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Abstract
A new fast sensor for simultaneous high temperature diagnostics (above 800 K) of nitrogen oxide (NO) concentration and gas 
temperature (T) was developed based on the spectral fitting of low-resolution NO UV absorption near 226 nm. The sensor 
was intended for process control in future low-carbon footprint heavy process industries using renewable powered electro 
fuels (e.g.  H2,  NH3) or plasma torches as heat source. Due to excitation of molecular vibration, the shape of the selected 
NO feature, including (0, 0), (1, 1), and (2, 2) vibrational transitions of the A2Σ+ − X2Π2 electronic system had a strong 
temperature sensitivity at temperatures above 800 K. The fitting was made using the well-known NO molecular constants 
of the A2Σ+ − X2Π2 electronic system. To reduce the computational time, a library of the molecular spectra calculated at 
different temperatures was created. The fitting of an experimental spectrum representing the convolution of the instrument 
line function of the spectrometer with the molecular spectra was performed using the pre-calculated library spectra. Based 
on comparison with conventional measurement methods, the accuracy of the developed sensor was within 15% for NO and 
about 40 K for T, clearly showing the potential for fast in situ diagnostics in hot process gases.

1 Introduction

The necessity to reduce the  CO2 emissions, together with 
the depletion of fossil fuels, has forced the developers of 
high-temperature energy conversion equipment to look 
for alternative fuels and new (or moderated) technologies. 
The replacement of fossil fuels in heavy process industries’ 
combustion processes with electro fuels (plasma torch, 
hydrogen) is considered a potentially attractive approach in 
Sweden due to the large amount of renewable electricity 
production from hydro and wind power. For example, in the 
hydrogen break through iron making technology (HYBRIT) 
initiative (http://www.hybri tdeve lopme nt.com/) and the 
CemZero project (https ://energ yindu stryr eview .com/const 
ructi on/), the focus is to replace fossil fuels with electro fuels 
in iron, steel, and cement production. An important precon-
dition for the replacement of fossil fuels is that the combus-
tion/heating performance of the sustainable system would 
be the same and that the release of pollutants, such as NOx, 
would be kept low. Unfortunately, the electro fuels might be 

a source of significant NOx emissions. For example, in pilot-
scale experiments [1] comparing different renewable alterna-
tives to fossil fuels in straight-grate induration machines, it 
was found that  H2 combustion results in much higher NOx 
emissions than fossil oil combustion. The plasma discharge 
can also generate a lot of  NOx [2].

Considering the limited experience of the heavy process 
industry with electro fuels, fast simultaneous in situ monitor-
ing of NO concentration and temperature at different parts 
of the process would be advantageous. That would allow 
process control in terms of efficiency and NOx emissions, 
the latter using primary (e.g., burner optimization) or sec-
ondary (e.g., flue gas cleaning) methods. In this work, we 
report the development of an online in situ UV absorption 
sensor for simultaneous diagnostics of NO concentration and 
temperature in hot process gases (T > 800 K).

There are several spectroscopic techniques, both opti-
cal and laser based, for NO detection in hot environments 
using strong UV electronic transitions. Laser methods, such 
as laser induced fluorescence (LIF) [3–5], and cavity ring-
down spectroscopy [6], have been applied for diagnostics 
of NO in flames using rotational transitions in A2Σ+ − X2Π2 
electronic system, mainly around a wavelength of 226 nm. 
The methods have demonstrated good accuracy, within 
10–15%, at flame temperatures. The LIF has also been used 
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for deriving flame temperature by testing different rotational 
transitions [7]. The application of these methods to indus-
trial processes is however hampered by the complexity and 
high cost of the experimental setups. Apart from UV, NO 
absorbs in near- and mid-IR as well (Fig. 1), for which laser 
diodes are now available. The cross-sections of near-infrared 
and mid-IR vibrational–rotational absorption transitions are 
lower than those of UV. The transitions also strongly overlap 
with the transitions of the major combustion products. This 
limits the application of the IR sensors to low-temperature 
studies. However, the relatively strong mid-IR transitions 
at 5300 nm have potential for high-temperature diagnostics 
in practical flows [8]. In contrast, electronic UV absorption 
transitions are stronger and have less interference with the 
major combustion products. For example,  H2O absorption 
(for 10,000 ppm, path length 100 cm, and T = 296 K) at 
225 nm is estimated to be lower than 0.002 based on the 
 H2O cross-sections reported in [9] for wavelengths up to 
200 nm and above 290 nm. Non-expensive diode lasers emit 
light in the visible, or IR region. Therefore, their applica-
tion for NO UV absorption requires frequency conversion to 
achieve the desired UV region, which makes the experimen-
tal system more complex. The development of tunable diode 
laser (TDL) systems, including frequency conversions steps, 
have been demonstrated for NO detection in cold gases [10] 
and in gas turbine exhausts at high temperatures [11]. The 
estimated uncertainty of the sensor measurements is 10%. 

