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based on an external cavity quantum cascade laser
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Mid-infrared laser spectroscopy is a powerful analytical tool for trace gases detection. In this study,
a spectroscopic system based on an external cavity quantum cascade laser (ECQCL) and quartz
enhanced photoacoustic spectroscopy (QEPAS) was developed for volatile organic compounds
(VOCs) measurements. Primary laboratory test on ethanol spectroscopy was investigated and com-
pared with traditional direct absorption spectroscopy (DAS). Experimental results show that the
proposed QEPAS is more sensitive than the conventional DAS method. In addition, the significant
linear dependence of photoacoustic signal on sample pressures and laser operating parameters was
observed.
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1. Introduction

The mid-infrared (MIR) region of the electromagnetic spectrum (between 2.5 and 25 pm)
is of particular interest for spectroscopy measurements, since many gas molecules have
their strong absorption fingerprints in this band. Quantum cascade laser (QCL) as
a new type MIR laser has many advantages over traditional laser sources, such as small
size, wide wavelength tuning range, compactness, high power and low power con-
sumption [1]. With the fast development of QCL technology [2], QCL based spectros-
copy techniques have been widely used for quantitative chemical detection in various
fields including atmospheric monitoring, industrial processing control, public safety
and biomedical study, efc. [3, 4]. The tuning range available from a single QC chip
has been achieved over 400 cm™! by employing an external cavity technology [5, 6],
i.e. external cavity quantum cascade laser (ECQCL), which shows significant advan-
tages on multi-species detection and chemical warfare agent analysis.

Photoacoustic spectroscopy (PAS) is a high-sensitivity, high-resolution spectroscopy
based on the photoacoustic effect, which was firstly discovered by BELL in 1880 [7].
In 2002, a new type of PAS technology called quartz enhanced photoacoustic spec-
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Fig. 1. Ethanol absorption spectrum taken from PNNL database.

troscopy (QEPAS) using a quartz tuning fork (QTF) as an acoustic signal detector [§],
was proposed by KOSTEREV et al. [9]. Tuning fork quartz crystal oscillator is widely
used because of small size, low price, and a good immunity to other noise sources. With
rapid development in recent years, QEPAS sensor technology is widely used to detect
several molecules with rotational resolution with good resolution in the near infrared
spectrum, but also to larger molecules such as ethanol, acetone and Freon [10—12].
Generally, absorption spectra of these complex molecules consist of rather wide bands.
Each band includes many absorption lines located very close to each other, which are
not resolved even at low pressure due to Doppler’s effect. For instance, Fig. 1 presents
ethanol absorption spectrum, which is based on the PNNL database of atmospheric
pressure FTIR spectra [13]. As can be seen form this figure, the absorption spectrum
of ethanol includes much stronger bands with different peculiarities in the mid- and
far-infrared range, which are ideal bands for detection and identification of ethanol
vapor, comparing to the near-infrared range [14].

In this study, a spectroscopic system based on a broadband ECQCL and QEPAS
technique was developed for volatile organic compounds (VOCs) measurements. Pri-
mary laboratory test on ethanol PA spectroscopy measurement was investigated and
compared with traditional direct absorption spectroscopy (DAS). Moreover, the depend-
ence of PA signal on sample pressures and laser operating parameters was also discussed
in details.

2. Experimental details

The experimental setup is shown in Fig. 2. The system mainly consists of a broadband
tunable ECQCL (Marlborough, MA, USA) provided by Block Engineering, a diaphragm
plate, a collimator lens (CaF,, diameter 36 mm, focal length /= 60 mm), a home-made
cylindrical PA cell with a volume of ~100 ml, a mercury cadmium telluride (MCT)
detector (PVMI-4TE-10.6, Vigo Systems) and a data acquisition card (NI USB-6259,
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Fig. 2. Diagram of experimental setup.

