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On the difficulty of interpreting NO-LIF measurements around 226 nm in 
confined ammonia flames 
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A B S T R A C T   

This paper addresses how NH3 and NO absorption along the laser axis disrupts NO-LIF measurements made 
around 225 nm in NH3/O2/N2 premixed flames confined at low pressure (10 kPa). Measurements were per
formed in 3 flames (equivalence ratio ϕ = 0.87, 1.1 and 1.3) with 24 % N2 dilution. Together with the LIF 
measurements, single-pass absorption measurements were obtained in all flames as a function of the height 
above the burner (HAB) and of the wavelength. A significant NH3 absorption of the laser beam is found in the 
pre-heat zone and flame front of each flame, as well as in the burned gas in the rich flame. In the lean flame, 
whatever the HAB, an additional significant absorption is due to the NO present in the gas surrounding the flame. 
Whereas NH3 absorbance only occurs inside the flame under all conditions, NO absorbance is mainly due to the 
high concentration of NO produced in the lean flame and spread in the entire confined vessel around the flame. 
From this analysis, relative NO rotational population profiles were recorded by measuring the temporal peak of 
the LIF signals (prompt-LIF) which were corrected for absorption to account for the available energy at burner’s 
center. NO-LIF thermometry was conducted to determine the temperature in the flames through collecting 
excitation LIF spectra and performing spectral fitting using a dedicated software (thermo NO-LIF, https://pc2a. 
univ-lille.fr/thermo-no-lif/). The procedure developed to collect the NO profiles could not be transposed to 
determine the temperature in the lean flame. Indeed, the attenuation of the laser beam depends on whether the 
laser is tuned on a “cold” transition (strongly impacted by absorption outside the flame) or on a “hot” transition 
of NO, little affected. Thus, two tubes (with N2 flushing) were installed inside the vessel along the laser axis and 
surrounding the flame to suppress the NO absorbance.   

1. Introduction 

Ammonia as H2 carrier and free-carbon molecule is a good candidate 
to fulfil the transition to low-carbon energy. However, there are some 
issues using NH3 as fuel in combustion application because NOx emis
sions and unburned NH3 release can be important under lean and rich 
conditions, respectively. Although ammonia combustion does not give 
rise to CO2 emissions, the production of NOx and N2O (greenhouse gas 
with a potential effect 265 times higher than CO2) emissions caused by 
its N-containing is another barrier that must be overcome, owing to the 
fact that these emissions induce the acid rain and the depletion of the 
ozone layer [1,2]. 

As NH3 has a very low energy density compared to fossil fuel (around 
40 % less), it is generally used in combustion as a blend with either 
hydrocarbon, oxygenated fuels or H2 (added or from partial cracking of 
NH3). In order to reach a laminar burning velocity compatible with a 

stable flame of pure NH3, it is possible to burn it in O2-enriched atmo
sphere [3]. In ammonia oxidation, the NOx formation follows the 
fuel-NO pathway, but as the temperature increases with the O2 
enhancement, the thermal-NO pathway can also be important. To 
elucidate the reaction pathways of NOx formation during NH3 oxidation, 
it is valuable to scrutinize species profiles as a function of temperature in 
jet-stirred or plug-flow reactors [4–6], or as a function of distance in flat 
laminar flames [7–16]. Some studies have been performed in shock tube 
apparatus where temporal NO species profiles are measured [17,18]. 
The measurement of the NO species in absolute concentration is crucial 
and can be performed after gas probe sampling using gas analyzer, 
Fourier Transformed Infra-Red spectroscopy and Molecular Beam Mass 
Spectrometry. The advantage of spectroscopic laser diagnostics as Laser 
Induced Fluorescence (LIF) and absorption is the possibility to measure 
in situ and instantaneously NO species without perturbation even in 
turbulent combustion. In addition, temperature can be obtained using 
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multi-line LIF thermometry [19,20]. 
Strategies for LIF detection of NO were scrutinized by Bessler et al. 

[21–23] in hydrocarbon flames. The authors described the advanta
ges/drawbacks of probing NO along the A2Σ+-X2Π(0,0) or A2Σ+-X2Π(0, 
1) bands at pressure equal to or higher than 100 kPa. Absorption from 
NH3, H2O, CO2 and spectral interferences from O2 LIF (Schu
mann-Runge bands) and broadband fluorescence (PAH) are mentioned 
to be an issue for NO LIF in the UV range. Selection of narrow bandwidth 
of collection allows to restrict the interference from O2 LIF. NO mea
surements are preferentially obtained by probing a transition line whose 
rotational population in the ground state has a weakly temperature 
dependent Boltzmann factor as line Q2(26.5) in a standard flame tem
perature range [24–27]. Such measurements are frequently conducted 
by exciting the vibrational ν” = 0 of the ground state X, because more 
than 74 % of the population belongs to this level at T = 2000 K. 