Another approach is to use a relatively cheap absorption sys-
tem including a UV broadband source and a spectrometer. In 
this case, line-of-sight UV resonant absorption from a whole 
vibrational band (or bands) of the NO electronic transition 
is measured. The approach is mostly used in combination 
with sampling of the gas to an optical cell at fixed tempera-
tures, see, for example [12–14]. Quantification is often made 
using calibration experiments. A number of investigations 
demonstrated line-of-sight UV absorption measurements 
at high-temperature conditions of a heat-pipe cell [15], flat 
flames [16] including high-pressure flame facility [17], tur-
bine engine exhausts [18], SI engine [19], and shock tubes 
[20]. NO concentrations were generally derived by com-
paring the signal measured with model calculations based 
on the theoretical line-by-line absorption in the NO γ (0, 
0) band. The quantification required flame temperature and 
pressure. To the best of our knowledge, no work has been 
made on simultaneous quantification of NO concentrations 
and temperature from high-temperature low-resolution UV 
absorption spectral profile of the feature near 226 nm. Here, 
we use the spectral fitting of the NO feature near 226 nm 
including (0, 0), (1, 1), and (2, 2) vibrational transitions for 
simultaneous quantification of the NO mole fraction and 
temperature in the hot gases (T > 800 K). The fitting is also 
used for deriving the NO mole fraction at low temperatures.

Fig. 1  Room-temperature NO 
(a) and  H2O (b) molecular 
absorption spectral calcula-
tions made using the LIF-
BASE [21] and HITRAN [22] 
databases using 100 ppm NO 
and 10,000 ppm  H2O and 
path length 100 cm. The NO 
spectrum is calculated from 200 
to 6000 nm, the insertion in the 
panel a is the zoom-in UV NO 
absorption from 200 to 230 nm. 
The  H2O spectrum is shown 
from 950 to 6000 nm. See also 
the next section for more details 
regarding the simulations
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2  Data reduction

In an absorption measurement, a signal measured by a detec-
tor that is attached to a spectrometer and tuned to the wave-
number v0 can be written as

where I0 is the initial intensity of light, � (v) is the absorption 
coefficient of the medium at frequency v, l is the absorption 
path length, ID.C (v0) is the dark current at wavenumber v0, C 
is the sensitivity of the photo detector, ε (v0) is the quantum 
efficiency of the photo detector, and � is the normalized 
instrument line function of the spectrometer:

The absorption coefficient can be expressed as [23]

where Ni is a population of the species in quantum state i 
 (cm−3); fik is the oscillator strength for the transition between 
quantum states i and k; and e, m and c represent the stand-

ard fundamental constants, � is the normalized absorption 
line function (cm), and vik is the frequency for the transition 
between quantum states i and k  (cm−1). The summation in 
Eq. (3) should be made over all radiative transitions.

In the case of a Boltzmann distribution over the internal 
degrees of freedom, Ni is related to the species mole fraction 
XM through

where P is the pressure, T is the temperature, gi and Ei 
are the degeneracy and energy of the i-th quantum state, 
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respectively, Z (T) is the internal partition function, and k is 
the Boltzmann constant.

The transmittance measured by the detector attached to 
the spectrometer is given by
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 are the signals detected by the 

spectrometer when the absorption path (cell) is filled with 
a buffer gas with and without light source on, respectively. 
We assume that I0 and ε can be regarded as constant when 
integrating over the instrumental bandwidth. Integrating 
Eq. (5) over v0 gives

Combining Eqs. (3), (4), and (6), and rewriting trans-
mittance in terms of the equivalent width, we arrive at the 
following expression:

see also [24] as an example of the application of the equiv-
alence width for analysis of FT-IR spectra with moderate 
resolution. This last equation relates the “measured” and 
“true” integral absorptions (the equivalent widths), being the 
left and right part of Eq. (7), respectively. The summation in 
Eq. (7) should be performed over all transitions. However, 
it is often possible to find a spectral region in which only a 
number of transitions have substantially high intensity. If 
this region is sufficiently large, the infinite integration limits 
can be replaced by the region’s lower and upper boundaries. 
The summation in Eq. (7) is then performed only over the 
transitions lying in this region:

