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ABSTRACT Development of a pulsed quantum cascade laser
(QCL)-based spectroscopic trace-gas sensor for sub-part-per-
million detection of nitric oxide (NO) and capable of moni-
toring other molecular species such as CO,, H,O, and NH;
in industrial combustion exhaust systems is reported. Rapid
frequency modulation is applied to the QCL to minimize
the influence of fluctuating non-selective absorption. A novel
method utilizes only a few laser pulses within a single wave-
length scan to probe an absorption spectrum at precisely se-
lected optical frequencies. A high-temperature gas cell was
used for laboratory evaluation of the NO sensor performance.
A noise-equivalent sensitivity (1) of ~ 100 ppb x m/~/Hz
at room temperature and ~ 200 ppb x m/+/Hz at 630K was
achieved by measuring the NO R(6.5) absorption doublet at
1900.075 cm™~".

PACS 42.62.Fi; 07.07.Df; 42.55.Px

1 Introduction

Quantum cascade lasers (QCLs) have proved to be
robust light spectroscopic sources for mid-infrared (mid-IR)
spectroscopic applications [1, 2]. QCL-based trace-gas sen-
sors utilizing different detection schemes are capable of quan-
tifying optical absorbance down to 10~ cm™! in the mid-IR
fingerprint region (fundamental molecular absorption bands)
[3]. Pulsed QCLs have the advantage of operating at tem-
peratures accessible with thermoelectric cooling. This feature
makes them suitable for applications which require compact,
sensitive, liquid-nitrogen-free spectroscopic instrumentation.
In contrast to continuous-wave QCLs, the line width of lasers
operated in a pulsed mode is broadened due to thermal chirp-
ing. However, for applications which do not require ultra-high
selectivity, e.g. concentration measurements with strongly
pressure-broadened spectroscopic features or measurements
at low pressure using well-isolated absorption lines, a pulsed
QCL is an adequate mid-IR radiation source.
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Detection of nitric oxide (NO) is important in many appli-
cations that include industrial emission and process monitor-
ing [4, 5], atmospheric research [6, 7], and medical diagnostics
[8, 9]. In recent years stricter regulatory limits for the maxi-
mum allowable concentrations of toxic pollutants in industrial
exhaust gases were imposed. It triggered a need for sensors
capable of real-time concentration monitoring of such gases
as NO or NHj at parts per million (ppm) levels to ensure
regulatory compliance. An instrument suitable for direct in
situ spectroscopic analysis of industrial exhaust gases must
address specific environmental challenges including atmo-
spheric analyte gas pressure, strong non-selective absorption
by soot particles, high temperature, and overlapping absorp-
tion lines of different gas species.

In this work we present the development and perfor-
mance evaluation of an advanced NO sensor utilizing a ther-
moelectrically cooled, pulsed QCL. The laser operating at
~ 5.26 um (~ 1900 cm~') allows the analysis of NO concen-
trations via the strong and quasi-interference-free absorption
doublet R(6.5) at 1900.075 cm ™. Since spectral data acquisi-
tion techniques developed for cw near-infrared lasers [10, 11]
are not applicable to pulsed QCLs, we report a new method
of spectral manipulation and data processing.

2 Experimental details

2.1 Methodology

In a petrochemical plant the NO concentration lev-
els have to be monitored in large-diameter (~ 2-m) exhaust
ducts containing hot gases with a high fluctuating particulate
content. The detection system should permit concentration
measurements in the presence of potentially occurring turbu-
lent optical density fluctuations and spectrally non-selective
variable absorption. This can be done by applying a fast wave-
length scan [11] so that spectrally non-selective beam attenu-
ation is frozen on its time scale.

