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Abstract

An infrared laser-absorption technique for in situ temperature and nitric oxide species sensing in high-temperature gases
is presented. A pair of quantum cascade lasers in the mid-infrared near 5 µm were utilized to probe rovibrational
transitions in nitric oxide’s fundamental band. The line parameters of the selected transitions, including line strengths
and collision broadening coefficients of nitric oxide with argon and nitrogen, were evaluated during controlled room-
temperature static cell experiments and high-temperature shock tube experiments at temperatures between 1000 and
3000 K, and pressures between 1 and 5 atm. These studies provided new insights into the temperature dependence
of nitric oxide collision broadening, highlighting the inadequacies of the power law over a broad temperature range.
With an accurate spectroscopic model over a broad temperature range, the quantitative two-color temperature sensing
strategy was demonstrated in non-reactive shock tube experiments from 1000 to 3000 K to validate thermometry and
during a nitric oxide formation experiment near 1700 K and 4 atm to highlight capability for temporally-resolved species
measurements at MHz rates. The technique has applicability for sensing in a broad range of flow fields that involve
high-temperature air.
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1. Introduction

Nitric oxide (NO) forms in heated air or combustion ex-
haust gases by the oxidation of nitrogen which is described
by the Zeldovich mechanism [1]. The extent of its forma-
tion is strongly coupled with temperature as equilibrium
calculations of dry air show that the mole fraction of NO
quickly grows from 200 ppm at 1200 K to 4% at 3000 K,
at atmospheric pressure. The effects of high-temperature
NO formation from combustion engines can be seen in the
photochemical smog that hovers above urban areas [2].
Despite being unwanted due to environmental concerns,
nitric oxide’s increased presence at elevated temperatures
can be exploited to measure gas properties with absorption
spectroscopy. This paper presents a novel sensing strategy
for measurement of temperature and NO mole fraction at
high-enthalpy air conditions (1000-3000 K).

The desire to accurately monitor NO and processes
that produce it is demonstrated by the body of work fo-
cused on NO absorption spectroscopy, particularly in its
fundamental vibration band. Interest in using mid-IR ab-
sorption spectroscopy for remote sensing of NO in the at-
mosphere has motivated many spectroscopic studies of the
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Fig. 1: Absorption linestrengths (HITEMP 2010) of the infrared
NO spectrum at 2000 K and 1 atm [3].

fundamental vibration band at temperatures between 200
and 300 K. These studies, typically performed with Fourier
transform absorption spectroscopy, focused on wide sur-
veys of the fundamental band to improve or provide re-
assurance for previously measured or calculated values of
spectroscopic parameters such as line positions, line strengths,
collision broadening coefficients, and collision-induced line
shifts. With a continually improving spectroscopic database,
atmospheric scientists are able to take meaningful mea-
surements of NO and better understand its role in at-
mospheric processes [4–8]. More relevant to the current
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work, is the use of NO spectroscopy in high-temperature
gas sensing (> 1000 K), which has received less attention
with regards to spectroscopic investigation. In this work,
access to the fundamental vibration band of the NO spec-
trum is particularly attractive due to strong signals at the
conditions of interest as shown in Fig. 1.

Heated air, which involves the formation of NO, is
utilized in many applications such as power generation
from combustion and in propulsion ground test facilities
where preheaters heat and pressurize air before expand-
ing it to supersonic conditions [9]. Recently, Spearrin et
al. developed a method to measure temperature in high-
enthalpy air flows with a continuous wave (CW) exter-
nal cavity quantum cascade laser. The method measures
the NO concentration via absorption spectroscopy at a
wavelength near the 2Π3/2R(15.5)(v = 1 ← 0) transition
of the fundamental band and uses the strong tempera-
ture dependence of NO concentration in equilibrium air
to infer temperature [10]. Furthermore, absorption spec-
troscopy of the fundamental band of NO has been used to
measure velocity, temperature, and NO concentration in
the test section of a high-enthalpy hypersonic wind tunnel
[11]. Other high-temperature applications of NO absorp-
tion spectroscopy can be found in combustion and chemi-
cal kinetic studies. An early utilization of the fundamental
band for high-temperature NO sensing in shock tubes was
demonstrated by Hanson et al. at a fixed wavelength near
the 2Π3/2 R(18.5) transition using a grating-tunable car-
bon monoxide (CO) laser [12]. Falcone et al. extended
high-temperature sensing of NO by studying numerous
rovibrational transitions (P(2.5)–R(14.5)) in the funda-
mental band using a low-power (< 100µW ), cryogenic
diode laser system. Line shape profiles in nitrogen, argon,
and combustion gases were characterized for use in kinetic
shock tube and combustion studies [13, 14]. In a similar
manner, von Gersum and Roth used cryogenically-cooled
diode lasers, probing the P(6.5), P(11.5) and R(21.5) tran-
sitions of the 2Π1/2 subband to study the decomposition of
NO in argon (Ar) behind shock waves over a temperature
range of 2500–3500 K [15]. More recently, the emergence of
room-temperature, high-power, tunable quantum cascade
lasers has allowed field demonstrations of NO sensing in
combustion gases from a coal-fired power plant [16] and in
analyzing exhaled human breath for respiratory issues [17].
Additionally, a number of infrared LAS-based sensors for
NO using the first and second overtone bands have been
designed and demonstrated [18, 19].