Provided that (1) spectroscopic parameters, (2) tempera-
ture, and (3) the path length is known, the path-averaged NO 
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concentration can be calculated by comparing the experi-
mental and “true” values, see for example [24]. We note that 
in the given approach, no information about the instrument 
line function of the spectrometer is needed. The method 
assumes that the possible contribution of neighboring spec-
tral features is negligible in the selected frequency region 
(ν1 − ν2) and that infinite extent of the instrumental func-
tion and absorption profile does not significantly affect the 
equivalent width evaluation. Another approach includes fit-
ting the experimental spectrum, described by Eq. (5), using 
the known spectroscopic parameters and the instrument line 
function of the spectrometer in the selected frequency region 

(ν1 − ν2). The approach is especially useful for evaluating 
the uncertainties associated with the infinite extent of the 
instrumental function and with the contribution of neighbor-
ing spectral features. It might also be useful for evaluating 
the temperature. In this work, both methods (integration and 
fitting) are used for evaluating the path-averaged NO mole 
fraction. The fitting method is also used for deriving the 
path-averaged temperature.

Figure 2 shows the NO absorption spectra calculated 
using the LIFBASE program [21] from 200 to 240 nm for 
three temperatures 298 K, 800 K, and 1500 K using a spec-
tral resolution of 1 nm, which approximately corresponds 
to the resolution of the spectrometer used in the measure-
ments. The shown spectral features (3 for T = 300 K and 4 
for higher temperatures) reflect the absorption in the A2Σ+ 
(υ′ = n) − X2Π2 (υ″ = k) electronic system. The transitions 
occur from the ground electronic state X2Π2 to the upper 
electronic state A2Σ+. Each feature corresponds to one or 
more vibrational bands with superimposed rotational struc-
ture. For example, the (1, 0) vibrational band near 215 nm 
corresponds to the transition from the ground vibrational 
level of X2Π2 state to the first excited vibrational level of 
A2Σ+ state. Figure 2 includes the notations of the vibra-
tional transitions contributing by more than 1% to the inte-
gral absorption of a feature for the given temperature. The 
calculations show that the spectral features broaden with 
temperature. The reason for that is the redistribution of the 
population in rotational and vibrational levels. The shown 
NO spectra do no exhibit any broad absorption features and 
could be treated in the confined spectral range(s).

3  Experimental

3.1  Experimental set‑ups

A schematic of the experimental set-up for the broadband 
absorption measurements of NO in the UV region is shown 
in Fig. 3. The DC 18 kW plasma torch (PNIX-100 model) 
provided by Plasnix (Korea) was placed on the 3-D posi-
tioner and used as a generator of high-temperature plasma 
gases rich in NO (Fig. 3b). Chamber 1 (Fig. 3c) or Chamber 
2 (Fig. 3d), see also below, was mounted above the plasma 
torch and was used for low and middle temperature (from 
295 to 800 K) or high temperature (up to 1400 K) experi-
ments, respectively. UV NO absorption measurements in 
various mixtures of the plasma and co-flow gases were 
performed using the following optical scheme: Hamamatsu 
L10290 UV–VIS fiber light source with a high-brightness 
deuterium lamp of 9 W was used as a broadband UV light 
source. The radiation of the lamp was collimated by a convex 
lens to produce a parallel beam. The parallel beam passed 
through Chamber 1 or Chamber 2 and was subsequently 

Fig. 2  The NO absorption spectra calculated using the LIFBASE pro-
gram for T = 300 K (a), 800 K (b), and 1500 K (c)
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focused onto an optical fiber coupled to UV–VIS range high-
speed spectrometer (Ocean Optics HR2000 + GC) equipped 
with a diffraction grating (Ocean optics, HC-1 Grating, 
600 g/mm, blazed @ 300 nm). The absorption spectra were 
recorded with a rate of 20 spectra per s. Typically, 100–500 
spectra were averaged.

