Quantum cascade laser-based sensor system for nitric oxide detection
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ABSTRACT

Sensitive detection of nitric oxide (NO) at ppbv concentration levels has an important impact in diverse fields of
applications including environmental monitoring, industrial process control and medical diagnostics. For example, NO
can be used as a biomarker of asthma and inflammatory lung diseases such as chronic obstructive pulmonary disease.
Trace gas sensor systems capable of high sensitivity require the targeting of strong rotational-vibrational bands in the
mid-IR spectral range. These bands are accessible using state-of-the-art high heat load (HHL) packaged, continuous
wave (CW), distributed feedback (DFB) quantum cascade lasers (QCLs). Quartz-enhanced photoacoustic spectroscopy
(QEPAS) permits the design of fast, sensitive, selective, and compact sensor systems. A QEPAS sensor was developed
employing a room-temperature CW DFB-QCL emitting at 5.26 um with an optical excitation power of 60 mW. High
sensitivity is achieved by targeting a NO absorption line at 1900.08 cm™ free of interference by H,O and CO,. The
minimum detection limit of the sensor is 7.5 and 1 ppbv of NO with land 100 second averaging time respectively . The
sensitivity of the sensor system is sufficient for detecting NO in exhaled human breath, with typical concentration levels
ranging from 24.0 ppbv to 54.0 ppbv.
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1. INTRODUCTION

Atmospheric nitric oxide (NO) is mainly emitted by high temperature combustion processes related with mobile and
industrial sources including motor vehicles and electric utilities [1]. Nitric oxide is a relevant trace gas species in the
atmosphere is associated with the formation of ground-level ozone, photochemical smog, acid rain and secondary
inorganic aerosols [1, 2]. Besides playing an important role in atmospheric chemistry, NO is also associated with various
physiological processes and its use in the medical diagnostic field has been widely reported [3, 4]. For instance, elevated
levels of NO in breath have been identified as a marker of respiratory conditions such as asthma and upper respiratory
track inflammation such as chronic obstructive pulmonary disease [5, 6]. NO monitoring is usually performed by means
of chemiluminescence based on the formation of nitrogen dioxide in an activated state after reaction of NO and ozone
[2]. The detection of sub-ppb levels of atmospheric NO has been reported using this technique, but the cost of
calibration procedures associated with such analyzers indicate the need for user-friendly, compact and sensitive sensor
systems for direct NO monitoring [6]. Alternative techniques for NO detection in exhaled breath include the use of
electrochemical sensors, which are compact and easy to operate. However, these instruments exhibit low sensitivity,
which prevents their extensive use [6]. The use of quantum cascade lasers (QCLS) targeting the 5.2 um fundamental
vibrational band of NO for monitoring has been reported [7-10]. NO detection in exhaled breath based on a continuous
wave (CW) QCL operating at 5.2 um using integrated cavity output spectroscopy was reported by Marchenko et al. [7].
For this system, a minimum detection limit (MDL) of 0.7 ppb of NO was achieved for an integration time of 1 s. Grossel
et al. used an acoustic cell (Helmholtz resonator) coupled with a CW distributed feedback (DFB) QCL emitting at 5.24
pm to detect NO [8]. For this system, the MDL for NO was found to be 20 ppb (1-s integration time)
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when operating the sensor at cryogenic temperatures. Dong et al. reported a MDL of 4.9 ppb (1-s integration
time) for NO using an external cavity QCL operating at 5.26 pm (1900.08 cm™) in a quartz enhanced photoacoustic
spectroscopy (QEPAS)-based sensor [9].

QEPAS is one of the most sensitive techniques for trace gas detection [11-13]. In this technique, periodic gas absorption
is transformed into a localized acoustic wave that is applied to a sharply resonant quartz tuning fork (QTF) to generate a
piezoelectric signal. The QEPAS technique has become one of the best candidates for high-sensitivity, fast-response
trace gas detection due to its robustness and compact size (few mm? for gas sample, ~cm? for sensor size). In this
manuscript, a QEPAS sensor system using a mid-infrared CW, room temperature (RT), DFB QCL was developed for
high sensitivity detection of NO.

2. EXPERIMENT DESCRIPTION
2.1 Selection of target NO absorption line

To ensure high sensitivity NO detection, the selection of a suitable absorption line of NO is a crucial step. The NO
absorption spectra within the QCL wavelength range from 1899.5 cm™ to 1905 cm™ are plotted in Fig. 1 based on the
HITRAN database. Water absorption lines are also shown for interference analysis. The NO absorption line at 1900.08
cm™ within the QCL wavelength spectral range exhibits both strong absorption and low H,O interference. Therefore,
this line was selected as our target NO absorption line for subsequent measurements.
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Figure 1. NO and H,0 absorption spectra within the 5.26-um QCL wavelength range.

2.2 Laser source characterization

A CW DFB-QCL (Hamamatsu Corp.) with a central wavelength of ~5.26 um was employed as an excitation source of
NO in its strong fundamental absorption band. The emission wavelength of the QCL was tested at different laser
temperatures and injection currents as shown in Fig. 2. The horizontal red line in Fig. 2 indicates the position of the
targeted strong NO absorption line as discussed in Section 2.1. The QCL temperature and current coefficients are found
to be -0.15 cm™/°C and -0.013 cm™/mA, respectively. Figure 2 indicates that the targeted NO line ~1900.08 cm™ can be
easily achieved by this QCL with desirable temperature and current conditions.
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Figure 2. Spectral characterization of a 5.26 um CW DFB-QCL for different temperatures and injection currents. The red

line, at a wavenumber of 1900.08 cm™, corresponds to the targeted NO absorption line.