Chou et al. [8] performed one of the first LIF and absorption mea
surements of NO in ammonia flames stabilized at atmospheric pressure 
above a McKenna burner. NO LIF signals were converted into absolute 
mole fractions using absorption measurements along the A2Σ+-X2Π(0,0) 
band (around 226.8 nm). In rich flame conditions (ϕ = 1.5), the authors 
reported difficulties during NO LIF measurements because of the strong 
attenuation of the laser (about 99.9 % at 0.6 mm and 35 % at 6 mm 
above the burner). Note that the low nitrogen dilution (less than 12 % in 
vol.) of the investigated flames may have enhanced the impact of NH3 
absorption. Even in the leanest flame condition (ϕ = 0.5), the absorption 
spectrum presents not only structured transitions of NO but also a 
continuum absorption attributed to NH3 [28,29]. Brackmann et al. [12] 
measured NO using LIF in atmospheric premixed NH3/air flames above 
a McKenna burner (0.9 < ϕ < 1.2). The absolute quantification of NO 
was conducted using the bi-directional excitation LIF technique 
described in [30]. This efficient technique allows species quantification 
provided that no other species absorbs in the same spectral range as the 
target species. In [12], NO was measured by exciting the Q1(23.5) 
A2Σ+-X2Π(0,0) transition, with no indication that this line was over
lapped by the P1(31.5) line. No other interference is mentioned. Other 
studies [13,31,32] were conducted at atmospheric conditions in flames 
using planar NO LIF but none of them reported difficulties due to NH3 or 
NO absorption. 

To significantly reduce the NH3 absorption around 225 nm, Chou 
et al. [8] measured the absolute concentration of NO using LIF and ab
sorption in the A2Σ+-X2Π(0,1) band at 237.5 nm. Despite the LIF signals 
were reduced by about a factor of 2.5 compared to the ones performed at 
226 nm, a satisfying signal to noise ratio (SNR) could be achieved. 
Recently, Wang et al. [33] selected the A2Σ+-X2Π(0,1) band to perform 
quantitative NO LIF measurements in NH3/H2/N2 turbulent jet flames at 
5 bar. The quantification of the LIF signal in absolute mole fraction of 
NO was realized in a laminar H2/N2 counterflow diffusion flame using a 
standard addition method. Because of the elevated pressure, the in
terferences due to O2 had to be corrected in order to improve the ratio 
NO/O2 LIF as reported in [34]. 

Dean et al. [35] measured NH3 concentration profiles of atmospheric 
NH3/O2 flames using laser absorption at 230 nm. Yang et al. [36] con
ducted broadband absorption measurements of multi species including 
NO and NH3 around 225 nm in atmospheric premixed ammonia/me
thane/air flames. They could derive the respective contribution of NO, 
NH3 and CO2 absorbances. Despite the recent work of Weng et al. [37], 
there is still a lack of data for NH3 absorption cross section at high 
temperature which prevent Yang et al. [36] to determine the NH3 ab
solute concentration. During the publication process, the authors 
became aware of the measurement of the NH3 absorption cross-section 
performed in shock tube over a T range of 1750 to 2500 K by Rault 
et al. [38]. These results are not integrated in the rest of this paper. 

In confined environment, either at low pressure or at high pressure, 
the expected high level of NO density (from a few tenths to a few 
percent) combined with the high density of NH3 can result in spectral 
absorption interferences around 225 nm as earlier mentioned [8,36]. 

Contrary to NH3 which is spectrally characterized by a quasi-continuum, 
NO presents a structured rotational spectrum. Note that both molecules 
are stable and can be present in the confined gases surrounding the 
flame. Also, NH3 as a fuel is consumed locally in the flame yielding NO. 
Large amounts of NO surrounding the flame and confined in the vessel 
may interfere with the NO-LIF measurements due to absorption [39]. 
Pillier et al. [40] conducted NO absorption measurements using Cavity 
Ring-Down Spectroscopy (CRDS) in low-pressure methane flames. Due 
to the recirculation of the burned gases in the low-pressure enclosure, 
absorption along the line-of-sight involves not only NO present in the 
flame at high temperature but also NO in the surrounding gas at colder 
temperature. The additional absorption found in the A2Σ+-X2Π(0,0) 
band prevented that reliable absorption measurements of NO could be 
performed, therefore the A2Σ+-X2Π(0,1) band needed to be selected. 

Analysis of the literature shows that the perturbation of NO mea
surement caused by the presence of ammonia depends on the type of 
flame studied. This disturbance is amplified in confined enclosures by 
the additional absorption due to NO present around the flame. In such 
situations, switching to the A2Σ+-X2Π(0,1) band is an interesting strat
egy for measuring NO, although the measurements are much more 
sensitive to temperature. On the other hand, measuring temperature by 
probing different rotational lines from the level v” = 1 by LIF is not 
accurate enough due to its high-temperature feature. To the best of our 
knowledge, no attempt for NO-LIF thermometry has been conducted in 
ammonia flames. 