Chamber 1 is a cylindrical chamber (50 cm long, inner 
diameter: 12.5 cm) made of steel, with a wall thickness is 
0.2 cm. Chamber 1 contains inlets for co-flow gas approxi-
mately 15 cm above the plasma torch exit and two open-
ings for UV absorption measurements. The openings have 
a diameter of 1 cm and are situated along a line passing 
through the middle of the chamber, 20 cm below the exit 
of the chamber. The openings were continuously flushed 
with  N2 jets coming from the flattened tubes located per-
pendicular to the optical path to prevent the escape of plasma 

gases through these openings along the optical beam, which 
restricted the path length of the measurements to the diam-
eter of the chamber. Chamber 1 was also used for the room 
temperature experiments when pure  N2 or  N2 containing NO 
at two concentrations (2580 ppm and 180 ppm) was directed 
to the chamber using the co-flow input. The plasma gas flow 
and electrical power were off during such the experiments. 
 N2 and NO mixtures were obtained from gas cylinders 
delivered by AGA (relative uncertainty in NO mole frac-
tion was ~ 2%).

Chamber 2 is made from steel and internally lined with 
5 cm ceramic fiber (isofrax 1400 blanket, Unifrax) on all 
sides except the surface of the plasma torch, which was 
only covered with a 0.5 cm ceramic fiber paper. The inter-
nal cross-section of the chamber has a square shape with 
a side distance of 25 cm and an internal height of 80 cm. 

Fig. 3  Schematic of the experimental set-ups used for NO absorption measurements (a), photo of the plasma torch (b), photo of Chamber 1 (c) 
and schematic of Chamber 2 (d)
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The outlet is circular, with a diameter of 10 cm placed cen-
trally above the torch. The heated co-flow in chamber 2 was 
injected from the side by a horizontal channel with the same 
cross-section and lining as the main vertical chamber. The 
electrical heater (Leister 5000 HT) for co-flow gas preheat-
ing was mounted centrally at the far end of the side channel, 
at a horizontal distance of 47.5 cm from the torch center. The 
bottom of the lining for the main chamber, torch, and side 
channel is on the same level. The chamber is equipped with 
optical access approximately 40 cm from the top. A constant 
flow of  N2 was supplied to the quarts windows. The diam-
eter of tubes/openings from the reactor to the windows for 
optical access is 1 cm. The value of the  N2 flow, 2 l min−1, 
was selected (based on the sensitivity of the UV measured 
concentrations to the  N2 flow rate) in such a way to minimize 
the mixing of the cold  N2 with the hot gases outside the inner 
diameter of the chamber.

The homogeneity of NO concentration and temperature 
along the optical path of the UV beam was verified by FTIR 
(2000 MultiGas analyzer, MKS Instruments) and a fine wire 
uncoated S type (Pt–Pt/10% Rh) thermocouple (TC), respec-
tively. The variations in NO concentrations and temperature 
along the optical path during the experiments with the fixed 
plasma power were typically within 3%. The TC had 50 μm 
thick wires and a junction diameter of 150 μm. We chose 
an uncoated thermocouple with low emissivity of the junc-
tion to reduce the emissivity correction. No radicals which 
could initiate heterogeneous chemistry/catalytic effects were 
expected at the location of the measurements due to the rela-
tively low gas temperatures (T < 1350 K). The radiation cor-
rection was estimated similarly to [25]. The emissivity of the 
junction at a given temperature was assumed be the same as 
the emissivity of platinum, reported by [26], (about 0.16 for 
clean Pt at T = 1300 K). The maximum temperature correc-
tion for the conditions studied in this work was about 24 K.

3.2  Experimental procedure and data handling

During room temperature experiments with the mixtures of 
NO and  N2, we first measured the intensity of the radiation 
after passing the absorption chamber filled with pure  N2, 
which gave us a reference signal. Subsequently, as the cali-
brated mixtures of NO and  N2 were fed through the chamber, 
the intensity of the radiation that passed the cell was meas-
ured again, providing a transmitted signal. In high-temper-
ature plasma experiments, the transmitted signal was meas-
ured in the hot mixture of preheated air or  N2 and plasma 
gas (air or  N2). Then the plasma power was turned off, and 
the Io signal was measured in the air/N2 mixture while it 
was still hot. The transmittance measurements were started 
when the FTIR showed negligible concentrations of NO in 
the exhaust gases. The dark current (signal observed without 
illumination) was measured after each of the reference and 

transmission measurements and subtracted from the meas-
ured intensities.

