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Abstract A mid-infrared absorption strategy with calibra-
tion-free wavelength-modulation-spectroscopy (WMS) has
been developed and demonstrated for real-time, in situ
detection of nitric oxide in particulate-laden combustion-
exhaust gases up to temperatures of 700 K. An external-
cavity quantum-cascade laser (ECQCL) near 5.2 µm ac-
cessed the fundamental absorption band of NO, and a
wavelength-scanned, 1f -normalized WMS with second-
harmonic detection (WMS-2f/1f ) strategy was developed.
Due to the external-cavity laser architecture, large nonlinear
intensity modulation (IM) was observed when the wave-
length was modulated by injection-current modulation, and
the IM indices were also found to be strongly wavelength-
dependent as the center wavelength was scanned with piezo-
electric tuning of the cavity. A quantitative model of the 1f -
normalized WMS-2f signal was developed and validated
under laboratory conditions. A sensor was subsequently de-
signed, built and demonstrated for real-time, in situ mea-
surements of NO across a 3 m path in the particulate-
laden exhaust of a pulverized-coal-fired power plant boiler.
The 1f -normalized WMS-2f method proved to have bet-
ter noise immunity for non-absorption transmission, than
wavelength-scanned direct absorption. A 0.3 ppm-m de-
tection limit was estimated using the R15.5 transition near
1927 cm−1 with 1 s averaging. Mid-infrared QCL-based NO
absorption with 1f -normalized WMS-2f detection shows
excellent promise for practical sensing in the combustion
exhaust.
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1 Introduction

Nitric Oxide (NO), as a constituent of the oxides of nitro-
gen (NOx ), is one of the important atmospheric pollutants
produced in the combustion of fossil fuels [1]. Efforts to op-
timize the fuel economy as well as to optimize pollution-
control devices result in a growing demand for accurate and
reliable real-time sensors as an important part of a closed-
loop control system. In the electric power industry, tradi-
tional continuous emissions monitoring (CEM) instrumen-
tation is mostly based upon sampling methods, which suffer
from long response time and possible secondary chemistry
in the sampling probes. The location of the CEM devices
near the exit of the exhaust stack far from the combustion
can result in significant lag time. Many commercial plant
applications combine the exhaust from multiple combustors
for exhaust cleanup treatments before the CEM. Identifica-
tion of the malfunctioning combustor from the CEM moni-
tor is not possible. Thus, there is a need for real-time, in situ
NO sensors placed up-stream in the combustion exhaust on
each combustion unit.

Gas sensors based on tunable-laser-absorption spec-
troscopy have been proved to be a suitable candidate for
combustion monitoring because of their capability to make
fast, sensitive, accurate, and in situ measurements for a wide
variety of gas conditions even in harsh, real-world environ-
ments [2]. The fundamental vibrational absorption band of
NO in the mid-IR near 5.2 µm and the A–X electronic tran-
sition in the ultraviolet (UV) have been used for decades for
combustion research [3–5]. Despite the stronger absorption
in the UV, there is significant absorption interference in the
UV by the combustion product gases of hydrocarbon fu-
els, and the scattering interference from particulate is much
larger than in the infrared. Most importantly, compared with
the complexity of UV lasers, in recent years the quantum-

mailto:chaox@stanford.edu


X. Chao et al.

cascade lasers (QCL) in the mid-infrared have emerged as
viable devices for practical use in utility sensors [6–14].

QCL-based NO measurements have been reported pre-
viously using both direct absorption (DA) [6–12], and
wavelength-modulation-spectroscopy with second-harmon-
ic detection (WMS-2f ) [10, 11, 15, 16]. Webber et al.
[16] used calibrated WMS-2f signals with a quantum-
cascade distributed-feedback-laser (QC-DFB) to infer NO
concentration and demonstrated detection of NO in the
few ppb range using a room temperature 100 m multi-
pass cell in diluted exhaust-gas bag samples collected in
the vehicle certification process. Hancock et al. [10] mea-
sured room temperature, low pressure NO at 140 mTorr
in gas cells using a continuous wave (CW), external-cavity
quantum-cascade laser (ECQCL), and reported a sensitivity
of 8.4 × 10−4 cm−1 Hz−1/2 with DA, enhanced by a factor
of 23 with WMS to 3.7 × 10−5 cm−1 Hz−1/2. With con-
ventional DFB lasers at shorter wavelengths (1 µm∼3 µm),
the WMS method has long been used for sensitive measure-
ments of small concentrations with its relatively easy band-
pass filtering mechanism for noise-rejection [17]. Recently,
the combination of laser characterization and a normaliza-
tion scheme (1f -normalized WMS-2f , or WMS-2f/1f )
enables a calibration-free measurement that is immune to
laser intensity fluctuation from non-absorption transmission
losses [17–21]. Such a scheme would be especially useful in
difficult, practical environments, where on-site calibration
is often not possible, and particle scattering introduces large
noise from fluctuations in the transmitted laser power.