2. 3 Schematic of NO sensor system

The NO sensor system is depicted schematically in Fig. 3. A 5.26-um CW DFB-QCL (27 °C, 580 mA) controlled by a
QCL driver (LDX-3220, ILX Lightwave) was used as the excitation laser source to target the NO absorption line at
1900.08 cm™. The QCL beam was optimized and focused into an absorption detection module (ADM) by a pair of
plano-convex lenses (f;=45 mm and f,= 25.4 mm) and a pinhole (D=200 um). The pinhole serves as a spatial beam filter.
The QCL beam was then directed through a pair of micro-resonator (UR) tubes and the two prongs of the QTF in the
ADM. The transmitted QCL beam was detected by a power meter (NOVA |1, OPHIR). The QCL power was measured to
be ~60 mW at the target wavelength. The QTF signal was initially amplified by a pre-amplifier and subsequently
demodulated by a lock-in amplifier for 2f signal data acquisition. The modulation frequency of the QCL, controlled by
the control electronics unit (CEU), was set to half of the QTF resonant frequency to ensure a maximum 2f signal from
QTF. The gas flow and pressure in the ADM was controlled by a pressure controller, flow meter, a humidifier and a

compact oil free vacuum pump to maintain a constant pressure and the humidity inside the ADM.
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Figure 3. Schematic of NO sensor system. puR: micro-resonator, QTF: quartz tuning fork, CEU: control electronics unit.
Inset in the upper-left corner shows a photo of QCL beam optimization components and the ADM, while the inset in the

lower-right corner shows a photo of the QEPAS CEU.
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3. SENSOR OPTIMIZATION AND CALIBRATION

In order to achieve an optimum 2f signal, the pressure inside the ADM and QCL modulation depth should be optimized.
Therefore, the QEPAS signal for a constant NO concentration at different pressures and modulation depths was
investigated and depicted in Fig. 4. An optimum pressure of 300 Torr and modulation depth of 5 mA were identified as
the optimum operating conditions for the QEPAS sensor system.

The sensor calibration was performed by diluting gas from a standard NO cylinder with pure N,. Different NO
concentrations were achieved by controlling the mixing ratios of these two gases. The gas mixtures were controlled by
passing through a humidifier before entering the ADM to enhance the QEPAS signals since NO is characterized by a
slow rotational vibrational relaxation rate. The recorded QEPAS signals at different NO concentration levels from 0 ppb
to 1000 ppb are plotted in Fig. 5(a). The fitted curve in the inset of Fig. 5(a) shows a linear dependence of the QEPAS
signal on the NO concentrations. Fig. 5(b) shows the QEPAS signal profiles at different NO concentration levels as the
QCL wavelength swept across the target NO absorption line.
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Figure 4. Dependence of QEPAS signals on pressure and modulation depth.
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Figure 5. Sensitivity calibration of the NO sensor system. (a) QEPAS signals versus different NO concentrations; (b) Signal
profiles across the selected NO absorption line at different NO concentrations.



4, NO SENSOR PERFORMANCE EVALUATION
Determination of minimum detection limit

The NO sensor detection limit was evaluated by monitoring the QEPAS signal variation for 1 ppm NO in a humidified
N, environment containing 2.8% water vapor for a time period of 2 hours. The noise level was analyzed by an Allan-
Werle deviation plot as shown in Fig. 6. A MDL of 7.5 ppb for NO measurements was achieved with a 1 second
integration time. Improved MDLs of 2.5 ppb and 1 ppb can be estimated with longer integration times of 10 second and
100 second, respectively. This sensitivity is sufficient for detecting NO in breath, which exhibits typical NO
concentrations in a range of 24-54 ppb [13].
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Figure 6. Allan-Werle deviation plot for 1 ppm NO measurement in a humidified environment.

Breath sample analysis

The sensor system was also carried out for human exhaled breath analysis. The measured NO concentration in breath is
depicted in Fig. 7 from 0 to 300 second. Atmospheric air was measured after 300 second as shown in the second part of
Fig. 7 for comparison, which is separated from the breath sample by a red line. A smoothed result (green) of the initial
measurement data is also shown in Fig. 7 for a clear view of the NO concentration variations. The measured NO
concentrations in breath are in the range of 15 ppb to 30 ppb, while the results of atmospheric measurements indicates a
baseline level of 8 ppb for our NO sensor system.
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Figure 7. Measured NO concentrations in exhaled breath and atmosphere.

5. CONCLUSIONS

In conclusion, a high sensitivity NO sensor system was developed using a CW, RT, DFB-QCL with a wavelength of
~5.26 um. The system is based on a state-of-the-art QEPAS technique, in which the optical absorption in gas molecules
is transformed to a localized acoustic pressure wave, and detected by a sharply resonant QTF and two coupled YR tubes
with an extremely high Q-factor. A strong absorption line at 1900.08 cm™ in the fundamental vibrational-rotational
absorption band of NO was selected for NO detection with high sensitivity and selectivity. The sensor system achieved
MDLs of 7.5 ppb for 1 second integration time and 1 ppb for a 100 second averaging time for low NO concentration
measurements levels in real time. The sensor system may find applications in health diagnosis where fast response, high
sensitivity and compact sensor size are required.
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