The current study advances upon the work of Spearrin
et al. by developing a sensor for high-temperature gases
that measures temperature under both chemical equilib-
rium and non-equilibrium conditions (e.g. situations when
residence times are short) when appreciable concentrations
of NO are present. Of note is a new wavelength-pairing
selected for sensing in non-equilibrium conditions. Here,
we present the design and development of a new multi-
wavelength temperature- and species-sensing strategy, the
measurement of requisite fundamental spectroscopic pa-

rameters of NO near 5 µm, and the demonstration of tem-
perature and NO sensing using the proposed sensor in a
shock tube. Absorption transitions in the fundamental ab-
sorption band of NO were selected because of their strong
signals (1 to 2 orders of magnitude stronger than the 1st
and 2nd overtone bands; see Fig.1) over the range of con-
ditions studied here and because they can be accessed via
commercially available, tunable quantum cascade lasers.
Two quantum cascade lasers were used to measure four
rovibrational transitions in a variety of conditions during
static cell and shock tube experiments. To the knowl-
edge of the authors, no spectroscopic measurements of the
selected transitions have been made at elevated temper-
atures as presented here. The spectroscopic parameters
were measured assuming Voigt line shape profiles over a
range of temperatures and pressures. Lastly, the sensor’s
capabilities were demonstrated under non-reactive and re-
active conditions in a shock tube.

2. Laser Absorption Spectroscopy and Line Selec-
tion

Laser absorption spectroscopy (LAS) is a well-known
gas-sensing technique that has been effectively demonstrated
in many high-temperature applications [20]. An accurate
spectroscopic database and model is needed for quantita-
tive temperature and species measurements. Key spec-
troscopic parameters can be determined experimentally
by measuring the amount of light transmitted through
a well-known thermodynamic environment and applying
the Beer-Lambert relation for monochromatic light at fre-
quency ν

−ln
(
It
I0

)
ν

= αν =
∑
i

PXabsSi(T )Φi(ν)L (1)

where It/I0 is the ratio of transmitted to incident light
intensity, αν is the absorbance at frequency ν, P is pres-
sure (atm), Xabs is the mole fraction of the absorbing
species, Si(T ) (cm−2atm−1) is the temperature-dependent
line strength of the quantum transition i, Φi(ν) (cm) is
the line shape function of the quantum transition i, and
L (cm) is the uniform path length over which light is ab-
sorbed [21]. Of interest to the measurements presented
here include the line strength and line shape profiles of
the selected transitions. Tabulated spectroscopic parame-
ters – line position, line strength, lower state energy, pres-
sure broadening coefficients, pressure induced line shift,
and temperature-dependence exponents – can be found in
databases such as HITEMP 2010 [3]. However, at very
high temperatures and high lower-state rotational quan-
tum numbers (J”) the database is often inadequate for
accurate gas sensing. Nevertheless, these databases are
an essential starting point for simulations and sensor line
selection.

Fig. 2 shows a simulation of the absorbance spectrum
of NO in air. The R-branch is simulated from 1920 to 2000
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Fig. 2: Simulated absorbance spectrum (HITEMP 2010) of NO in
air at 1 atm, 2000 K, and XNO fixed at 1%. Water Vapor is also
simulated at 1 atm, 2000 K and 1000 ppm.

cm−1 at 1 atm, 2000 K, and 1% NO in air. The water
spectrum was also simulated at 2000 K for a concentra-
tion of 1000 ppm. Four transitions were selected to min-
imize water interference while maintaining a large lower
state energy difference (∆E′′) between line pairs, which
is essential for sensitive temperature diagnostics (see tem-
perature sensitivity discussion below). The insets of Fig.
2 show simulations of the studied transitions, namely the
R(20.5) transitions of the X2Π1/2 and X2Π3/2 subbands
of the electronic ground state and the X2Π3/2 R(41.5) and
X2Π1/2 R(42.5) transitions.

Absorbance at transition line centers is simulated ver-
sus temperature in Fig. 3 for fixed pressure (1 atm) and
2 % NO mole fraction in air. The two R(20.5) transitions
show strong variations in absorbance over the entire tem-
perature range while the R(41.5) and R(42.5) transitions
(slightly overlapped in Fig. 3) show less drastic changes.
The behavior of these transitions with respect to tem-
perature is advantageous for temperature sensing. Sev-
eral demonstrations of two-transition temperature mea-
surements have been reported throughout the literature
beginning with [22]. These methods utilize the integrated
absorbance (Ai) of a quantum transition, defined by [21]:

Ai =

∫ ∞
−∞

α(ν)dν = PXabsSi(T )L (2)

For a single absorbing species, a ratio of integrated ab-
sorbances is a function of only line strengths and thus
temperature.

R(T ) =
A1

A2
=
S1(T )

S2(T )
(3)

The transition line strength’s relation to temperature can
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Fig. 3: Absorbance and temperature sensitivity of the selected tran-
sitions at fixed pressure and NO mole fraction.

be expressed as

Si(T ) = Si(T0)
Q(T0)

Q(T )

(
T0
T

)
exp

[
− hcEi”

k

(
1

T
− 1

T0

)]
×[

1− exp
(
−hcν0,i
kT

)][
1− exp

(
−hcν0,i
kT0

)]−1
(4)

where T0 is a reference temperature (typically 296 K),
Q is the partition function of the absorbing species, h is
Planck’s constant, c is the speed of light, k is Boltzmann’s
constant, E” is the lower state energy of the transition,
and ν0,i is the line center frequency of transition i [21].
Taking the derivative of the ratio of integrated areas with
respect to temperature and normalizing gives the normal-
ized temperature sensitivity

dR/R

dT/T
≈
(
hc

k

)
(E1”− E2”)

T
=

(
hc

k

)
∆E”

T
(5)