Fast wavelength tuning of a pulsed QCL is commonly
performed by applying a variable sub-threshold current (usu-
ally using a sawtooth waveform) [12]. The maximum power
which can be dissipated within the QCL structure as well
as the laser driver electronics limit the repetition rate of the
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laser injection current pulses. Thus, reducing the time span
of an applied sub-threshold current ramp may result in spec-
trally too sparse data points insufficient for a proper spectral
analysis. To minimize the number of pulses within a wave-
length scan while maintaining the analytical ability of the
spectrometric sensor, the data should be acquired at precisely
selected optical frequencies. The absorption coefficient «(v)
of a multi-species mixture at the optical frequency v; can be
decomposed as

a(uk)zzc,ﬁ(vk)+h,k=1,...,m, 1)

i=1

where 7 is the number of species, m is the number of points
acquired within the scan, f;(v) is the absorption coefficient
of the ith species at unity concentration, and b represents the
spectrally non-selective absorption. The minimum number
of data points in a single scan required for the system (1) to
have a unique solutionis m =n+ 1. If m > n+ 1, ¢; are
determined by means of multi-dimensional linear regression
of a(v;) data. The accuracy of the retrieved concentrations
depends on the selection of v;. The optimum »n spectral points
to perform such measurements should be located at such
frequencies that vectors [ fi(vy), f2(v1), ..., fu(wD], [f1(v2),

fZ(VZ)s cee fn(UZ)]v [fl(vn)’ fZ(Vn)v e fn(Vn)] form a
closest-to-orthogonal set:

- ‘ o |max, i= 5
;ﬁwk)f,(vk) = ‘min’ P 2)

In the case of narrow non-overlapping absorption lines,
this criterion means that the optimum spectral sampling points
are located at the maxima of the lines, plus one (n + 1)th point
aside to determine the b value in Eq. (1).

A pulsed QCL will generate the pulses only at optical
frequencies v, if a properly shaped waveform of the laser
sub-threshold current is applied [13]. The resulting scan con-
sists of a minimum number of sequential laser pulses with
individually pre-set laser frequency positions determined by
the levels of the sub-threshold current pedestals, which is
schematically shown in Fig. 1. Practical implementation of

Short, high-current pulses
determine intensity and linewidth

%S \/5
Vi

i Subthreshold current pedestals :
determine wavelength :

FIGURE 1 Schematic of the laser current waveform used for rapid laser
frequency scanning
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FIGURE 2 Absorption spectra of NO, CO,, NHz, and H,O at atmospheric
pressure and 630K and N,O at 50 torr and room temperature at 1900 cm™!
simulated using the HITRAN 2000 database

this approach for a particular goal of NO quantification in the
industrial exhaust gases is described below.

2.2 Selection of optimum spectral sampling points
Figure 2 shows NO, CO,, NH3, and H,O spectra at
atmospheric pressure simulated for the expected composition
and temperature (630 K) of the industrial exhaust gas using the
HITRAN 2000 database [14]. This target spectral region was
chosen for NO measurements considering minimum spectral
interference by different exhaust gases and the strongest NO
spectroscopic feature. The NO doublet R(6.5¢) and R(6.5f) at
~ 1900.075 cm~! was selected as the most suitable for this
study [15]. Figure 2 also includes the N, O spectrum at reduced
pressure (50 torr), which contains several absorption lines in
this region and serves as a convenient reference for sensor-
system evaluation and optical frequency control. According
to the criterion of Eq. (2), the frequency positions projected on
the x axis in Fig. 2 were determined to be close-to-optimum
for a multi-species spectrum measurement using the minimum
number of points within a single frequency scan. The spectral
data acquired at the wavelengths within the strongest N,O
absorption line will be used for monitoring the laser frequency
drift due to instabilities of the QCL temperature. These data
can also be used as a feedback for active control of the QCL
temperature.