As an example of the recorded spectra, Fig. 4 shows 
the intensity of the light after passing Chamber 1 flashed 
with pure  N2 and  N2 with NO addition. The NO addition is 
2580 ppm. The dark current is included in the figure. The 
spectrum plotted as an absorptance [1 − Tr ( � )] is shown 
in Fig. 5.

To determine the NO concentration, a computer code was 
written that calculated the theoretical absorption spectrum 
using Eq. (8). As in [27], the spectral line parameters needed 
for calculations of the NO mole fractions were taken from [21, 
28]. The NO internal partition function Z (T) was calculated 
using tabulated thermodynamic data [29]. The normalized 
absorption line function was simulated using the Voigt profile 
[30] calculated by the algorithm suggested by Humlícek [31]. 
The spectral region including the vibrational transitions (0, 0), 

Fig. 4  Transmission spectrum of 2580  ppm NO in  N2 (blue) at 
296 K, transmission spectrum of pure  N2 (red) and dark current spec-
trum (green)

Fig. 5  The experimental absorptance spectrum of 2580  ppm NO 
in  N2 at 296  K. The vertical lines mark the spectral region (near 
226 nm) selected for integration. The symbols in the figure represent 
the measured value
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(1, 1), and (2, 2), roughly between 220 and 230 nm (the region 
marked by vertical lines in Fig. 5), was chosen as the integra-
tion interval for deriving absolute values of the NO mole frac-
tion. The choice was governed, on one hand, by the high signal 
to noise ratio for the (0, 0) feature in comparison with those 
for (0, 1) and (0, 2) resulting from a steep gradient in both the 
emission intensity of the Hamamatsu L10290 lamp source and 
the grating transmittance properties in the region of the NO 
absorption feature. On the other hand, the selected band con-
tained transitions from higher than 0 vibrational levels. This 
circumstance lead to pronounced dependence of the feature 
shape on temperature, which can be beneficial for deriving 
the temperature using spectral fitting. The relatively low left 
boundary value of 220 nm for the selected feature was selected 
to cover high-value rotational levels and vibrational transitions 
(1, 1) and (2, 2), important at high-temperature applications. 
Figure 6 shows an example of the true simulated absorptance 
spectra of NO for the (0, 0) band around 226 nm at 296 K 
for l = 12.5 cm and NO concentration of 172 ppm. The figure 
also includes the simulation of the low-resolution broadband 

UV absorbance spectrum calculated by the convolution of the 
true simulated absorptance spectra with the line shape of the 
spectrometer. For the above calculation and the fitting of the 
experimental spectra, we approximated the instrumental func-
tion of the spectrometer using a triangular instrumental line 
shape [32] with 1.1 nm resolution (see next section).

It is also important to discuss a possible overlap of the 
selected feature with features of other molecules. In the high-
temperature experiments performed in this work, the plasma 
was used to heat the air. Plasma can be a source of a sig-
nificant amount of  NO2 [33] whose UV absorption features 
overlap with the selected NO transitions. The UV and vis-
ible absorption  NO2 cross-sections are accurately known with 
a very good spectral resolution at room temperature [34]. 
Therefore, in the case, if both NO and  NO2 are present in 
the room temperature mixture, the concentration of NO and 
 NO2 could be derived from the measured absorption spectra 
by fitting the calculated and the experimentally determined 
absorption spectrum, similar to the method developed in 
[35] for  H2S,  NO2, and  SO2. At high temperatures, which 
are targeted at this work, the application of a similar method 
is complicated, since the temperature dependence of the UV 
 NO2 cross-section is poorly known. In [36], the effect of tem-
perature on the  NO2 absorption cross-sections at several fixed 
wavelengths in the UV and visible spectra was measured. 
It was found that for some wavelengths in the UV region, a 
sharp non-monotonic temperature dependence exists. In the 
visible part of the spectra (see also [37]), broadening of the 
bell-shaped feature and smoothing of the superimposed spec-
tral fluctuations were noticed. We will continue to discuss the 
spectral overlapping of NO and  NO2 in Sect. 4.

4  Results and discussion

At first, let us consider the room temperature experiments 
with the mixtures of  N2 and NO. The experimental spectrum 
shown in Fig. 5 was integrated into the chosen boundaries. 