Hence when employing this method, it is ideal to select
transitions with a large ∆E”. This technique requires full
or nearly full resolution of the transition’s line shape profile
Φi(ν), often achieved via tunable diode lasers. However,
at elevated pressures, individual line shapes are no longer
resolvable which requires further spectroscopic characteri-
zation. From Eq. (1), a ratio of absorbances is not only a
function of line strengths but also of transition line shape
functions. The Voigt line shape function is commonly used
in molecular spectroscopy and is dependent on the col-
lision and Doppler broadening of the gas mixture. The
collision-dependent full-width at half-maximum (FWHM)
is defined by

∆νc = P
∑
A

XA2γB−A (6)

where 2γB−A is the FWHM collision broadening coeffi-
cient of absorbing molecule B with collision partner A
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[21]. From Eq. (6), the addition of line shape profiles
to the absorbance ratio requires knowledge of the collision
broadening coefficients of the absorbing species with its
collision partners. Therefore, study of collision broaden-
ing parameters over a wide temperature range is essential
for development of an accurate LAS-based sensor for appli-
cations where the full line shape profile cannot be resolved
(e.g. high-pressure environments). The temperature de-
pendence of the collision broadening coefficient is often
modeled with the power-law expression

2γ(T ) = 2γ(T0)

(
T0
T

)n
(7)

where n is the temperature dependence exponent and 2γ(T0)
is the collisional broadening coefficient at the reference
temperature, T0, which is usually 296 K [21].

3. Experimental Setup

Two facilities were utilized to measure line strengths
and collision widths in a variety of gas conditions: a room-
temperature static cell and a stainless steel shock tube.
Pressure in the 21 cm long static cell was measured with
an MKS Baratron capacitance manometer pressure trans-
ducer (resolution to 1 torr). The 15.4 cm inner diameter
stainless steel shock tube, with a 3.7 m long driver section
and a 10 m long driven section, was used to achieve a va-
riety of conditions between 1000 – 3000 K and 1 – 5 atm.
Before each shock tube experiment, driven and driver sec-
tions were separated by a thin plastic diaphragm, both sec-
tions were evacuated, and the driven section was filled with
the test gas (i.e. 1.97% NO in N2 or 2% NO in Ar). The
shock wave was generated by filling the driver section with
helium until the diaphragm ruptured. The diaphragm
rupture was controlled by a two-blade, perpendicular cut-
ting device for diaphragms up to 0.020” and by scores in
thicker diaphragms (0.040” and 0.060”). Test conditions
were determined by measuring the incident shock speed
via a series of five piezoelectric pressure transducers over
the last 1.5 m of the driven section. The five transduc-
ers triggered time-interval counters (Fluke PM6666) from
which the incident shock speed was extrapolated to the end
wall where the normal shock jump relations were used to
determine thermodynamic conditions behind the reflected
shock. The measurement location was located two cen-
timeters from the end wall where optical access ports and
a Kistler 603B1 pressure gauge were positioned.

By careful measurement of the pre-shock conditions
and incident shock speed, the thermodynamic conditions
behind the reflected shock can be known to within ∼ 1%
[23]. Furthermore, Farooq et al. and Spearrin et al. demon-
strated the agreement between measured and calculated
(via the normal shock relations) temperatures behind the
reflected shock in non-reactive shock tube experiments of
CO2 balanced in Ar [24, 25]. Also worth considering as a
contributor to uncertainty in LAS temperature measure-
ments in shock tubes is boundary layer development. Since

Fig. 4: Experiment Setup. Panel (a) shows the instrumentation and
equipment for static cell and/or shock tube experiments; (b) shows
the line of sights during shock tube experiments.

LAS is a line of sight measurement, cool gas in a rela-
tively thick boundary layer may introduce inaccuracies to
the measurement, especially in small diameter shock tubes
and if low E” transitions are involved. Over the years, sev-
eral models for boundary layer growth in shock tubes have
been developed, beginning with the work by Mirels [26].
For the experimental conditions of interest here, numerical
simulations [27] show that the maximum boundary layer
thickness is on the order of 1 mm which is a small fraction
of the 15.24 cm inner diameter of the shock tube.

Two quantum cascade lasers were used to measure the
spectral properties of the selected transitions. A diagram
of the experimental setup is shown in Fig. 4. First, a
Daylight Solutions external cavity quantum cascade laser
(ECQCL) probed the transitions near 1940 cm−1. Before
entering the test cell, the ECQCL beam was split using a
2-degree wedged CaF2 window. The reflected beam was
diverted to a reference detector that was used to improve
signal quality via common-mode rejection [28]. After pass-
ing through the cell, the transmitted beam was collected
by a detection system consisting of a 10 cm focal-length
CaF2 plano-convex lens, a baffled 2.54 cm diameter inte-
grating sphere with 6.35 mm ports, a 5.2 µm band pass
filter, and a liquid nitrogen cooled indium-antimonide de-
tector (2 mm diameter; 1 MHz bandwidth) from Infrared
Associates, Inc. The gold-coated integrating sphere (Lab-
sphere) decreases sensitivity to beam steering due to den-
sity gradients in the shock tube. Light entering the inte-
grating sphere is diffusely reflected, which results in ho-
mogeneous light intensity at the ports [10, 29]. During
shock tube experiments, the ECQCL could not be modu-
lated rapidly enough to fully resolve transition line shape
profiles, so the wavelength was monitored with a Bristol
wavelength meter for fixed-wavelength measurements.