23 NO sensor configuration

Figure 3 depicts the gas-sensor architecture. A
thermoelectrically cooled pulsed distributed-feedback QCL
was placed inside a vacuum-tight housing. The laser wave-
length can be tuned from 1905 to 1899cm~! by varying
the temperature of the QCL chip from —35 to +10°C. Fast
frequency scanning of the QCL was performed using sub-
threshold laser current modulation at a fixed temperature of the
QCL heatssink [1, 12]. Twenty-five-nanosecond-long injection
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current pulses were supplied to the laser at a repetition rate of
240 kHz. The maximum repetition rate of the laser pulses was
primarily limited by the maximum sampling rate of the data-
acquisition electronics. The measurement method uses dual-
channel (sample and reference) data acquisition [16]. The ref-
erence channel is used for signal normalization to the optical
energy of each laser pulse to minimize the influence of ~ 5%
pulse-to-pulse QCL fluctuations. This technique significantly
improves the signal-to-noise ratio (SNR) of the measured ab-
sorption data acquired by means of the pulsed QCL-based
system. After collimation by an anti-reflection-coated ZnSe
aspherical lens with 3-mm focal length and 6-mm diameter
located inside the laser housing, the laser beam is divided into
sample and reference beams in a ~ 50/50 ratio using a ZnSe
beam splitter as shown in Fig. 3. The sample beam passes
through a gas cell with an optical path length of 1 m. To sim-
ulate high-temperature conditions in a real industrial exhaust
duct the gas cell was equipped with resistive heaters capa-
ble of elevating the gas temperature to 810 K. Upon exiting
the gas cell the QCL radiation is focused onto a fast (50-
MHz bandwidth) photovoltaic Hg—Cd—Zn—Te detector (Vigo
Systems Ltd., model PDI-2TE-6) using an off-axis parabolic
mirror. The reference beam is directed through the reference
cell and is subsequently focused onto a second detector of
the same kind. Fast track-and-hold (T&H) electronics with a
350-MHz sampling bandwidth and 125-MHz maximum sam-
pling rate (Analog Devices, model AD9101) is implemented
for capturing the peak optical intensity of the detected sam-

ple and reference laser pulses. T&H electronics operate as
an analog buffer, which captures and retains an input voltage
value as long as necessary for successive digitization with an
analog-to-digital converter. In this work data acquisition and
processing were performed by a laptop computer equipped
with a 500-Ksample/s PCMCIA data-acquisition card (DAQ
card) (National Instruments, model DAQ 6062E). Two analog
outputs of the data-acquisition card are used for generation of
the laser control signals: a sub-threshold current waveform for
frequency scanning and a current pulse amplitude modulation
waveform for the laser power control within a wavelength
scan [17]. The application of the multi-function DAQ card
significantly increases the flexibility of the sensor system, al-
lowing it to be programmed to perform either conventional
wavelength scans using a lower-frequency saw-tooth wave-
form with a large number of laser pulses or a rapid scan as
described in this work. The overall system timing is performed
by an external pulse generator (Stanford Research Systems,
model DG535).

24 Spectral calibration of the system

The wavelength tuning of a QCL using sub-
threshold current modulation occurs as a result of Joule heat-
ing of the QCL structure. Due to a temperature rise, the re-
fractive index of the active region changes, which results in
wavelength tuning of the emitted radiation. If low-frequency
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FIGURE 4 Spectra of pure NoO at 50 torr recorded with different scan
speeds. The QCL repetition rate of 240 kHz remains the same for all acquired
spectra

waveforms (of the order of 10? Hz) are applied the process
can easily follow the control signals and the system inertia
can be neglected. Thus, a slow scan with a large number of
laser pulses is relatively easy to perform and to calibrate using
for example an etalon fringe pattern as a relative wavelength
standard. The situation changes in the case of rapid wave-
length scanning performed at frequencies of several kilohertz.
Transient effects caused by the thermal inertia of the laser
chip become strongly pronounced. It is illustrated by Fig. 4,
which shows several spectra of pure N,O at 50 torr recorded
using a common saw-tooth waveform for sub-threshold cur-
rent modulation at different frequencies. The waveforms were
synthesized by the DAQ card maintaining a duty cycle and an
amplitude (and thus an average power dissipated within the
laser structure) at constant levels. Despite the smaller num-
ber of laser pulses, the scanning range decreases significantly
for faster scans. The largest influence of the thermal inertia
is visible at the beginning and at the end of the scan, while
the center frequency remains almost unchanged. The regular
structure in the spectra with a higher number of data points
is a fringe pattern from the etalon, which was introduced
into the laser beam simultaneously with the gas cell to obtain
a high-precision spectral reference. This set of spectra also
demonstrates that the resolution of the fast scans with a small
number of spectral data points is insufficient to perform cal-
ibration using a comparison with the same etalon reference
fringe pattern. Thus, for rapid-scan measurements a special
wavelength-calibration process was developed.