Here we discuss the extension of the calibration-free 1f -
normalized WMS-2f strategy to mid-infrared absorption
sensors using an ECQCL. A CW ECQCL at 5.2 µm pre-
viously purchased to access the R-branch of the first fun-
damental band of NO for survey measurements to select
the best transitions [12] was used here. Previous DA mea-
surements using this laser demonstrated successful in situ
monitoring of NO concentration at the economizer exit of
a pulverized-coal-fired power plant. In this paper, the tran-
sition R15.5 near 1927 cm−1, selected previously [12] as
one of the optimum candidates based on relatively low wa-
ter interference and better laser performance, was used to
demonstrate the WMS strategy. Characterization of the laser
modulation behavior and the details of the modulation strat-
egy are discussed in Sect. 2. Laboratory validation of the
NO measurements is reported in Sect. 3 for a 17.3-cm-long
cell filled with calibrated NO mixtures, and for a 1.79-m-
long laboratory facility fed by combustion exhaust gases.
Finally, Sect. 4 reports the demonstration of performance
of the QCL-based WMS sensor in the economizer exhaust
of a coal-fired boiler at an electric utility. Variation of the
NO concentration was observed as the urea injection for
the selective non-catalytic reduction (SNCR) NOx control
was varied. To the author’s knowledge, this was the first

Table 1 Wavelength tuning mechanisms of a CW ECQCL

Grating
rotation

Piezoelectric
element

Laser injection cur-
rent

Tuning
mechanism

Rotation of
the internal
diffraction
grating

Piezoelectric
element installed in
the drive train to
mechanically
modulate the grating

Modulate current
through driver board
bias-T and change
wavelength via laser
heating

Driving
function

Linear Sinusoidal Sinusoidal

Frequency ∼0.2 Hz ≤100 Hz 10 kHz∼2 MHz

Tuning
range

∼50 cm−1 ∼1 cm−1 ∼0.05 cm−1

demonstration of a calibration-free 1f -normalized WMS-
2f strategy using an ECQCL architecture. In addition, this
was the first real-time, in situ NO monitoring using absorp-
tion spectroscopy in a coal-fired power plant boiler. Com-
parison of the sensor performance with the previous DA
measurements illustrates the potential of the 1f -normalized
WMS-2f strategy for routine NO monitoring in combustion
exhaust.

2 Laser absorption theory and sensor design

2.1 Modulation characteristics of ECQCL

Before discussing how the WMS signal varies with NO con-
centration, the wavelength-scanned and wavelength-modu-
lation characteristics of the ECQCL must be discussed. The
laser used for these experiments was a commercial (Daylight
Solutions) ECQCL that could be tuned “mode-hop-free”
from 1895 cm−1 to 1951 cm−1 (5.1256 µm∼5.2770 µm).
This region spans twenty pairs of NO absorption transi-
tions in the R-branch of its fundamental vibrational band
(R5.5∼R24.5). The laser outputs a single-mode, CW, col-
limated beam with a waist size <0.5 mm and a spectral
linewidth specified to be <0.0015 cm−1. Thus the laser can
be treated as a monochromatic light source for the NO spec-
troscopic measurements.

There are three mechanisms to tune the output wave-
length of this laser (grating rotation, piezo-element tuning,
and injection-current modulation), and the main character-
istics for each are summarized in Table 1. The grating scan
of the external-cavity laser provided the ability to conduct
a broad-spectrum survey to study both a large number of
NO lines and the background water interference for the
purpose of optimum line selection. This preliminary work
was reported previously [12]. The absorption SNR was im-
proved with faster scanning over shorter wavelength ranges
using the piezoelectric element scan. The piezoelectric el-
ement was driven by an external PZT controller (Thorlabs
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MDT694A) with a sinusoidally varying voltage between 0
and 100 V, and the resulting wavelength scan range was suf-
ficient for scans over a single NO transition. The frequency
of this mechanical tuning mechanism, however, is limited to
100 Hz, and waveforms other than the sinusoid are not pos-
sible. Finally, higher-frequency modulation can be achieved
by sending a sinusoidal driving voltage through the driver
board bias-T to add modulation to the injection current. The
injection-current tuning of the QC wavelength is mainly ac-
complished through heating effects as QCLs do not exhibit
the plasma dispersion required for the injection-current tun-
ing of conventional diode lasers. Simultaneous with the laser
frequency (wavelength) modulation (FM), the laser output
also incorporates intensity modulation (IM) at the modula-
tion frequency due to the slope of the local gain where the
laser wavelength is set. This non-zero IM offers the opportu-
nity to develop a 1f -normalized WMS-2f strategy, which
will be discussed in detail in the next section. The mea-
surements reported here used scanned-wavelength WMS us-
ing low-frequency piezoelectric scans concurrent with the
injection-current modulation.