The second laser is an Alpes distributed feedback quan-
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tum cascade laser (DFBQCL) that measured the transi-
tions near 1987 cm−1. As a way to spatially filter the
TEM10 Hermite-Gaussian spatial mode of the DFBQCL,
the beam was fiber-coupled to a tapered hollow core fiber
(from Opto-Knowledge Systems, Inc.) with an inner di-
ameter varying from 200-to-275 µm [30, 31]. The beam
was fiber-coupled to the fiber using a 40 mm focal length
infrared anti-reflection coated plano-convex lens and a 3-
axis fiber-coupling stage. Once through the fiber, a 5 cm
focal length plano-convex lens was used to collimate the
beam through the shock tube and to the 25.4 mm focal
length collection lens where the light was focused through
the 4.9 µm band pass filter and onto a Vigo thermoelec-
trically cooled mercury cadmium telluride detector (2mm
x 2mm area; 10 MHz bandwidth). For experiments where
the output wavelength was modulated, a solid germanium
Fabry-Perot etalon (FSR = 0.0566 cm−1) was used to cal-
ibrate the relative output wavelength.

4. Spectroscopic Measurements

Important spectroscopic parameters are tabulated in
databases such as HITRAN [32] and HITEMP, however,
for high J” quantum numbers and very high temperatures,
these databases are often inadequate due to a lack of ex-
perimental investigation and breakdown in the power-law
over a wide-temperature range. For the transitions under
investigation, HITRAN and HITEMP tabulate identical
spectroscopic parameter values. The line strength uncer-
tainties are cited to be between 5 and 10 % while the un-
certainties in collision broadening coefficients in air at 1500
K for the R(20.5) transitions propagate to 12.5–25 % and
collision broadening coefficients of the R(41.5) and R(42.5)
transitions at elevated temperatures are cited as averages
or estimates [3]. Additionally, for J” > 16.5 the listed
collision broadening temperature exponent values are as-
sumed to be 0.6 and 0.7 for Π1/2 and Π3/2 respectively
[33]. Quantitative measurements of either temperature
or NO concentration require a more refined spectroscopic
model. Thus, measurements in a controlled environment
were made to either validate or improve database values.
Furthermore, the HITRAN databases do not include col-
lision broadening parameters for species in Ar, which is
commonly used as a bath gas in combustion studies, so
measurements of collision broadening in Ar were made in
addition to measurements in N2. The results of such mea-
surements are presented here. First, room temperature
measurements of NO spectra in N2 were conducted in the
static cell. The results of these measurements are used to
determine if the Voigt profile adequately models the mea-
sured spectra and to validate the HITEMP line strength
and room-temperature collision broadening. Next, high-
temperature shock tube experiments were used to charac-
terize the high-temperature spectra of NO in N2 and Ar.
Again, the validity of using the Voigt profile was investi-
gated along with validation of the HITEMP line strengths

and the characterization of the collision broadening coeffi-
cients and their temperature dependence from 1000-3000
K, which is essential for accurate gas sensing over this tem-
perature range.

Static cell experiments were conducted over a range of
gas densities to test the Voigt lineshape model. The room
temperature static cell was filled with 1.01% NO in N2, and
the ECQCL’s piezoelectric controller was driven by a 50 Hz
sine wave which tuned the laser over the Π1/2 R(20.5) and
Π3/2 R(20.5) transitions to resolve the absorbance profile
as shown in the left panel of Fig. 5. Using a non-linear
least squares fitting algorithm, the measured absorbance
profiles were fit to Voigt profiles with the line center fre-
quency, ν0, the collision FWHM, ∆νc, and the integrated
absorbance, A, as the best-fit parameters. Despite the
evident lambda-doubling of NO spectra at low pressures,
a single Voigt profile fit at moderate pressures accurately
captures the measured absorbance profiles as shown in the
peak-normalized residuals (∼ 1%) of Fig 5. Using Eqs.
(2) and (6), line strength and collision broadening coeffi-
cients can be calculated from the best-fit parameters ∆νc
and Ai. With room-temperature information, direct com-
parisons with values in HITEMP can be made. Measured
lines strengths for the R(20.5) transitions differed from
HITEMP values by 1.3 and 1%, and the measured col-
lision broadening coefficients differed by 5%. Differences
in collision broadening coefficients can be attributed to
the fact that HITEMP reports 2γNO−Air which is smaller
than the present value, likely because 2γNO−O2

is ∼ 17%
smaller than broadening in N2 [34]. Moreover, Spencer et
al.’s measurements of the R(20.5) 2γNO−N2

(T = 296K)
differ from the present measurements by less than 1% [6].
Ideally, similar room-temperature experiments would be
performed for the Π3/2 R(41.5) and Π1/2 R(42.5) tran-
sitions. However, the high lower-state energies of these
transitions render them unobservable with the experimen-
tal path length and room temperature conditions of our
static cell. Therefore, high-temperature shock tube ex-
periments were used to characterize the spectra of these
transitions.

Shock tube experiments were performed over condi-
tions between 1000–3000 K and 1–5 atm with the test
gases being either 1.97 % NO in nitrogen or 2 % NO
in argon. Unlike the room-temperature static cell mea-
surements, the ECQCL cannot be tuned rapidly enough
to fully resolve transition line shape profiles during shock
tube experiments. Therefore, fixed-wavelength direct ab-
sorption (DA) experiments were performed with the EC-
QCL set near the peak of the Π3/2 R(20.5) transition
(1940.778 cm−1). In the fixed-DA experiments, line shape
properties were inferred from the measured line center ab-
sorbance of NO assuming the Voigt lineshape function.
Given the known temperature and pressure of the shock
tube experiments, absorbance simulations were altered by
scaling the broadening coefficient of the Π3/2 R(20.5) tran-
sition until the simulated and measured absorbances matched.
The left and right panels of Fig. 6 show results for exper-
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Fig. 5: The left panel displays Voigt fits to measured line shapes of the Π1/2 R(20.5) and Π3/2 R(20.5) transitions of nitric oxide’s fundamental
band; measurements were made in a room-temperature static cell. The right panel displays Voigt fits to measured line shapes of the Π3/2

R(41.5) and Π1/2 R(42.5) transitions; measurements were made during shock tube experiments.