Wavelength tuning of a QCL can be performed by vary-
ing the laser heat-sink temperature. This is an alternative to
sub-threshold current modulation. Thermal tuning is linear
over a wide range of temperature variation and independent
of the laser sub-threshold current amplitude. For the laser
used in this work the tuning coefficient was measured to be
dv/dT = 0.15cm™!/K. We used this laser property to perform
wavelength calibration of a rapid scan. Scanning the laser
heat-sink temperature with a resolution of 0.04 K and scan-

ning rates on the order of 102 K/min, rapid wavelength scans
were implemented for each point of the temperature scan and
the resulting absorption spectrum was calculated and stored in
the computer memory for further processing. Subsequently,
the stored data points could be analyzed as a function of the
heat-sink temperature. For each sub-threshold current level a
corresponding spectrum recorded by means of a temperature
scan is extracted. Such spectra can be calibrated in a wave-
length scale by comparing them with a reliable database. In
this manner for each point on the temperature scale a wave-
length associated with each pedestal of the sub-threshold cur-
rent ramp can be determined. Such a set of wavelengths at a
given laser heat-sink temperature fully characterizes the ap-
plied rapid-scan waveform. Figure 5a shows a set of spectra
resulting from such a dataset acquired for a rapid scan with
equidistant sub-threshold current pedestals. Each scan con-
tained 15 laser pulses (13 points for the actual scan and two
points for detector ‘zero’ retrieval and thermal relaxation of
the laser) at a repetition rate of 240 kHz; hence, its duration
was 62.5 us. The resulting wavelength-calibration curve of the
applied sub-threshold current waveform is shown in Fig. 5b.
For the first three points of the actual ramp in the control signal

a) 1.0
. Pedestal
'\ number:
c i ; 1
] 2
8 3
g 4
Q 5
[0) 6
2 7
Ed 8
s 9
——10
——11
——12
0.0 T ——13
1. 1.+ 1. 1 1 r 1 1 r T 7
00 08 16 24 32 40 48 56 64
Relative temperature (K)
1900.1
b) T . = .
1900.0 - ",
1 n
—~ 1899.91
:Eq 1899.8 - .
8 ' .
g 1899.7
:C; 1 [ ]
o 1899.6 4 .
3 | Wavelegth calibrated .
= 18995 subthreshold current pedestals
1899.4 .
1899.3 T — T

T T T T T T
5 6 7 8 9 10 11 12 13
Pedestal number

LI B |
1 2 3 4
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the previously mentioned thermal transient effects are clearly
visible as a flattened part in the wavelength-calibration plot.
This demonstrates the limited response time of the sensor to
the sub-threshold current wavelength tuning process. Due to
this limitation, there is no simple linear relation between the
pedestal amplitude and the resulting wavelength. Therefore,
the wavelength-optimization process has to be performed in-
crementally by applying small-amplitude corrections individ-
ually to each pedestal and subsequently calibrating the scan
as described above. The results of such a calibration process
are depicted in Fig. 6. The circles in the graph represent the
required wavelength (see Fig. 2) and the crosses depict the
wavelength resulting from the optimization process. A cali-
bration accuracy of +0.015 cm™! was achieved.

In all our measurements the laser power was controlled
and maintained nearly constant within the scan (see [17] for
details). Both the sub-threshold current waveform resulting
in the desired optical frequency scan and the laser power
monitored by the reference channel during a single scan cycle
are shown in Fig. 7.
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FIGURE 7 An example of a sub-threshold current waveform applied to
the QCL plotted together with equalized laser pulses’ peak power monitored
during a single scan