Due to the limited mechanical precision in the grating-
tuning mechanism of this external-cavity laser, fine tun-
ing of the laser wavelength needs to be done by adjusting
the piezo-element. For fixed-wavelength measurements, the
piezo voltage depended on the position of the grating and
thus was different each time the laser grating was adjusted.
As a result, the initial setting of the target wavelength with-
out using a wavemeter or reference gas cell was difficult
for any fixed-wavelength scheme, especially for field appli-
cations. Therefore, scanned-wavelength schemes were se-
lected for the power plant measurements reported here.

Scanned-wavelength WMS for an ECQCL is compli-
cated by the variation of cavity length when the piezo-
element drives the grating to tune the laser wavelength. The
change in cavity length and imperfect antireflective coatings
on the surfaces in the cavity produce constructive and de-
structive interference, and a varying output intensity exhibits
an “etalon” interference pattern. This intensity modulation
due to the intra-cavity etalon was approximately ±5%. This
produced a strongly wavelength-dependent variation in laser
IM characteristics. Therefore, to achieve calibration-free de-
tection with 1f -normalized WMS-2f using the external-
cavity laser, the characterization strategy must account for
these IM features.

2.2 Laser absorption theory and 1f -normalized WMS-2f

techniques

Fundamentals of the laser absorption theory and the WMS
technique are briefly reviewed here to define terms and guide
the discussion. The author refers the readers to Refs. [17–21]
for more details on WMS theory. Optical absorption diag-
nostics are based upon the Beer-Lambert law shown in (1),

which describes the wavelength-dependent transmission of
narrowband light τ(ν) as a function of the physical proper-
ties (e.g., temperature T , pressure P , and mole fraction χi)

of the absorbing gas media i. I and I0 are the transmitted
and incident light intensity, respectively, S as a function of
T is the temperature-dependent line strength of an isolated
absorption transition, φν the lineshape function, L the op-
tical path length, and the product αν = ST PχiφνL is often
referred to as absorbance.

τ(ν) = I

I0

∣
∣
∣
∣
ν

= exp(−ST PχiφνL) = exp(−αν) (1)

With a scanned-wavelength DA scheme, the laser output
wavelength is swept across the absorption transition and
the transmitted laser intensity variation is recorded versus
laser wavelength. The lineshape function φν is normalized
such that

∫

line φνdν ≡ 1, and the integrated absorbance area
A = ∫

line ανdν = ST PχiL can be used to obtain the gas
concentration when S, P and L are known or can be rea-
sonably estimated. Note that with this detection method, the
light intensity versus laser wavelength without absorption,
often referred to as the DA background, must be known to
determine the fraction of light transmitted. When an iso-
lated absorption transition is completely scanned, the non-
absorption laser intensity is determined by fitting the trans-
mitted intensity from either side of the transition. However,
this background intensity is difficult to measure or estimate
in a real-field measurement due to the time-varying level of
scattering or beam-steering losses. This is exacerbated by
the complex variation in laser intensity as the external-cavity
architecture is tuned [12].

The scanned-wavelength WMS strategy involves adding
a higher-frequency modulation sine wave to the slower-
frequency laser tuning. Thus, the laser intensity I0 and out-
put frequency ν both vary at the modulation frequency (IM
and FM, respectively) with the potential for a phase shift
between IM and FM and the existence of higher harmonic
(nonlinear) terms. This general case can be expressed in a
Fourier series as

ν(t) = ν̄(t) + a cos(2πfmt) + · · · (2)

I0(t) = Ī0(t)

[

1 +
∞
∑

n=1

in cos(2πnfmt + φn)

]

(3)

where ν̄ and Ī0 are the center frequency of the slower wave-
length scan and intensity at this center wavelength while the
laser is modulated at frequency fm. The modulation indices
a, in’s and the IM/FM phase shifts φn’s are laser-specific
parameters that are unrelated to the gas absorption proper-
ties. In previous studies for the injection-current tuning of a
conventional (DFB) diode lasers, only the first-order term in
FM and the first- and second-order IM terms were needed to
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characterize the small nonlinearity of injection-current tun-
ing of these devices [18]. However, the ECQCL used here
required higher-order terms to characterize the laser FM and
IM. As ν is modulated, the transmission τ as a function of
ν also becomes a periodic function at fm, and can thus be
expanded as

τ
[

ν(t)
] = H0 +

∞
∑

n=1

Hn cos(2πnfmt) (4)

Therefore, in the Fourier space of the transmitted signal
I (t) = I0(t)τ (t), the presence of the absorption feature will
generate nonlinearity in the intensity modulation, and thus
produce an absorption-induced signal at frequency 2fm.
Passing this signal through a lock-in amplifier isolates this
second-harmonic signal, from which gas properties can be
retrieved. The WMS method shifts the detection bandpass
to higher frequency, providing better noise rejection that im-
proves the detectivity compared to scanned-DA.