Table 1: Summary and comparison of measured line strengths with HITEMP 2010. Uncertainties are given in parenthesis. Line center
frequency and lower state energy are averages of the hyperfine lambda-doubled pairs and line strengths are the sum of the hyperfine lambda-
doubled pairs.

ν0 [cm−1] E” [cm−1] Transition Si(296 K) [cm−2/atm]
Spin Split v′ ← v” j′ ← j” Measured HITEMP 2010

1939.614 735.468 Π1/2 1← 0 R(20.5) 0.378 (2.5%) 0.373 (5-10%)
1940.778 874.735 Π3/2 1← 0 R(20.5) 0.191 (2.5%) 0.189 (5-10%)
1986.537 3125.621 Π3/2 1← 0 R(41.5) 6.73E-6 (1%) 6.74E-6 (5-10%)
1987.074 3081.772 Π1/2 1← 0 R(42.5) 8.65E-6 (1%) 8.54E-6 (5-10%)

iments in argon and nitrogen, respectively. As mentioned
previously, the temperature dependence of the collision
broadening coefficients is typically modeled by a power-
law function (Eq. (7)). Over the temperature range of
1000 to 3000 K, the best-fit temperature exponents of the
collision broadening coefficient for the Π3/2R(20.5) transi-
tion were found to be n = 0.56 and n = 0.55 for argon and
nitrogen, respectively. As expected, broadening due to ar-
gon was found to be less than broadening due to N2. The
collision broadening coefficient, 2γB−A, is proportional to
σ2
A−B/(µA−B)1/2 where σA−B and µA−B are the optical

collision diameter and reduced mass of molecules A and
B, respectively [21]. Thus, broadening due to nitrogen is
larger because nitrogen has a larger effective optical diam-
eter and is lighter than argon. From the power-law fit, the
best-fit 2γNO−Ar(T0 = 1000K) = 0.0331 cm−1/atm and
2γNO−N2

(T0 = 1000K) = 0.0475 cm−1/atm, which differs
from the HITEMP value by 10%. The collision broaden-
ing data was also fit with T0 = 296K which resulted in
2γNO−N2

(T0 = 296K) = 0.0929 cm−1/atm, which under-
predicts both HITEMP 2010 and the measurements made
in the room-temperature static cell by 6 and 11 %, re-
spectively. This discrepancy is likely due to inadequacies
in Eq. (7) over large temperature ranges that have been
discussed in collision broadening studies of CO and CO2

[35–37]. As a result, caution should be made when using

the data presented here outside of the studied temperature
range or when extrapolating from low-temperature data.

The DFBQCL was operated to perform scanned-DA
measurements during the shock tube experiments. The
laser is capable of rapid tuning that allowed the entire line
shape profiles of the Π3/2 R(41.5) and Π1/2 R(42.5) tran-
sitions to be resolved as shown in the right panel of Fig. 5.
During these experiments, the current fed to the DFBQCL
was modulated at 5 or 10 kHz with either a sawtooth or
triangle wave from a function generator. An example of
the output intensity profile is displayed in Fig. 8. As in the
room-temperature static cell measurements, the resolved
line shape profiles were fit to Voigt profiles with the ν0,i,
Ai, and ∆νc,i as best-fit parameters. Additionally, the
Voigt profile fitting routine slightly scaled the incident in-
tensity profiles (0.99-0.999) to improve the fits and account
for any changes in signal due to beam steering or other ef-
fects. Above 1500 K, weaker hot band (v” > 0) transitions
became observable (right panel Fig. 5), and when present,
Voigt profiles were also fit to these additional transitions.
From the best-fit parameters, the line strength and colli-
sion broadening coefficient can be determined from Eqs.
(2) and (6), respectively. Fig. 7 displays the measured
line strengths of the R(41.5) and R(42.5) transitions as a
function of temperature. Keeping the lower state energy
constant, the data was fit to Eq. (4), and the best-fit ref-
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Fig. 6: Measured collision broadening coefficients of NO in Ar and N2 from 1000 to 3000 K and between 1 and 5 atmospheres.

Fig. 7: Measured line strength values of the Π3/2 R(41.5) and Π1/2 R(42.5) transitions from NO in Ar shock tube experiments.

erence line strengths, Si(T0 = 296K), were found to agree
extremely well with the reference line strengths listed in
HITEMP 2010. Fig. 6 shows the collision broadening
measurements as a function of temperature for the nitro-
gen and argon mixtures, respectively. The best-fit tem-
perature exponents of the pressure broadening coefficients
of the the Π3/2 R(41.5) and Π1/2 R(42.5) transitions in
argon were found to be 0.38 and 0.37, respectively, with
2γNO−Ar(T0 = 1000K) = 0.0239 and 0.0231 cm−1/atm.
In nitrogen, the collision broadening temperature expo-
nents were found to be 0.52 and 0.51, respectively, with
2γNO−N2(T0 = 1000K) = 0.0384 and 0.0368 cm−1/atm.
As the case for the R(20.5) transition, the collision broad-
ening due to Ar was observed to be ∼ 37% smaller than
N2 induced broadening. For convenience, all measured
spectroscopic parameters are summarized and compared
to HITEMP 2010 values in Tables 1 and 2. A discussion
of the uncertainty anaylsis for these measurements can be
found in the Appendix.