2.5 Measurement results

2.5.1 Spectral measurements. The sensor performance was
evaluated by recording spectra of pure N,O at 50 torr and of a
10-ppm NO in N, mixture at 760 torr in a 1-m-long gas cell.
The measurements were performed using a calibrated rapid
scan and a conventional scan (400 points). Both spectra were
acquired at the same laser power level to insure identical laser
operating conditions and permit a direct comparison of the
results. The absorption spectra were calculated by averaging
1000 scans for both methods. The resulting spectra of the
gas samples at two different temperatures, room temperature
(~296K) and ~ 630K, are plotted together with appropri-
ate simulations in Figs. 8 and 9, respectively. Agreement of
the absorption data measured using both the rapid and con-
ventional scans was observed in all cases. This confirms the
validity of the frequency calibration of the rapid wavelength
scan. All the room-temperature measurements also show a
consistency with the spectra simulated using the HITRAN
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FIGURE 8 Spectraof pure N, O at 50 torr (a) and 10-ppm NO in N, mixture
at 760 torr (b), recorded at room temperature using both rapid-scan and
conventional scan methods. Both graphs include a simulation calculated using
a HITRAN 2000 spectrum convoluted with a Gaussian function (0.035 cm™!
FWHM)
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2000 database. The HITRAN high-resolution spectrum was
convoluted with a Gaussian function (0.035cm~! FWHM),
which simulates the influence of the finite laser line width.
At elevated temperatures (630 K) the simulated spectrum of
pure N, O does not include all of the weaker absorption lines
that are observed in the measured data. For the 10-ppm NO
mixture we observed agreement between the measured and
simulated spectra. The single-point standard deviation calcu-
lated using the residual of the conventional scan measure-
ments is on the level of ~ 6 x 10~ for 1000 averages. This
yields an estimated single-point noise-equivalent sensitivity
for NO of ~ 0.4 ppm at room temperature and ~ 0.9 ppm at
630K.

2.5.2 Baseline fluctuations. Application of the rapid scan has
a significant advantage in the effective elimination of 1/f
noise. Sources of this noise are usually difficult to locate and
suppress, which makes the minimization of its influence an
important issue. The basic sources of the 1/f noise include
mechanical vibrations of the optical system and electronic
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FIGURE 10 Fluctuations of the mean value calculated for each spectrum
from a set of 1000 continuously recorded rapid scans

noise in the detection system. In spectroscopic applications
the slower components of noise occur usually as baseline fluc-
tuations of the measured spectra, which tend to deteriorate the
instrument sensitivity. Rapid wavelength scanning is aimed to
make the sensor immune to fluctuations of non-selective ab-
sorption (e.g. due to soot particles). This technique also allows
the fluctuations of the baseline within a single scan to be con-
sidered as a simple change of a constant value b (Eq. (1)).
Such an assumption significantly simplifies processing of the
acquired data. To visualize an effect of suppression of baseline
fluctuations, a set of 1000 continuously acquired rapid scans
of pure N, was analyzed. The mean apparent absorption value
was calculated for each scan. Figure 10 shows variations of
the calculated absorption values. This plot depicts fluctua-
tions of a flat baseline b for 62.5 ms for the entire acquisition
period. In comparison to the conventional 400-point scan,
which lasts ~ 1.7 ms, the rapid scan consisting of 13 effective
points acquired within ~ 55 us is automatically immune to
30 times faster noise components. With the assumption that
the system is insensitive to the noise components with a period
10 times longer than the spectral scan, the upper-frequency
limit would be 58 Hz and 1.8 kHz for conventional and rapid
scans, respectively. Hence, the low-frequency noise can affect
the conventional scans. This effect can be seen in the N,O
measurement shown in Fig. 9a. Such a baseline drift is visible
in the spectrum measured with the conventional frequency
scan from 1900.03 to 1900.45 cm™!, while the data acquired
using a rapid scan do not show baseline distortion, and the
measured absorption is in good agreement with the simulated
spectrum.

An analysis of the averaging process efficiency was per-
formed for a quantitative evaluation of the baseline-drift influ-
ence using both rapid and conventional scans. A large number
X of spectra were recorded for this purpose. Each single scan
in the acquired spectra sets was baseline b corrected. A mean
value of a two-sample variance,

n—1

1
(o)) = =) ; [Mii1(N) = My i (NP,
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as a function of the number of averaged scans N was calcu-
lated for each point of the spectrum k using n = | X /N | sub-
sets of the acquired data points. M in the above expression
denotes a mean value of the sth data point sub-set calculated
for the kth point of the spectrum:

sN

2

i=1+(s—1)N

1
My s(N) = — Qi) 5 s=1,...,n.

A variation of this number within the entire scan reflects
the actual baseline fluctuation, which is a useful parameter
for the evaluation of its influence on the averaging process.
For both rapid and conventional scan measurements the value
of the two-sample variance averaged over K points of the
analyzed spectrum