1.25 MHz sampling rate), as well as a gas sampling line, which mainly includes some
needle valves, an air pump and a digital pressure gauge (Testo 552, Germany). The stain-
less steel PA cell consists of two CaF, windows and a quartz tuning fork (QTF) as
an acoustic signal detector, which was installed in the center of PA cell. A home-made
low noise transimpedance preamplifier circuit with a feedback resistor of 10 MQ was
applied to magnify and transform the piezoelectric current generated by the QTF into
a voltage signal. The divergent ECQCL laser beam is firstly shaped and collimated,
and then passes through the gap of the QTF. Finally, the transmitted laser beam was
detected by a standard MCT used for recorded direct DAS signal synchronously. Both
PA and DAS signals were digitized by a data acquisition system based on LabVIEW
software and a laptop computer for data storage and signal processing.

To investigate the characteristics of QTF as an acoustic detector, a near-infrared
diode laser model operated at a fixed wave number of 6578.576 cm™! corresponding
to the line R9e of C,H, was first used as the excitation light source to generate PA sig-
nal. We performed this experiment by applying a sinusoidal modulation to the diode
laser current, while scanning the modulation frequency around the QTF resonance fre-
quency (i.e. 32.768 kHz) to observe its resonant effect. The recorded resonant profile
was finally fitted by using a Lorentzian function. As shown in Fig. 3, the fitted parameters
were also provided in the inset, the selected QTF detector had a resonant frequency of
32.744 kHz in ambient pressure (i.e. 1 atm) and a quality factor Q of 7351.4. The QO
value was calculated as the ratio of the resonance frequency to the frequency band-
width, which represents the signal enhancement factor.
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Fig. 3. The measured QTF resonant profile at ambient air, the acquired curve yielded Q = 7351.4.

The ECQCL can be programmed to emit pulses from 20 to 450 ns with a pulse rep-
etition rate up to 3 MHz. For a more detailed description of the laser source we refer the
reader to [15]. In case of QEPAS, the PA signal amplitude shows significant dependence
on laser power. Therefore, the ECQCL characteristic was primarily investigated. Exper-
imentally, the ECQCL laser pulse repetition rate was always fixed to match the QTF res-
onant frequency. The laser output power was measured using a power meter (Nova II,
Ophir Photonics) after the laser exit and PA cell, respectively. Figure 4 presents the
relationship between the maximal laser output power at 1300 cm™! and laser pulse du-
ration, and a good linear dependence of laser power on the laser pulse duration was found
in the range from 150 to 450 ns. Finally, the maximal laser power in the PA cell is es-
timated to be less than 2 mW.
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Fig. 4. The relationship between laser output power and pulse duration.
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3. Results and discussion

In this work, ethanol vapor gas was used for evaluating the experimental system.
The VOC gas sample was prepared as follows: ethanol liquid with a stated purity
of 99.7% was pipetted in a flask connected with the PA cell. The whole experiments
were made at one atmospheric pressure and room temperature. The PA cell was firstly
filled with ambient air and measured for background spectrum. For ethanol spectros-
copy measurements, the PA cell was always evacuated for tens of minutes, and then it
was filled with ethanol vapor with different pressure and mixed with ambient air to
a total pressure of 1 atm for PA signal measurements. The ECQCL was set with a rep-
etition rate of 32.744 kHz to match with the QTF resonant frequency, and pulse dura-
tion 0f 450 ns to provide the maximal output power. Generally, it took us approximately
160 s to acquire a whole scanning between 1160 and 1320 cm™! for wavelength-sweep-
ing mode. In Figure 5 as an example, we present the experimentally measured ethanol
PA spectra (Fig. 5a) and reference spectrum (Fig. 5b) taken from PNNL database. As
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Fig. 5. Experimentally measured ethanol PA spectra under different concentration (a), the corresponding
data extracted from PNNL database (b) and the corresponding DA signal (c¢).
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Fig. 6. The PA signals at 1227, 1241 and 1249 cm™' as a function of ethanol concentrations, and the
straight lines are the best linear fit of experimental data.