5. Sensor Demonstration

5.1. Temperature Measurements in Non-reacting Shock-
heated Gas

The utility of the studied NO transitions is demon-
strated through temperature measurements during shock
tube experiments over a wide range of temperatures. Most
temperature measurements were made during experiments
with NO mole fraction fixed, but an NO formation exper-
iment that demonstrated the sensor’s ability to measure
temperature during species transients is presented in the
next section. Examples of measured pressure and light
transmission data are shown in Fig. 8 and in the top
panel of Fig. 10. For fixed-NO experiments, the gas mix-
ture was either 1.97% NO in N2 or 2% NO in Ar. The
first step in the pressure trace represents a nearly instan-
taneous jump in pressure and temperature of the test gas
mixture resulting from the passing of the incident shock
over the measurement location. The increases in temper-
ature and pressure from the incident shock results in a
decrease in the fixed-DA signal from the ECQCL, which
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Table 2: Comparison of measured collision broadening parameters for NO with HITEMP 2010. Uncertainties are in parenthesis and represent
the statistical uncertainties from the best-fit power law except for the static cell measurements at 298.7 K.

ν0 [cm−1] Collision 2γ [cm−1/atm] 2γ(1000K) n
Partner Measured (298.7 K) HITEMP (296 K) Best-fit HITEMP Best-fit HITEMP

1939.614 aN2 0.101 (1%) 0.0964 (5-10%) 0.0464 (9-18%) 0.6 (10-20%)
1940.778 aN2 0.1045 (1%) 0.0998 (5-10%) 0.0475 (1.1%) 0.0426 (10-20%) 0.55 (3.2%) 0.7 (10-20%)

Ar 0.0331 (1.4%) 0.56 (4.0%)
1986.537 aN2 0.0900 (5-10%) 0.0384 (2.1%) 0.0384 (Est.) 0.52 (5.9%) 0.7 (Est.)

Ar 0.0239 (1.6%) 0.38 (5.9%)
1987.10 aN2 0.0900 (5-10%) 0.0368 (1.8%) 0.0434 (Est.) 0.51 (4.9%) 0.6 (Est.)

Ar 0.0231 (1.9%) 0.37 (7.3%)

a Listed HITEMP 2010 2γ values are adjusted for air (79% N2, 21% O2)
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Fig. 8: Measurement traces from reflected shock tube experiment
of 1.97% NO in N2. T5 = 1550 K and P5 = 4.8 atm.

corresponds to a decrease in transmitted light and thus
more absorbance. Approximately 50µs later, another rise
in pressure is observed, resulting from the passing of the
reflected shock over the measurement location. The ad-
ditional jump in pressure and temperature result in an
increase of light transmission and thus a decrease in ab-
sorbance. The 10 kHz scanned-DA signal from the DF-
BQCL with dips in signal due to the R(41.5) and R(42.5)
transitions can also be observed. During experiments with
mixtures of NO in N2, it is evident from the rolling off of
the pressure trace that the jump after the reflected shock is
not nearly as instantaneous as the jump after the incident
shock. This is the result of shock-bifurcation that is a phe-
nomenon observed in shock tube experiments containing
mostly diatomic or polyatomic molecules [38, 39]. How-
ever, effects of shock-bifurcation are not present during
experiments performed with Ar-balanced mixtures. An-
other carefully considered phenomenon in the shock tube
experiments was vibrational relaxation. Vibrational re-
laxation is an extensively studied subject regarding the
time-lag required for the vibrational energy states of a gas
to reach an equilibrium distribution after an instantaneous
change in thermodynamic conditions. Works by Taylor et

al. and Wray provide adequate characterization of vibra-
tional relaxation phenomena for our purposes. Of note is
that vibrational relaxation times of mixtures of NO in ar-
gon are significantly shorter than for mixtures of NO in
nitrogen [40, 41], so vibrational relaxation was considered
for only the shock-heated NO in nitrogen mixtures. Using
the pressure traces, characteristic total relaxation times
(e.g. vibrational relaxation time of 2% NO in N2 at 2000
K and 1 atm ∼ 60µs), and fixed-DA absorbance traces,
it was possible to determine when the vibrational energy
distribution could be assumed to be in equilibrium. Fur-
thermore, the temperature measurements presented below
provide confidence that the method used to account for
vibrational relaxation was adequate.

Temperature measurements during the fixed-NO ex-
periments are displayed in Fig. 9. To convert absorbance
data into temperature measurements, the ratio of the Π3/2R(20.5)
transition’s absorbance and the Π3/2R(41.5) (or Π1/2R(42.5))
transition’s integrated absorbance was utilized. This ra-
tio can be shown to be approximately a function of only
temperature and pressure if the temperature dependence
of the line shape is known

R =
α(R(20.5))

A(R(41.5 or 42.5))
=
S1(T )Φ1(ν0,1)

S2(T )
≈ f(T, P ) (8)

It should be noted that due to the presence of the line
shape function in the ratio, there is a slight dependence
on collision partner concentration, but if there is only one
primary collision partner, as is the case for these measure-
ments, then Φi becomes a function of pressure and tem-
perature. Temperature is determined through an iteration
loop that converges on a temperature once the simulated
ratio of absorbance and integrated absorbance matches
the measured ratio value. Known temperatures are de-
termined from the measured shock speed and the normal-
shock relations which provide accurately known conditions
within ∼ 1% [23]. The error bars in the measurements re-
ceive contributions from the uncertainties in 2γNO−N2/Ar

of the R(20.5) transitions measured in the previous sec-
tion, line strengths, the measured ratio of absorbance to
integrated absorbance, and – at elevated temperatures –
the output wavelength of the ECQCL. At elevated tem-
peratures the line shape profile narrows, increasing the
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Fig. 9: Demonstration of temperature measurement for fixed concentrations of NO in Ar and N2. The left panel displays temperature
values obtained from the ratio of R(20.5) line center absorbance and R(41.5) integrated area, and the right panel displays temperature values
obtained from the ratio of R(20.5) line center absorbance and R(42.5) integrated are.