Fig. 6  The true and low-resolution broadband UV absorptance spec-
tra of NO for the (0, 0) band around 226  nm calculated at the fol-
lowing conditions: T = 296  K, l = 12.5  cm, and NO concentration 
172 ppm

Fig. 7  Measured and fitted NO spectra at room temperature and the nominal (experimental) NO level in the mixture a 180 ppm and b 2580 ppm
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The obtained values were compared with the calculations 
made using Eq. (8). The left and right sides of the equa-
tion equaled each other at an NO concentration of 2485 ppm 
which is within a few percent from NO concentration in 
the  N2/NO mixture. The comparison of the experimental 
integrated absorption measured in the case when  N2 con-
tained NO at 180 ppm with the theoretical one resulted in a 
NO concentration of 172 ppm (Fig. 6). The true molecular 
spectrum calculated at 296 K was used as an input for fit-
ting. The fitting parameters were the NO mole fraction, the 
background, and the resolution of the spectrometer. Figure 7 
shows the experimental and fitted spectra plotted as 1 − Tr 
for 180 ppm and 2580 ppm of NO mole fraction. The fitted 
NO values are 182 ppm and 2571 ppm.

To test if the above described broad band absorption 
methodology can be applied for determining NO mole 
fractions at high temperatures, we performed absorption 
measurements of the NO mole fraction in the hot plasma 
generated environment using Chamber 1 and Chamber 2. 
A summary of the performed measurements is shown in 
Table 1. The NO mole fraction and the temperature in 
the hot mixtures were measured using FTIR and the fine 
wire TC, respectively. The FTIR measurements indicated 
the presence of non-negligible  NO2 concentrations rang-
ing from 5 to 12% of the total  NOx (NO + NO2) mole frac-
tions in all measured cases. In general,  NO2 concentration 
increased with total  NOx concentration. As a typical exam-
ple, Fig. 8 shows the measured UV absorptance spectra for 
Case 12 (Table 1, FTIR NO = 6150 ppm,  NO2 = 660 ppm, 
TC T = 1160 K). The figure includes the calculated  NO2 
spectrum  (NO2 = 660 ppm, l = 25 cm). The simulations 

were performed using the methodology discussed in [35]. 
Since  NO2 absorption cross-sections at high temperatures 
are known only at a small number of the wavelengths, we 
performed the simulations using readily available room tem-
perature  NO2 cross-sections [34] divided by a factor 1.2. The 
factor was evaluated by comparison of the  NO2 absorption 
cross-section at 226.4 nm for two temperatures, 293 K and 
1160 K. The value at 293 nm 4.9e−19 cm−2 was taken from 
[34], while that at 1160 K 4.1e−9 cm−2 was approximated 
from [36].

As can be seen in Fig. 8, the UV experimental spectrum 
does not contain a clear indication of the  NO2 features at 
the given temperature (1160 K). We also do not observe a 

Table 1  Experimental (room-
temperature calibrated mixture 
and FTIR measurements) 
values and values evaluated 
based on the integration and 
fitting procedures the NO mole 
fraction

Measurements were performed in two experimental chambers. Path lengths of the measurements in Cham-
ber 1 and 2 were 12.5 and 25 cm, respectively

No. Path length (cm) T (K) Experi-
mental NO 
(ppm)

Integrated 
NO (ppm)

Fitted NO (ppm) Deviation 
(integrated) 
(%)

Deviation 
(fitted) (%)

1 12.5 298 180 172 182 4.4 − 1.1
2 12.5 298 2580 2485 2571 3.7 0.3
3 12.5 613 686 662 664 3.5 3.2
4 12.5 704 1095 1063 1076 2.9 1.7
5 12.5 714 1571 1485 1534 5.5 2.3
6 12.5 740 1485 1441 1522 3.0 − 2.5
7 12.5 840 2480 2386 2429 3.8 2.1
8 25.0 580 2075 1839 1800 11.4 13.2
9 25.0 778 3921 3544 3507 9.6 10.6
10 25.0 943 3640 3220 3303 11.5 9.3
11 25.0 1028 5900 5656 5678 4.1 3.8
12 25.0 1160 6150 5335 5919 13.2 3.8
13 25.0 1188 5410 5016 5021 7.3 7.2
14 25.0 1251 4560 4096 3989 10.2 12.5
15 25.0 1346 6200 5635 5654 9.1 8.8

Fig. 8  The measured UV absorptance spectrum for Case 12, 
NO = 6150  ppm, and the calculated  NO2 absorptance spectrum 
 (NO2 = 660 ppm, l = 25 cm), see text for more details
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bell-like shape characteristic for the visible part of the spec-
trum (not shown). In all experimental conditions encoun-
tered in this work, we could not observe any clear indica-
tion of  NO2 features in the measured spectra. A possible 
explanation of the above is that  NO2 is formed mostly during 
sampling of the  O2–N2 mixture (containing significant NO 
levels) to the FTIR cell. In this case, the broadband signal 
can be caused by the wavelength-dependent stirring of the 
optical beam. It is also possible that some  NO2 is present in 
the mixture; however, its spectral features are considerably 
smoothed. In any way, for the data treatment, the broadband 

signal can be considered as the background in the evaluation 
of the experimental spectra.