As can be seen from (3) and (4), the modulated laser
intensity is proportional to the center laser intensity Ī0(t),
whereas the transmission τ(t) only depends on gas absorp-
tion properties and laser FM characteristics. The transmitted
signal I (t) = I0(t)τ (t) is proportional to Ī0(t), hence all the
harmonic components are proportional to Ī0(t). Taking the
ratio of two of the harmonics would then produce a quantity
that is independent of the laser intensity, but carries informa-
tion about gas absorption. When quantitative relationships
can be established between this ratio and the gas properties
through pre-measured laser FM/IM characteristics and spec-
troscopic parameters, a calibration-free method is achieved.

For the best signal-to-noise ratio (SNR), the first-harmon-
ic (1f ) signal is used to normalize the other harmonics,
which are extracted by lock-in amplifiers. Note that a non-
zero linear IM of the laser is needed for this normalization
scheme. Unknown non-absorption factors such as the detec-
tor gain or the laser intensity loss by scattering or dusty win-
dows can be canceled out. Signal detection at 1f and 2f fre-
quencies eliminates uncertainties from a dc drift from broad-
band background emission or detector background drifts.

Because of nonlinearities in the laser intensity response
to a driving signal, the 2f signal will be non-zero in the
absence of gas absorption. This background signal is often
called the residual amplitude modulation (RAM), and will
be subtracted here from the total 2f/1f signal to produce
the absorption-induced signal.

2.3 Characterization of laser modulation parameters

To calculate the expected WMS-2f/1f spectrum, the laser
modulation behavior needs to be fully characterized to re-
produce an accurate simulation. These characteristics must
be understood to optimize the modulation parameters to

Fig. 1 Piezoelectric scan intensity and wavelength variation at 50 Hz
near 1927 cm−1

achieve the best SNR. The effects of modulation frequency
and driving source voltage on the IM and FM indices for
both the piezo scan and the current modulation are char-
acterized below, first separately, and then combined as in
scanned-wavelength WMS.

For the piezo scans, the PZT controller was driven by an
external sinusoidal wave Vp = V̄p + Vs sin(2πfst), where
V̄p is the average voltage, Vs is the scan voltage ampli-
tude, and fs the scan frequency. Since only positive volt-
age up to 100 V can be applied to the controller, we set
V̄p = 50 V, and varied Vs between 0 to 50 V to achieve
the required scanning range. Figure 1 shows an example of
the laser intensity and wavelength variation recorded at a
scanning frequency of 50 Hz and center wavenumber near
1927 cm−1. A solid germanium etalon (free spectral range
= 0.016 cm−1) was used to characterize the relative vari-
ation of laser frequency by recording the peak position of
the interference fringes. As exhibited by the dashed curve
in the upper panel, when the piezo-element monotonically
changed the cavity length, the output intensity was modu-
lated with an “etalon” pattern. This is similar to what we
observed in the wide-range grating-tuning mode, and is typ-
ical of the external-cavity laser architecture. The laser output
frequency (in wavenumbers), tunes simultaneously such that
νp = ν̄p +νs sin(2πfst +φs), where 2νs and ϕs characterize
the laser frequency scan range and phase shift, respectively.
These laser characteristics were measured for different scan
frequencies and amplitudes, with results shown in Fig. 2.
As a typical result, scanning the laser with a full voltage
swing of 0∼100 V at 50 Hz yields a laser frequency scan
range of ∼1.35 cm−1, enough to cover the spin-split dou-
blet pair of NO transitions (from the spin-split ground elec-
tronic state X2Π1/2, X2Π3/2). It was found that for all scan
frequencies up to 100 Hz, larger driving voltage amplitudes
result in larger scan ranges and phase shifts, and differences
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Fig. 2 Piezoelectric scan-wavelength range and phase-shift character-
ization at different scan frequencies near 1927 cm−1

Fig. 3 Current-modulation FM and linear phase shift at different mod-
ulation frequencies and driving voltage

between the laser characterization at different scanning fre-
quencies were small. However, the laser was also found to
be more prone to mode-hops and intensity instabilities at
higher scanning frequencies. Thus the 50 Hz frequency was
chosen for the measurements reported here.

The current-modulation behavior was first characterized
with a fixed center wavelength, i.e., with ν̄ in (2) con-
stant. The driving voltage was a sinusoidal function about
ground at modulation frequency fm, Vb = Vm cos(2πfmt),
where Vm is the driving voltage amplitude. As shown in
Fig. 3, larger Vm yielded larger FM depth, and a maxi-
mum Vm of 3.5 V was selected to obtain reasonably large
FM amplitude without damaging the laser. As the mod-
ulation frequency was increased, a decrease in FM depth
and slight rise in phase shift φ1 were observed. Similar to
the injection-current modulation of a DFB diode laser, we
measured the phase shift between the FM and IM to be
slightly over π . Due to limitations imposed by the current-

Fig. 4 Laser output wavenumber variation under combined piezoelec-
tric scan at 50 Hz and current modulation at 10 kHz

modulation mechanism, the achievable FM depths were sig-
nificantly less than the optimum value desired for measure-
ments of atmospheric pressure-broadened lineshapes (opti-
mum a around 2.2×
ν ≈ 0.12 cm−1, where 
ν is the half-
width-half-maximum (HWHM) of the absorption transition
[21, 22]). To maximize the FM depth, modulation parame-
ters of fm = 10 kHz and Vm = 3.5 V were selected.