1 K
— Y (o))
K ; k

is plotted in Fig. 11. The first linear parts of the curves show
that the system in both cases is dominated by the same level
of white noise. However, for a conventional scan, due to the
higher baseline drift (low-frequency noise), increasing the
number of averaged spectra beyond ~ 3000 becomes ineffi-
cient. The same effect for a rapid scan occurs at one order of
magnitude higher number of averaged spectra, which allows
us to achieve a ~ 2 times lower single-point noise-equivalent
detection limit. This demonstrates the ability of the rapid-scan
method to be efficient for gas-monitoring applications in harsh
and noisy measurement environments.

2.5.3 Real-time concentration measurements. Data acquisi-
tion and processing is realized using a LabView-based control
platform. Calculation of the component concentration coeffi-
cients from Eq. (1) is performed by means of a least-squares
linear fitting algorithm. Pre-acquired spectra of reference gas
mixture were used as component functions f;(v;). This elim-
inates the need of taking into account an instrument function
of the pulsed QCL-based system, which is necessary to con-
sider during the synthesis of a spectrum using a spectroscopic

database. Furthermore, this method is also immune to eventual
discrepancies between a simulated and a measured spectrum
as shown in Fig. 9.

Wavelength stability is an important issue, since it influ-
ences the quality of the rapid-scan measurements. To monitor
the laser wavelength a 10-cm reference cell filled with N,O
at 50 torr located in the reference channel was used. The N,O
concentration was adjusted to the level at which only the
strongest line within the operating range was above the de-
tection limit of the sensor system. This prevents interference
with other spectral features. The spectral points of the rapid
scan located on the N,O line at 1900.02 cm™! were used for
laser frequency monitoring. The sensor described in this work
was not equipped with active feedback control of the laser
wavelength. However, to insure the measurement accuracy,
data acquisition was only performed when the monitored
laser frequency had precisely the pre-selected value.

The system performance was evaluated by measurements
of NO concentration in the calibrated mixture. An initially
evacuated gas cell was sequentially filled with 760 torr of
zero gas (high-purity-grade N;) and 10-ppm NO mixture.
For the single-component mixture the fitting of a basic
function o(vy) = c1fi(vy) +b was implemented, where
fi1(vy) was interpolated using a pre-acquired spectrum of
a NO calibration mixture for a known concentration C.ef.
Figure 12a shows a time series of the measured concentration
calculated as Cno = ¢1Crer. For calculation of each data
point in this plot, a spectrum resulting from averaging of
1000 scans was used. Statistical analysis shows 1o scattering
of the data points at the level of 0.39 ppm, which is in good
agreement with the single-point noise-equivalent sensitivity
estimated on the basis of the conventional scan measurement
shown in Fig. 8. Hence, the sensor is capable of performing
real-time concentration monitoring with a 62.5-ms resolution.
The NO sensitivity at 296K is ~ 100 ppb x m/+/Hz when
normalized to path length and acquisition time. Results of
similar measurements performed at 630K are presented in
Fig. 12b. A NO mixture level of ~ 3 ppm was achieved by
dilution of the 10-ppm NO calibration mixture by the zero gas
(Ny). The 1o scattering of data points at the 0.81-ppm level
is also in agreement with the previous approximation and
results in a normalized sensitivity of ~ 200 ppb x m/~/Hz.

2.54 Influence of the laser power on the sensor detection
limit. All the measurements were performed at close-to-
threshold injection current of the QCL in order to achieve
a relatively small line width, which allows more accurate
analysis of the system behavior. However, increasing the laser
power will improve the sensitivity, which is primarily lim-
ited by electronic noise of the detection system. A conven-
tional scan spectrum of a 10-ppm NO mixture at 760 torr
depicted in Fig. 13a was taken to demonstrate the improve-
ment of sensor performance by using a two times higher laser
power. Since the measurement was carried out at atmospheric
pressure, laser line-width broadening has only a minor ef-
fect on the shape of the NO spectrum. However, the residual
noise is reduced by ~ 35%, which as demonstrated above
represents a similar reduction of the noise level for a rapid
scan. In this manner we can estimate a NO sensitivity of
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FIGURE 12 Concentration measurements of NO performed at a room tem-
perature and b 630K

~ 70 ppb x m/+/Hz at 296 K and of ~ 150 ppb x m/+/Hz at
630 K. Figure 13b depicts a N,O spectrum at a pressure of
50torr recorded using the same elevated laser power. This
spectrum clearly shows the influence of an asymmetrically
broadened laser line on spectral measurements of gas sam-
ples at reduced pressure (see inset in Fig. 13b).