Figure 9a, b, and c shows the examples of the experimen-
tal and fitted spectra for temperatures of 714 K, 943 K, and 
1160 K, respectively. The path length was 12.5 cm for the 
data shown in Fig. 9a, and 25 cm for the data in Fig. 9b, c. 
The NO values measured by FTIR are also reported. The 
fitting parameters were the NO mole fraction and the back-
ground. The resolution of the spectrometer was fixed to the 
value obtained from the fitting of the room temperature spec-
tra, 1.1 nm.

The results reported in Table 1 show that both applied 
methods provide values within 13% from the nominal data 
for all studied temperatures. It is worth noting that the agree-
ment is better than 6% in the case when the experiments 
were performed in Chamber 1. For Chamber 2, the agree-
ment is around 10%. The possible explanation might be the 
larger uncertainties in the path length of the measurements 
for Chamber 2. In the experimental set-up including Cham-
ber 1, the path length was very close to the diameter of the 
chamber due to the arrangement of the flashing  N2 jet, see 
Sect. 3.1. In the setup including Chamber 2,  N2 was flashed 
through the optical shoulders along the laser beam. Though 
the  N2 flow was kept relatively low (around 2 l min−1), the 
intrusion of the flows from both optical shoulders into the 
flow of the hot gases inside the chamber could cause a small 
reduction of the path length inside the hot gases. If the actual 
path length was shorter than that used in the procedure of the 
data treatment, the measured NO level is bound to be lower 
than the actual one. If we assume that all  NO2 measured by 
FTIR was converted from NO during the probing, the agree-
ment will worsen by approximately 7–8%.

In the frame of the work, we also attempted to derive 
NO mole fraction and temperature by fitting the high tem-
perature (> 800 K) NO absorption spectra near 226 nm. 

Fig. 9  Measured and fitted NO spectra at T = 714 K, l = 12.5 cm (a), 
943 K, l = 25  cm (b), and 1160 K, l = 25  cm (c). The Experimental 
NO mole fraction measured using FTIR

Fig. 10  Fitted NO mole fraction and the absolute difference between 
the experimental and the fitted absorptance spectra at T = 1188  K. 
The experimental NO mole fraction was measured using FTIR
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To reduce the computational time, we created a library of 
molecular spectra calculated from 800 to 1500 K with a 
step of approximately 25 K. The fitting of an experimen-
tal spectrum was performed using all pre-calculated library 
spectra. The spectrally integrated absolute residual between 
the experimental and the fitted data was calculated for each 
fitting temperature. The NO mole fraction and temperature 
from the fitting with the minimal integrated absolute residual 
were considered as the best-fitted values. To give an example 
of the accepted routine, Fig. 10 shows the integrated absolute 
residual and NO mole fraction obtained by fitting the experi-
mental spectrum corresponding to Case No 13 (Table 1) as 
a function of temperature. The best fit is at 1200 K. The 
derived NO mole fraction at this temperature was 5261 ppm. 
The NO and T values are in excellent agreement with the 
measured ones. Table 2 summarizes the results of the fitting 
of the experimental spectra corresponding to Cases 7 and 
10–15 in Table 1. We also estimated, based on the analysis 
of the simulated spectra, the sensitivity of the integrated NO 
feature, and therefore also, the NO mole fraction to tem-
perature. It appeared that above ≈ 1000 K, an increase of the 
input temperature by 100 K results in a decrease in the NO 
mole fraction by approximately 10%. The effect increases 
at low temperatures.