significance of the uncertainty in output wavelength. Fur-
thermore, the simulations shown in Fig. 3 indicate that the
temperature sensitivity of the sensor is best below 2000 K,
which is supported by the reduced scatter in measurements
made below 2000 K. Despite the temperature sensor’s in-
creased uncertainty at temperatures above 2000 K, known
and measured temperatures show good agreement. Dif-
ferences between measured and known temperatures are
demonstrated to be at most 5% but typically less than 2%.
While temperature measurements from both ratios dis-
play similar accuracy and precision, the R(20.5)/R(41.5)
scheme is recommended due to a larger ∆E”.

5.2. Temperature and NO Species Measurements During
NO Formation

A final demonstration is shown in Fig. 10 to high-
light the capability of the sensor to measure species at
high-bandwidth and temperature in non-equilibrium con-
ditions. Here, NO was formed from 1.3% NO2 in Ar during
a shock tube experiment. The top panel of Fig. 10 shows
the pressure trace and the recorded signals from the IR-
detectors. The bottom panel shows NO mole fraction and
temperature measurements along with the results from
a constant-volume chemical kinetic simulation (Chemkin
and GRIMech 3.0 [42]) at the experimental post-reflected
shock conditions. Temperature measurements were made
using the ratio of Eq. (8) as previously explained, and pro-
vide an independent check on the non-reactive data set.
From the measured temperature, NO mole fraction can
be calculated from the measured spectroscopic parameters
and Eqs. (1) or (2). Temperature and NO mole fraction
measurements show good agreement with the kinetic sim-
ulation with differences between measured and simulated
temperature being less than 3.5% and differences between
measured and simulated mole fraction being less than 4%.

6. Summary and Conclusions

Absorption transitions in the fundamental vibration
band of nitric oxide were identified for two-color thermom-
etry and species sensing in high-temperature applications.
The R(20.5) transitions near 1940 cm−1 and the R(41.5)
and R(42.5) transitions near 1987 cm−1 were selected for
their large lower state energy difference and relative isola-
tion from water vapor. The R(20.5) transitions were ac-
cessed by an external-cavity quantum cascade laser while
the R(41.5) and R(42.5) transitions were accessed by a
distributed-feedback quantum cascade laser. Spectroscopy
experiments were performed in a room-temperature static
cell and in shock tube experiments with conditions from
1000 to 3000 K and 1 to 5 atm. Compared to the HITEMP
database, our measured transition line strengths were found
to be in good agreement but with reduced uncertainties.
Furthermore, room-temperature collision broadening coef-
ficients of NO in N2 for the R(20.5) transitions were mea-
sured to be within 5% of the reported HITEMP value of
pressure broadening in air but within 1% of similar room-
temperature measurements of pressure broadening in N2.
The temperature dependence of the collision broadening
for NO in N2 was found to be considerably different from
the values reported in HITEMP which was expected given
the lack of high-temperature data for the transitions se-
lected and the inadequacy of the power-law. Additionally,
new spectroscopic data including collision broadening of
the NO transitions in argon was characterized for high
temperatures. The sensing capabilities of the studied tran-
sitions were demonstrated by measuring temperature in
fixed-NO shock tube experiments spanning 1000 to 3000 K
and by measuring temperature and NO mole fraction dur-
ing an NO formation experiment at 1700 K, proving the
sensor’s capabilities in non-equilibrium conditions. The
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Fig. 10: Demonstration of temperature and NO measurements during an NO formation experiment. Conditions at the beginning of Region
5: 1.3% NO2 in argon at 1714 K and 4.15 atm.

sensor demonstration provided accurate measurements of
temperature from 1000-3000 K and during transient NO
conditions.
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Appendix: Uncertainty Analysis of Spectroscopic
Measurements

Uncertainty analysis was performed for individual data
points and for the temperature dependent data, S and
2γ, via regression analysis. The error bars of individual
data points in Figures 6 and 7 are calculated by addi-
tion in quadrature of the uncertainty contributors listed
below. Uncertainties of room-temperature static cell mea-
surements of 2γ and S listed in Tables 1 and 2 were also
calculated by addition in quadrature. The reported uncer-
tainties of the values in Tables 1 and 2 for best-fit R(41.5)
and R(42.5) S(T0) and best-fit 2γ(1000K) and n were de-
termined from regression analysis of their respective data
sets over the 1000 – 3000 K temperature range.

For the scanned-DA experiments, contributors to un-
certainty of individual S and 2γ data points include un-
certainties in:

i. Temperature, T :
(a) Room-temperature static cell experiments: The

measurement uncertainty in the sample temper-
ature was 1 K which contributed 1% to uncer-
tainty in line strength at 296 K.

(b) Shock tube experiments: For the temperature
dependent data, uncertainty in temperature af-
fects the uncertainty of the fitting parameters
(i.e. S(T0), 2γ(T0), and n). As previously men-
tioned, thermodynamic conditions behind the re-
flected shock are known to within ∼ 1%.

ii. Pressure, P :
(a) Room-temperature static cell experiments: The

uncertainty in the measured pressure was 0.5%
which resulted in contributions of 0.5% to uncer-
tainties in both S and 2γ.

