and humidified gas mixture of 10 ppm

SO2:N2 using a 1 s lock-in time constant and optimum

operating settings for each mixture. The noise level was

determined from the baseline recorded when the ADM was

filled with dry and humidified nitrogen. The measurement

results are illustrated in Fig. 5. The noise was calculated as

the standard deviation of the measured data points, which

yielded a value of 1r = 2,907 counts and 1r = 3,506

counts, respectively, for the scanned range. For a dry

mixture of 10 ppm SO2:N2, the determined QEPAS SNR

was 25, which resulted in a minimum detection limit (1r)

of 404 ppbv. For a humidified with 2.3 % water vapor

mixture of 10 ppm SO2:N2, the measured SNR was 42,

which yielded a minimum detection limit (1r) of 238 ppbv.

A normalized noise equivalent absorption coefficient

NNEA (1r) = 9.90 9 10-8 cm-1 W Hz-1/2 and NNEA

(1r) = 5.05 9 10-8 cm-1 W Hz-1/2 was obtained based

on the corresponding detector bandwidth of 0.318 Hz and a

QCL power of 48 mW between the prongs of the QTF

(NNEA = amin�P�Df-1/2, where amin is the minimum

optical absorption coefficient, P the optical power and

Fig. 5 2f WM QEPAS signals for 10 ppm SO2 in dry N2 (black) and

moisturized N2 with a 2.3 % H2O mixture (red) when laser was tuned

across absorption line located at 1,380.94 cm-1 at the optimum

working condition for each: p = 175 mbar, m = 0.072 cm-1 (dry

gas) and p = 100 mbar, m = 0.054 cm-1 (humidified gas),

respectively

Fig. 6 2f WM QEPAS signal amplitudes of 50 ppm SO2 as a

function of H2O concentration (p = 100 mbar, m = 0.054 cm-1)
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Df the detector bandwidth). However, the calculated noise

values do not match the thermal noise level of the QTF at

its resonance frequency, which is usually the dominating

noise source limiting the device sensitivity. The noise

determined from the baseline recorded for the ADM filled

with N2 at 100 and 175 mbar without any QCL radiation

inside the mR yielded a value of 1r & 350 counts and

1r & 430 counts for the dry and wet sample gas. The

measured noise was *8.2–8.3 times higher compared to

the typical thermal noise value of the QTF. For a dry and

wet sample gas of 10 ppm SO2:N2, this noise level yielded

a SNR of 207 and 343, respectively. The observed elevated

noise levels may be due to the QCL illumination of the

QTF. Radiation blocked by the QTF creates an undesirable

background, which is several times larger than the noise

level of the QTF and thus limits the QEPAS detection

sensitivity. Hence, it is important to employ a high QCL

beam quality in QEPAS. However, due to the QCL pack-

aging, a laser interference pattern of the CW DFB-QCL

beam profile was created, which resulted in a decreased

beam quality. Despite a subsequent beam quality

improvement by means of an external spatial filter, it was

not possible to transmit the focused QCL beam through the

gap of the QTF prongs without illuminating them. There-

fore, additional QEPAS sensor noise was created by illu-

mination of the inner surface of the mR and the QTF by the

QCL radiation, including scattered light. The discrepancies

between the SNR values determined for the QTF with and

without illumination imply that the sensor performance can

be improved by obtaining better QCL beam quality. The

noise level of the illuminated QTF was also dependent on

the value of the modulation amplitude in which the level

was higher at higher modulation amplitudes. However, the

measured noise level of the moisturized gas sample was

*20 % higher despite a lower modulation amplitude,

which might results from different values for operating

pressure, i.e., a reduced pressure of 100 mbar and therefore

a higher associated Q-factor.

Quantitative measurements of SO2 were performed

using dry and moisturized SO2 gas mixtures in order to

investigate the sensitivity and linear response of the

QEPAS sensor system in the line-locked mode. Different

SO2 concentration levels within a range from 0 to 10 ppm

were achieved by diluting a 50 ppm SO2:N2 calibration

mixture. Each concentration was measured three times in

60 s using a 1 s lock-in time constant. The data were

averaged and plotted as a function of concentration which

is shown in Fig. 7. Good linearity between signals ampli-

tude and SO2 concentrations is observed for the QEPAS-

based sensor evaluating dry and moisturized gas mixtures

at optimum operating conditions in each case (dry gas:

R2 = 0.9998, humidified gas: R2 = 0.9984). The calcu-

lated noise of the measured data points recorded by the

ADM filled with N2 was 1r = 676 counts for the dry gas

mixture and 1r = 923 counts for the moisturized sample,

respectively. For a dry mixture of 10 ppm SO2:N2, the

QEPAS SNR was 98, which yields a minimum detection

limit (1r) of 102 ppbv. For the same 10 ppm SO2:N2

mixture humidified with 2.3 % water vapor, the determined

SNR was 160, which results in a minimum detection limit

(1r) of 63 ppbv. Moreover, for available 48 mW laser

optical power between the QTF prongs, a NNEA (1r)

coefficient for a dry and moisturized gas mixture was

calculated to be NNEA (1r) = 2.24 9 10-8 cm-1

W Hz-1/2 and NNEA (1r) = 1.21 9 10-8 cm-1 W Hz-1/2,

respectively. Furthermore, the enhancement of relaxation

process in the presence of H2O vapor caused a substantial

improvement of the QEPAS sensor system detection limit

by a factor of *1.62. In practical applications, the analyte

often needs to be quantified in a gas mixture with unknown

water content. In this case, the humidity can either be

measured independently with a hygrometer, or the sample

can be humidified before analysis. If the humidity is

monitored with a sensor, the sensor detection sensitivity

changes with the variation of the water content. Calibration

data based on the present study can be used to convert

measured values into actual analyte concentrations. In

contrast, if the sample is humidified to nearby 100 % rel-

ative humidity before analysis, the sensor system sensi-

tivity will be highest at optimum working conditions due to

the enhancement of the V–T relaxation rate.

The corresponding limit of detection (LOD) was cal-

culated with VALIDATA at three times the standard

deviation of the intercept divided by the slope of the cal-

ibration curve, which resulted in 370 ppbv for dry sample

gas and 300 ppbv for wet sample gas, respectively.

Fig. 7 Measured 2f WM QEPAS signal amplitudes as a function of

SO2 concentration (black: dry gas mixture, red: with 2.3 % absolute

humidity moisturized gas mixture)
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4 Conclusions

The results reported in this paper show that a CW DFB-

QCL-based QEPAS sensor system offered sensitive

detection of SO2 sufficient for a number of practical

applications, ranging from process control to environ-

mental sensing. For the m3 SO2 line centered at

1,380.93 cm-1, a minimum detection limit of 63 ppbv

(s = 1 s) was achieved when the gas sample was mois-

turized with 2.3 % water. This result corresponds to a

normalized noise equivalent absorption coefficient of

NNEA (1r) = 1.21 9 10-8 cm-1 W Hz-1/2. However,

the detection sensitivity of this sensor configuration is

limited by a nonoptimum DFB-QCL beam quality,

resulting from packaging issues. It is most likely that in

case of better QCL beam quality, the noise level can be

further reduced down to a typical noise equivalent value

of the QTF. Considering this option, the minimum

detection limit could be lowered by a factor of

*8.2 times. The achieved detection sensitivity along with

the small required sample volume allows achieving fast

sensor response to changes in the SO2 concentration of

injected gas streams.
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