2.5.5 Multi-species measurement. To demonstrate the feasi-
bility of multi-species concentration measurements the sys-
tem was tested using a gas mixture containing both NO and
CO,. The gas sample was prepared by mixing pure CO, with
the 10-ppm NO-doped N> in a ratio of 1:5. The mixing pro-
cess was performed in the gas cell using the pressure-meter
readings to determine the mixing ratio within an accuracy of
~ 5%. The resulting concentrations of NO and CO, in the gas
mixture are 8§ ppm and 20%, respectively. The fitting process
of the function a(vy) = ¢y fi(vk) + c2 f2(vr) + b was imple-
mented for two-species concentration measurement. Refer-
ence spectra were recorded using 10-ppm NO in N, mixture
and 100% CO,, respectively, to determine the component
functions f; and f,. The data processing of a set of 1000

Wavenumber (cm-")

FIGURE 13 Spectra of a 10-ppm NO in Ny mixture at 760torr and b
pure N>O at 50 torr recorded at room temperature using conventional scan
method and an increased laser power (~ 2 times) in comparison to previous
measurements depicted in Fig. 8

rapid spectra acquired within 62.5 ms resulted in the measured
concentrations of ~ 7 ppm for NO and ~ 13% for CO;. The
mixture absorption spectra obtained by means of the rapid-
scan averaging process, the composite spectrum calculated
using coefficients derived by the fitting routine, and the cor-
responding conventional scan spectrum are shown in Fig. 14.
This experiment demonstrates the multi-species monitoring
capability of the sensor. We found a good correlation of the
measured NO concentration with the value calculated from
the dilution ratio. The presence of significant (~ 9%) uni-
form background absorption of the pure CO, at the elevated
temperature was observed, which was not predicted by the
HITRAN simulations. The shape of the CO, spectral enve-
lope was in good agreement with the simulated data. Such a
uniform shift of the spectrum becomes a dominating change
due to concentration variations. However, the sensor, which
is designed to omit variations of a flat baseline b, is primarily
sensitive to changes in the spectral envelope shape. Thus, the
accuracy of the CO, concentration measurement, which has
relatively weak ro-vibrational transitions within the measured
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FIGURE 14 Absorption measurements of a two-component mixture (~ 8-
ppm NO and ~ 20% CO,) performed using a rapid-scan spectrum and a
fitting algorithm for concentration retrieval. A measurement by means of the
conventional scan method is plotted for comparison

spectral range, is sufficient for monitoring this species at the
percent level.

3 Summary

A NO trace-gas sensor based on a mid-IR pulsed
QCL as spectroscopic source and employing an original
method of rapid wavelength scanning has been developed.
The system is dedicated to perform detection of trace gases
at elevated temperatures in the harsh environment of indus-
trial combustion exhaust systems. The laboratory experiments
with a 1-m high-temperature gas cell demonstrated a detec-
tion limit of ~ 200 ppb x m/~/Hz (1o) for the NO species
at 630K, which can be further improved by optimizing the
laser power level. Due to the rejection of low-frequency noise
components up to 1.8 kHz the described gas-sensor system
is able to minimize the influence of non-selective absorp-
tion fluctuations and other sources of noise, which can ex-
hibit themselves as baseline distortions. The applicability of
the developed measurement and data-processing methods to
multi-species concentration monitoring was demonstrated.
Further system improvements can be implemented to
increase system performance and reliability. One of the key
factors required for appropriate system operation is QCL

wavelength stability. Thus, an active feedback control of the
QCL operating temperature should be applied for precise
wavelength stabilization by means of a reference gas cell.
Significant improvement of system performance can also be
obtained by development of high-speed control and detection
electronics and system integration.
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