When the piezo scan and current modulation were ap-
plied simultaneously, the two mechanisms acted indepen-
dently without apparent physical interaction with each other.
This resulted in a fast modulation superimposed upon a
slowly varying center value. The FM under this circum-
stance was again characterized by passing the laser light
through a solid etalon and tracking the interference fringe
peaks, and the measured results are shown in Fig. 4. It was
observed that the injection-current modulation depth a did
not vary with phase of the piezo scan, therefore the laser
FM can be characterized as

ν = νp + a cos(2πfmt)

= ν̄p + νs sin(2πfst + φs) + a cos(2πfmt) (5)

On the other hand, the IM indices were found to be strongly
wavelength-dependent due to the large curvatures in the
baseline produced by the “etalon” pattern. This is signif-
icantly different from that observed for the near infrared
(NIR) DFB lasers used in previous WMS-2f/1f research
[18, 21]. Instead of the single-point characterization for a
fixed-wavelength WMS characterization scheme used by
Li, et al. [18], the laser signals with simultaneous scan-
ning and modulation were passed through a lock-in am-
plifier with reference signals at harmonic frequencies nfm

(n = 1,2, . . . ), and the background signal at each of the har-
monics nf can be obtained by using lock-in amplifiers at
each harmonic. These data provide the IM index in over
the entire scanned wavelength range. Figure 5 shows the
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Fig. 5 Laser output IM indices with scanned-WMS scheme at 10 kHz
modulation frequency near 1927 cm−1

first four orders of the measured IM indices near the cen-
ter wavenumber of 1927 cm−1 over the range that cov-
ers the R15.5 (2Π1/2, 2Π3/2) doublet. All indices oscillated
with a period of ∼0.5 cm−1 corresponding to the period in
the interference fringes of the scanned laser intensity back-
ground from the change in cavity length, with a phase shift
of ∼π/2 between consecutive orders as expected from the
analogy between Fourier series and Taylor expansion for
small modulation amplitudes. Despite the small FM depth,
these IM indices were notably larger (i1 ∼ 0.2–0.4) than
the typical values for NIR DFB lasers with small modu-
lation depths (e.g., a = 0.1 cm−1, i1 ∼ 0.1). More impor-
tantly, due to the large nonlinearity in the intensity back-
ground of an ECQCL, the higher-order terms were signif-
icant, and were only a factor of 10 smaller than the linear
term as compared with the ∼100 times difference for a typ-
ical NIR DFB laser (i2 ∼ 0.001). Thus the ECQCL had a
much larger background 2f signal (RAM). Careful charac-
terization of the modulation indices over the entire wave-
length range scanned was necessary for an accurate deter-
mination of this background, which was vector-subtracted
from the measured WMS-2f signals.

The dependence of the IM and FM indices on the driv-
ing voltage Vm was studied and illustrated in Fig. 6 for
fm = 10 kHz. For the wavelength-dependent in’s, the aver-
age over a repeating period of ∼0.5 cm−1 was taken as the
representative value for each Vm. It was found that whereas
a ∝ Vm, the in’s can be best characterized as proportional
to Vm to the nth power. The largest a possible using Vm

of 3.5 V was used even though this value required charac-
terization of the first few orders of nonlinear laser-intensity
response.

Fig. 6 Laser output IM and FM indices at different driving voltages

3 Laboratory validation of sensor performance

3.1 Static-cell measurements

The characterization of the laser modulation behavior in-
cluding all the FM/IM indices and phase shifts allowed an
accurate simulation of the WMS-2f/1f spectrum for a spe-
cific gas condition (T ,P,χi ). Comparing the simulation
with the measured spectrum yielded the concentration χi

when T and P are known. The NO sensor was constructed
and validated in a static cell with calibrated mixtures and in
a laboratory rig for combustion exhaust.

Pressure-controlled measurements were conducted in a
room-temperature static cell with an optical path length of
17.3 cm. The optical and plumbing system setup is shown
in Fig. 7. The cell had 2.5-cm-diameter CaF2 wedged win-
dows, and a wedged ZnSe beam splitter was used to sepa-
rate a fraction of the laser beam into a matched reference
detector. With careful manipulation of the optical alignment
to avoid the production of additional etalons in the opti-
cal path, the 1f -normalized 2f signals were independent
of the alignment, absolute light intensity, and different de-
tector gains, and were site-independent and calibration-free.
Therefore, the WMS-2f/1f magnitudes were the same for
both beam paths except for the absorption-generated sig-
nals. Thus this reference setup allowed real-time monitor-
ing and subtraction of the WMS-2f/1f background, to pro-
duce the absorption-induced WMS-2f/1f magnitudes for
gas-sensing purposes without the need to mathematically fit
an unknown background. Calibrated NO gas mixtures with
accurately known concentrations were used to fill the cell
at and below atmospheric pressure, and the total pressures
were monitored with a baratron (MKS 627B). The measured
WMS-2f/1f lineshapes were validated against the simula-
tion using the given gas parameters.
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Fig. 7 Room-temperature
static-cell setup with controlled
pressure and optical path length
of 17.3 cm