To demonstrate the applicability of the developed method 
for online diagnostics of high-temperature gases with rela-
tively high NO content, real-time NO mole fractions and 
temperature (T) were measured using NO UV absorption 
in a mixture of plasma gas and co-flow air (Fig. 11a). The 
measurements were performed using Chamber 2. Data were 
collected every second; 20 spectra were averaged and then 
fitted. Variations in NO mole fraction and T in the mixture 
was obtained by varying the electrical power to the plasma 
torch. The measured NO mole fraction was contrasted with 
the FTIR data, while T was contrasted with the thermocou-
ple (TC) values. Figure 11b shows the relative difference 
between NO FTIR and UV absorption and the absolute dif-
ference between the temperatures measured by UV absorp-
tion and TC. Figure 11a, b shows a very good agreement 
between the temperatures obtained by fitting the collected 

absorption spectra and by thermocouple measurements. 
The NO mole fraction obtained by NO UV absorption fol-
lows the NO mole fraction obtained by FTIR very well. 
There is, however, a 5–15% difference between them. The 
larger variation in the NO mole fraction measured by UV 
absorption than that by FTIR is explained by the fact that 
FTIR integrates the concentration over some effective time 
(several seconds for the set up used in this work) depend-
ent, among others, on to the volume of FTIR optical cell. 
This integration also explains the relatively big differences 

Table 2  Experimental and fitted NO mole fraction and temperature for high-temperature (T > 800 K) cases

No. Path length (cm) Exp T (K) Exp NO (ppm) Fitted T (K) Fitted NO (ppm) Deviation 
NO (%)

Deviation T (K)

7 12.5 840 2480 740 2047 17 100
10 25.0 943 3640 890 3167 13 53
11 25.0 1028 5900 1032 5786 1.9 − 4
12 25.0 1160 6150 1100 5620 8.6 60
13 25.0 1188 5410 1200 5261 2.8 − 12
14 25.0 1251 4560 1234 4056 11.1 17
15 25.0 1346 6200 1350 5979 3.6 − 4

Fig. 11  Real-time NO concentration and temperature measured by 
UV absorption and conventional techniques in a mixture of plasma 
gas and co-flow air (a), the relative difference between NO concentra-
tions measured with FTIR and UV absorption and the absolute dif-
ference between the temperatures measured with a thermocouple and 
UV absorption (b)
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between the UV absorption and FTIR data at the moments 
when the power to the plasma torch was changed. Defining 
the detectable limit as the mole fraction giving an absorp-
tion of the same magnitude as the noise, we used a single-
scan spectra (not shown) to estimate a single-scan detectable 
limit of ~ 150 ppm for NO for the current setup (T > 1000 K, 
l = 25 cm). According to Directive 2010/75/EU [38], emis-
sion limit values for NOx for combustion plants using solid 
or liquid fuels is about 150 ppm of NO for total rated ther-
mal input between 100 and 300 MW. Provided that a 1–2 s 
acquisition time is acceptable for monitoring purposes, 
the sensitivity of the measurements will be on the order of 
15 ppm m−1. We note that there is a significant potential for 
sensitivity improvement. For example, a more powerful UV 
lamp as well as spectral grating and optical fiber with better 
transmittance properties in the region of the NO absorption 
feature can make it possible to obtain spectra with much bet-
ter signal to noise ratio. We note that the developed method 
demonstrated a good accuracy in the rage of studied NO 
optical densities, up to few thousand ppm of NO per meter 
at atmospheric pressure and elevated temperature. At higher 
pressure or NO column density, some modification of the 
method will eventually be needed to account for saturation 
in the absorption molecular lines [39]. The studied range of 
NO optical densities is deemed to be sufficient for most of 
the practical atmospheric pressure systems.

5  Conclusion

A new strategy for quantitative broadband UV absorption 
diagnostics of the NO mole fraction and temperature (T) 
using tabulated NO molecular constants is described. Using 
NO spectroscopic parameters, we performed spectral fitting 
of the feature at 226 nm recorded at low spectral resolu-
tion for quantification of the NO mole fraction and T. Spec-
tral fitting of both NO mole fraction and T worked best at 
T > 900 K, when high-temperature transitions (1, 1) and (2, 
2) contribute noticeably to the spectral shape of the feature. 
Furthermore, the NO concentration was derived by a com-
parison of the values of the equivalent width of the selected 
NO feature determined from the measured UV spectra with 
those calculated from the simulated NO molecular spectra. 
The accuracy of the methods for quantitative diagnostics is 
demonstrated by comparison of the calculated/fitted values 
of the NO mole fraction and T with those measured using 
conventional techniques (FTIR and thermocouple).
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