can be seen, the measured ethanol PA spectra compare reasonably well with the stand-
ard reference spectrum, except the finger-like fine structure. The wave number reso-
lution of PNNL data is 0.06 cm~!, whereas the experimentally observed wave number
resolution is only 1 cm™!, mainly limited by the pulse ECQCL line width and the system
sampling rate. For comparison, the corresponding DAS spectra (Fig. 5S¢) with very poor
SNR were also presented. The results prove that QEPAS technique is more sensitive than
the traditional DAS method. A comparison of detection limit with other QEPAS sensor
systems is not straightforward, in view of rather different experimental configurations
and sometimes lack of specific information. Anyway, a minimum detection limit of
~700 ppmv (at 1249 cm™!) was estimated for the QEPAS detection method, and the
sensitivity achieved here is acceptable, in view of so lower laser power available in
this work (less than 2 mW). Moreover, the PA signal at 1227, 1241 and 1249 cm™! were
plotted as a function of ethanol concentrations in Fig. 6. From this figure, a good
linearity can be seen. Linear regression leads to a regression coefficient R? of 0.96,
0.97 and 0.97 were obtained, respectively. The slightly poor linearity might be due to
the strong adsorption effect of ethanol. Note that each signal was recorded with a single
scan acquisition without any signal averaging and wavelength calibration.

In order to further test the system performance, the dependence of PA signal on laser
power was also observed. As previously reported [15], the ECQCL output power shows
a strong dependence on a pulse repetition rate and pulse width. In this study, the pulse
repetition rate must be fixed to the QTF resonant frequency. Therefore, only pulse width
can be tuned for observing this effect. Figure 7a demonstrated the experimentally
recorded PA spectra at a constant ethanol concentration as a function of the ECQCL
pulse width, as well as the plot of PA signal amplitude at three different positions vs.
the ECQCL pulse width (Fig. 7b). As expected, a good linear dependence of PA signal
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Fig. 7. Experimentally measured ethanol PA spectra under different pulse duration (a) and the relationship
between PA signal amplitude and pulse duration (b).

at 1227, 1241 and 1249 cm~! on pulse width was obtained, with a regression coefficient
R? 0 0.99, 0.95 and 0.99, respectively. The results indicate that the PA signal is pro-
portional to the incident laser power and the concentration of the absorbing molecule.
Thus, QEPAS detection of trace gases derives sensitivity benefit from the use of as
much laser power as is available.

4. Conclusions

In this paper, a QEPAS gas detection system based on an ECQCL was developed for
measuring volatile organic compounds (VOC). The PA and DAS spectra of ethanol
between 1160 and 1320 cm™ were simultaneously measured. The results show that
PA detection scheme is more sensitive than the DAS method. The good linear rela-
tionship between laser output power and pulse duration was found. In case of PA or
QEPAS technique, the PA signal amplitude is proportional to the incident light power,
the PA signal is therefore proportional to the pulse duration and the sample pressure
of the absorbing molecule, which was experimentally verified. Note that the effective
laser power used in PA cell is estimated to be less than 2 mW, and all the experimental
spectra were recorded with a single scan acquisition without the use of the lock-in
amplifier and without any multi-signal averaging. Future work will focus on the opti-
mization of the QTF selection and detection schemes, for example, the selection of
QTFs with high resonant frequency to make full use of the ECQCL power, and using
an acoustic micro-resonator to enhance PA signal [16], as well as digital signal pro-
cessing methods [17, 18], etc. Based upon these detection methods, the system sensi-
tivity is expected to be improved dramatically. The wide wavelength tunability of
ECQCL will allow us to access the fundamental vibrational bands of many chemical
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agents, which are well-suited for trace explosive, chemical warfare agent, and toxic
industrial chemical detection and spectroscopic study [19, 20].
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