Fig. 8 Validation of measured scanned WMS-2f/1f lineshape for
transition R15.5 (Π1/2) near 1926.3 cm−1 in static cell against sim-
ulated lineshapes

Figure 8 shows an example of a measured single-sweep
WMS-2f/1f lineshape in the cell for the R15.5 (Π1/2)
transition centered near 1926.3 cm−1 at a reduced pressure
of 50 Torr and concentration of 700 ppm. The measure-
ment was performed with the selected modulation param-
eters fs = 50 Hz, fm = 10 kHz, Vs = 50 V, Vm = 3.5 V and
compared with the simulated spectrum. The measured result
is shown in the plot with black solid line. The simulated line-
shape accounting for the wavelength-dependent IM indices
such as that shown in Fig. 5, is plotted in the red dashed
line. (For the references to color in this figure, the reader is
referred to the web version of this paper.) This simulation
result matched the entire measured lineshape within 2%,
and the center peak value near the transition center matched
within 0.25%. With such a simulation scheme, fitting the en-
tire lineshape or picking the peak value are both valid meth-
ods to infer the gas concentration. However, it was found
that the side peak values were more susceptible to uncertain-
ties in the IM phase shifts than the center peak because of
the fact that the odd harmonics of the absorption feature are
only zero at line center for isolated transitions (H1,H3, . . .

in (4)). In addition, the real-time data processing algorithm

was more efficient at selecting the center peak value, and
hence the peak value was used to infer gas concentration for
the prototype NO sensor.

The effectiveness of the wavelength-scanned all-point
characterization scheme to improve the simulation accu-
racy is illustrated in Fig. 8 by comparison with the simu-
lation results using single-point characterization, i.e., when
the wavelength-dependences of the modulation indices are
neglected and the in’s are fixed as constants for all wave-
lengths. The simulation shown with the short dashed line
still fit the measurement within 1% near the center peak
where the fixed in’s were taken at, but ∼10% error was
seen at the two side peaks. With a measurement scheme that
uses the center peak value to infer the gas concentration,
this simulation method was still able to produce the correct
value, keeping in mind that the validity of the measurement
depended upon correctly fixing the laser characteristic pa-
rameters and identifying the correct peak. The latter can be
difficult in cases where absolute wavelengths are unknown,
absorption is large, FM depth not optimized, or when the
center peak is not the maximum in the scan range. Finally,
the extent of error that inaccurate determination of the laser
parameters at the corresponding wavelength could introduce
is illustrated by simulating the spectrum using the charac-
teristic parameters at 0.2 cm−1 away from the line cen-
ter where i1 was most different from the line center value.
This is shown by the dash-dotted line in Fig. 8; here an er-
ror of nearly 80% was observed in the center peak value.
This, again, shows the importance and effectiveness of the
scanned-wavelength characterization scheme.

The experiment was repeated for a series of gas pres-
sures with the same gas mixture, and measured values
are validated against the simulation, as shown in Fig. 9.
As discussed above, since the FM index could not be
set large enough to achieve the optimum value for at-
mospheric pressure-broadened line widths, the maximum
WMS-2f/1f signal magnitude for a fixed a occurs at a re-
duced pressure where lines are narrower, e.g., ∼350 Torr
for a = 0.05 cm−1 with Vm = 3.5 V, and ∼200 Torr for
a = 0.03 cm−1 with Vm = 2 V. These experimental re-
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sults in the static cell validated our WMS model and con-
firmed the theoretical prediction of optimum modulation
depth at 2.2
ν.

In the room-temperature cell measurement at 1 atm us-
ing a modulation depth of 0.05 cm−1, a SNR of about 1800
was estimated for a single-sweep line shape. This led to a
room-temperature, atmospheric pressure detection limit of
∼0.07 ppm-m for the static-cell measurements.

3.2 Laboratory measurements in combustion exhaust

The test rig (Fig. 10) provides a more realistic environ-
ment to test the sensor performance in hot combustion flue
gas that imitates the real-world combustion exhaust condi-
tions of a practical boiler with abundant (∼10%) water va-
por mole fraction. The exhaust of an ethylene-air flame was
directed through a duct with a uniform-temperature optical
path of 1.79 m, which could be maintained at temperatures
up to 1000 K. The gas effluent from the flame could be al-
tered by the addition of metered flows of known gas mix-
tures through the co-flow of the burner and/or injected into

Fig. 9 Validation of measured scanned WMS-2f/1f peak value
against simulation at different pressures and FM depths

the burned gases above the flame. This approach enabled
controlled variation of the NO concentration in the total
flow. Water-cooled quartz probes were installed on two ends
of the duct to provide traditional extractive sampling mea-
surements using a chemiluminescent NOx analyzer (Tele-
dyne instruments model 200EH).