(b) Shock tube experiments: The pressure uncer-
tainty (in %) from each shock tube experiment
contributes the same percent uncertainty to S
and 2γ. As previously mentioned, thermody-
namic conditions behind the reflected shock are
known to within ∼ 1%.

iii. NO mole fraction, XNO: The 2% uncertainty in NO
mole fraction contributed 2% and < 0.1% uncertainty
in S and 2γ, respectively.

iv. Path length, L:
(a) Room-temperature static cell experiments: The

path length uncertainty of the room-temperature
optical cell is 1% which contributed 1% uncer-
tainty in S.
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(b) Shock tube experiments: The 15.24 cm path length
of the shock tube is well-known and documented
in other works using the same facility. Uncer-
tainty in the path length contributed 1% uncer-
tainty to S.

v. Non-linear regression confidence intervals of the best-
fit parameters from the Voigt profile fits, A and ∆νc:

(a) Room-temperature static cell experiments: The
confidence intervals of the best-fit parameters con-
tributed 0.06 and 0.09% to uncertainty in S and
2γ, respectively.

(b) Shock tube experiments: Fitting parameter con-
fidence intervals for the shock tube experiments
were much larger due to the increased residuals
of the fit as shown in Fig. 5. Uncertainties in A
and ∆νc contributed ∼ 2% uncertainty to S and
2γ, respectively.

vi. NO self-broadening, 2γNO−NO:

(a) Room-temperature static cell experiments: The
HITEMP 2010 room-temperature 2γNO−NO val-
ues for the R(20.5) transitions have reported un-
certainties of 10-20%. For these measurements,
however, uncertainty in 2γNO−NO is a small con-
tributor to uncertainty in 2γNO−N2

(0.25%) be-
cause the mixture is only 1.01% NO by mole frac-
tion.

(b) Shock tube experiments: NO self-broadening at
elevated temperatures is not known for the R(41.5)
or R(42.5) transitions, but since the mixtures are
only 2% NO, the contribution to uncertainty in
2γNO−N2

or 2γNO−Ar from uncertainty in 2γNO−NO
is expected to be low. This was checked by us-
ing 2γNO−NO(296K) reported in the HITEMP
database and assuming a temperature exponent
nself = 0.75. Furthermore, the uncertainty of
both 2γNO−NO(296K) and nself were assumed
to be 20%. The uncertainty analysis for 2γNO−N2

or 2γNO−Ar resulted in uncertainty contributions
from 2γNO−NO of < 1%.

For the fixed-DA measurements of the R(20.5) tran-
sition in the shock tube, contributors to uncertainty of
inferred 2γ data points were evaluated via perturbation
analysis. These contributors included uncertainties in:

i. Temperature, T : As mentioned previously, conditions
behind the reflected shock are known to within ∼ 1%,
but with increasing temperature the nominal uncer-
tainty (in Kelvin) increases, leading to increased un-
certainty at elevated temperatures. The contribution
to uncertainty of inferred 2γ data points due to tem-
perature uncertainty ranges from 1-3%.

ii. Pressure, P : As mentioned previously, conditions be-
hind the reflected shock are known to within ∼ 1%.
The contribution to uncertainty of inferred 2γ data
points due to pressure uncertainty ranges from 0.1-
0.3%.

iii. Absorbance, α: Uncertainty in the measured absorbance
is quantified as the standard deviation of the mea-
surement. As the absorbance changes over the tem-
perature range (see Fig. 3), the percent uncertainty
in absorbance increases resulting in a range of 0.2 –
2% uncertainty contribution to the inferred 2γ data
points.

iv. NO mole fraction, XNO: The mixtures used in these
experiments have 2% uncertainty in XNO which re-
sults in a 2–2.5% contribution to uncertainty of the
inferred 2γ data points.

v. Path length, L: The 15.24 cm path length of the shock
tube is well-known and documented in other works
using the same facility. The uncertainty contribution
to the inferred 2γ data points due to uncertainty in L
(1%) is around 0.8% for all experiments.

vi. Laser output frequency, ν: The uncertainty of the
wavelength meter cited by the manufacturer (Bristol)
is < 0.001 cm−1 at 5µm. However, the ECQCL out-
put frequency was found to be slightly unstable. The
uncertainty in the frequency was quantified by observ-
ing the room temperature absorbance signal prior to
experiments. Since the line shape and line strength
at room temperature are well-known for the R(20.5)
transitions, the absorbance signal observed directly
translated to laser frequency uncertainty. This un-
certainty was found to be 0.0075 cm−1 which resulted
in contributions to uncertainty of 0.4-0.8% for the in-
ferred 2γ data points.

vii. Line strength, S: The uncertainty of the R(20.5) line
strengths measured during the static cell experiment
was found to be 2.5%. This resulted in contributions
to uncertainty of 4.2-4.8% for the inferred 2γ data
points.

viii. NO self-broadening, 2γNO−NO: NO self-broadening
at elevated temperatures is not known for the R(20.5)
transitions, but since the mixtures are only 2% NO,
the uncertainty in 2γNO−N2 or 2γNO−Ar due to un-
certainty in 2γNO−NO is expected to be low. This
was checked by using 2γNO−NO(296K) reported in the
HITEMP database and assuming a temperature ex-
ponent nself = 0.75. Furthermore, the uncertainty of
both 2γNO−NO(296K) and nself were assumed to be
20%. The resulting perturbation analysis for 2γNO−N2

or 2γNO−Ar resulted in uncertainty contributions of
∼ 0.1% for the inferred 2γ data points.
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