A series of experiments was performed in the exhaust test
rig at exhaust temperature of 600 K for different levels of
NO concentrations over the range of 10 to 100 ppm, and
the optical measurement results using the scanned WMS-
2f/1f scheme were validated against both the DA and the
sampling measurement results (Fig. 11). The results using
the three different methods constantly agreed within 5%,
with a 2σ uncertainty of 5% of the optical measurement es-
timated based on the contributions from temperature (2%),
pressure (0.5%), gas mixture (3%), and statistical uncer-
tainty of repetitive measurement (2%). A SNR of about 200
was estimated for the lowest concentration level of 12 ppm
measured in the above experiment, demonstrating a single-
sweep noise-equivalent detection limit of 0.1 ppm-m.

Fig. 11 Measured NO concentrations in combustion-exhaust rig us-
ing scanned-wavelength WMS method and comparison with DA and
sampling method results

Fig. 10 Combustion-exhaust
rig showing laboratory burner,
constant-temperature exhaust
duct, optical access and
gas-sampling ports
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Fig. 12 Sensor setup for field measurement of NO in a coal-fired
power plant. Two sensor boxes (pitch and catch sides) are mounted
on opposite sides of the duct wall. M, mirror; FL, flipper mirror; BS,

beam splitter; VL, visible laser; FO, focusing mirror; NB, narrow band
filter; D, detector; W, window. Solid red line: mid-IR laser beam path;
dotted green line: visible laser beam path

4 Real-time NO measurements in coal-fired power
plant

4.1 Prototype sensor design and field implementation

We evaluated the field use of the WMS-2f/1f sensor
scheme for real-time NO concentration measurement in the
combustion exhaust at the economizer exit of a coal-fired
power plant. Prototype absorption sensors were designed
using the results of our fundamental spectroscopy measure-
ments and the lessons-learned from the laboratory validation
experiments discussed above. Real-time, in situ measure-
ments were demonstrated in a 300 MW unit of a 1.2 GW
pulverized-coal-fired power plant using the 1f -normalized,
scanned-wavelength, WMS-2f method. Measurements us-
ing only DA were conducted previously and much of the
sensor hardware from those experiments was used again
here [12]. The temperature at the measurement location
was ∼624 K (660 F), and the pressure inside the duct was
slightly below atmosphere (0.978 atm) for safety concerns.
Flanged ports were available with a clear line-of-sight across
the duct to provide an optical path length of 3.05 m (10 feet)
in the central portion of the duct. Figure 12 shows the sen-
sor setup and optical layout, in which two NEMA enclo-
sures mounted onto the flanges housed the laser transmitter
and detector optics for mechanical protection and tempera-
ture control. A visible green laser beam was used to facilitate
alignment of the mid-IR beam in the dark, confined environ-
ment of the economizer duct.

In previous work, we demonstrated successful time-
resolved, continuous monitoring of NO concentration using
DA schemes in this hostile power plant environment with
elevated ambient temperatures (above 120 F), significant
dust, dirt, and fugitive coal dust. In this second-generation
prototype sensor, we improved our system by incorporat-
ing the calibration-free WMS method, which proved to be
especially advantageous for facile real-time monitoring and
enhanced noise-rejection capability. We have also refined
our system by replacing the liquid-nitrogen-cooled detec-
tors used previously with thermoelectrically cooled versions

(InfraRed Associates, MCT-5-TE3-1.0-PV(OE)) to improve
the practicality of long-term use of such a system in the
boiler environment.

4.2 Field measurement results and discussion

The dominant noise sources in the power plant environ-
ment included mechanical vibration, time-varying scatter-
ing noise and beam steering in the turbulent flow, rather
than detector or laser noise. These influences increased the
difficulty and uncertainty in determining the non-absorption
baseline I0 required by DA measurements for the external-
cavity laser architecture with its complex variation in in-
tensity versus wavelength. These non-absorption laser-
intensity fluctuations were, however, accounted for by the
1f -normalization strategy, which made the WMS-2f/1f

scheme more advantageous. In addition, the normalized
WMS strategy was more amenable to real-time data pro-
cessing. It was found that the normalization reduced the
noise from the intensity fluctuations by a factor of about
10 compared to DA, and this observation was illustrated by
the raw signal from a single sweep shown in Fig. 13. Note
that the intensity of the laser was modulated by a mechan-
ically (piezo) tuned wavelength as illustrated by the scan
in the upper panel of Fig. 13, and the variation of the in-
tensity baseline from the reference detector signal is shown
in the red dashed line. In the bottom panel is the raw data
for a wavelength-scanned WMS-2f/1f signal. Thanks to
the normalization scheme, the transmitted WMS signals
were not affected by the intensity fluctuations and deviated
from the reference signal only where absorption features
were present. Real-time vector subtraction of the reference
background signal from the transmitted signal produced the
absorption-induced WMS spectra shown at the bottom in
Fig. 13. Clearly, this approach effectively suppresses the
complicated variation of laser intensity with wavelength,
and is also free of interference from non-absorption losses.
This single-sweep data trace was measured with an NO con-
centration of 106 ppm, and had a SNR of ∼175. This implies
a noise-equivalent detection limit with SNR = 1 of 0.6 ppm
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Fig. 13 Comparison of single-sweep raw signal using scanned DA
and WMS-2f/1f schemes. Background-subtracted 2f/1f magnitude
is shown on the right axis in the bottom panel

Fig. 14 Real-time optical measurement of NO concentration during
variation of the SNCR NOx control system operation level. The urea
injection rate and the CEM data for NOx (NO + NOx ) concentration
recorded in the exhaust stack are shown for comparison

for the 3 m path length in the boiler exhaust, a value that
improved to 0.1 ppm with one-second averaging.

The NO concentration in the boiler flue gas was moni-
tored with the WMS-2f/1f sensor as a function of combus-
tion- and exhaust-gas treatment. Figure 14 shows an exam-
ple result for a continuous, three-hour measurement using
the R15.5 (Π1/2) transition. During this time window, the
urea injection for the SNCR NOx control system was var-
ied in discrete steps from no added urea, to automatic urea
addition, to manual operation with step increases in urea in-
jection and back to no added urea. In Fig. 14 the measured
NO concentration in ppm is shown in red, the plant-recorded
urea injection rate is shown as a black solid line (values in
gallons per hour are shown on the right axis in the plot), and
the plant-recorded continuous emission monitoring (CEM)
measurements of NOx (NO + NO2) are shown as a gray

dashed line. The laser absorption measurements of NO con-
centration closely followed the urea injection rate, with in-
creased urea resulting in more NO reduction, and vice versa.
In addition to the expected steady changes in NO concen-
tration, transient changes in the NO were also captured, in-
cluding sharp rises/falls, overshoots, and oscillations. These
transient changes were completely overlooked by the sam-
pling CEM measurement; also note the CEM reports NOx

with a delay of several minutes due to the long averaging
and sampling times needed for the CEM instrumentation.
In addition, the plant CEM also combines the exhaust from
several boilers into a single stream before the CEM mea-
surements. The near-instantaneous time response associated
with the laser sensor demonstrates the potential for use of
such a monitor in a process control function. Note that these
data were collected without operator intervention of the sen-
sor optics alignment or adjustment. In this highly successful
demonstration, real-time, in situ NO monitoring with ppm
sensitivity and sub-second time response was accomplished
with improved robustness against non-absorption laser in-
tensity losses compared to the earlier DA measurements in
this coal-fired boiler.

5 Conclusions

Characteristics of the modulation behavior with different
tuning mechanisms, modulation amplitudes and frequencies
of an ECQCL near 5.2 µm were investigated to establish
an accurate model for scanned-wavelength 1f -normalized
WMS-2f used for an NO absorption sensor in combustion
gases. The IM and FM behavior of the external-cavity laser
were characterized to achieve the calibration-free method
and select optimum modulation parameters. WMS mod-
els were first validated under laboratory conditions with
controlled temperature, pressure, and gas concentrations.
Scanned-wavelength WMS measurements were performed
with 10 kHz current modulation concurrent with 50 Hz
piezo scan of the grating, and the R15.5 transition near
1927 cm−1 within the 5.2 µm NO fundamental band was
used to demonstrate the sensor performance. NO was de-
tected in a static cell filled with calibrated NO mixtures, and
in a 1.79-m-long uniform-temperature combustion exhaust
rig fed by atmospheric-pressure combustion gases from an
ethylene flame. The WMS-2f/1f lineshapes measured in
the cell over a range of total pressure between 50 Torr and
800 Torr agreed with simulated spectrum within 2%, and
measurements in combustion gases at 600 K with NO con-
centrations between 10 ppm and 100 ppm agreed with DA
and sampling measurements within 5%. The sensor was then
applied in a field measurement of NO at the exit of the econ-
omizer in a coal-fired boiler in an electric utility, where gas
temperature was ∼624 K. A three-hour continuous measure-
ment of NO during a period of step changes in urea-injection
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rate of the SNCR NOx control system was reported, provid-
ing direct evidence of real-time, in situ, unattended obser-
vation of transient NO behavior in the boiler exhaust as a
function of the SNCR control. The 1f -normalized WMS-
2f strategy was found to reject fluctuations from mechani-
cal vibration, particulate scattering, and beam steering noise
in the boiler environment. A noise-limited detection limit of
0.1 ppm was achieved over the 3 m optical path for 1 s aver-
aging. This successful field demonstration illustrated the po-
tential of this QCL-based mid-infrared sensor for real-time,
continuous, in situ monitoring of NO in harsh environments
including coal-fired boiler exhaust.
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