In this work, LIF and absorption diagnostics were conducted in NH3/ 
O2/N2 flames at low-pressure (10 kPa) for measuring temperature, and 
NO profiles along the flame axis. We investigate how to combine tem
perature measurement by NO-LIF thermometry and NO concentration 
measurement in a confined vessel by using the A2Σ+-X2Π(0,0) band. 
Temperature was determined from NO-LIF thermometry. The principle 
of LIF thermometry relies on the temperature dependence of the rota
tional population distribution of the target species. NO is a good 
candidate because its fluorescence quantum yield is independent of the 
rotational number [20,41]. NO-LIF measurements were affected by the 
absorption due to NO and NH3. This absorption affects not only the 
absolute quantification (not presented here) but also the relative mole 
fraction of NO in between flames and along the vertical axis. The paper 
presents a detailed approach developed in order to circumvent the dif
ficulties encountered around 225 nm in confined vessel due to the NO 
absorption in the “cold” area and also the NH3 absorption all along the 
flame axis, in the lean and in the rich flame conditions respectively. 

2. Experimental setup 

2.1. Low pressure burner and gas supply 

Experiments have been carried out in laminar NH3/O2/N2 premixed 
flames stabilized above a 6-cm diameter stainless-steel water-cooled (at 
323 K) McKenna burner (Holthuis & Associates). Volumetric flow rates 
of the gas mixture are regulated by using Mass Flow Controller (MFC, 
EL-FLOW except LOW-ΔP-FLOW for NH3, Bronkhorst), see Table 1. 
Additionally, a nitrogen shroud was introduced through a rotameter (~ 
0.2 slpm) to prevent corrosion of the bronze disc around the burner. 
Accurary of the MFCs is 1.0 %. The burner is movable in the vertical 
direction. The height above the burner (HAB) is defined by the distance 
between the laser axis and the burner surface. A picture of flame F1 is 

Table 1 
Flame conditions in mole fractions, equivalence ratio (ϕ), total flow rate is given 
in slpm unit (at 273.15 K and atmospheric pressure).  

Flame NH3 O2 N2 ϕ Total flow 

F1 0.407 0.351 0.242 0.87 2.63 
F2 0.454 0.311 0.235 1.1 2.71 
F3 0.486 0.274 0.240 1.33 2.66  
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shown in Fig. 1. 
A sketch of the experimental setup is shown in Fig. 1. The pressure 

enclosure is maintained at p = 10 kPa through an automatic regulator 
valve (F004BI, 300 NL/h, Bronkhorst) and a rotary-vacuum pump 
(NeoD25, Leybold). The steam water at the exhaust is trapped in a liquid 
N2 vessel. The burner enclosure is equipped with different optical ac
cesses allowing in-situ laser diagnostics (LIF and single-pass absorption). 
Additional details concerning the burner and gas supply are given in 
[27,41]. 

2.2. Laser diagnostics 

The pulsed laser system consists of a frequency-doubled Nd:YAG 
laser (Quantel Q-smart) pumping a dye laser (Quantel TDL90+). 
Wavelengths around 226 nm (for probing NO in the A2Σ+-X2Π(0,0) 
band) are provided after doubling the fundamental dye radiation 
(around 572 nm) which is mixed with the Nd:YAG residual radiation at 
1064 nm. The spectral laser bandwidth at 226 nm was estimated to be 
around 0.7 cm− 1 [19]. The UV beam was separated using a step 
motorized pellin-broca in order to maintain constant the beam axis. The 
laser beam is introduced unfocused parallel to the burner surface. The 
laser intensity is controlled for each operating condition using 2 pho
todiodes (S1722, 1 ns-rise time, Hamamatsu), located after and before 
the burner enclosure, in order to measure the absorption along the radial 
axis. The LIF signal was collected at f/6 by 2 fused silica lenses (f = 300 
mm) and focused onto the entrance slit of a spectrometer (SP2500i, 
f/6.5, Acton Research) with a 1200 gr/mm grating blazed at 300 nm. 
The output slit is adjusted to obtain a collection bandwidth of 9 nm, 
centered at 246 nm in order to collect the complete A2Σ+-X2Π(0–2) 
vibrational band of NO. Dispersed fluorescence spectra were measured 
at different HABs in all flames insuring that there were no O2 LIF in
terferences. The emission was collected using a photomultiplier tube 
(XP2020Q, 1.5 ns rise-time, Photonis). The LIF and the photodiodes 
signals were recorded using a digital oscilloscope (HDO4000, 12-bit 
vertical resolution, 1 GHz bandwidth, 1.25 GS/s, LeCroy). During the 
acquisition of spectra, the dye laser wavelength was scanned at a rate 
equal to 0.5 pm/s and signals were continuously averaged over 10 laser 
shots. For the species profile measurements, signals are averaged over 
300 laser pulses. Signals from the oscilloscope and the wavelength of the 
dye laser are transferred in real time on a PC, and treated with Labview 
programs. 

The vertical resolution (z axis) is imposed by the image of the 

horizontal entrance slit of the spectrometer of 0.2 mm (z axis) and 10 
mm (x axis), into the laser beam. To limit problems of scattering when 
we approach the burner surface, we have also limited the vertical size of 
the 6 mm diameter laser beam to 0.3 mm (z axis) with a slit placed on the 
laser axis (x axis). In addition, the size of the laser spot was limited to 1.5 
mm in the y axis using a circular pinhole. Finally, the collection volume 
is a slab of 0.2 mm (z axis) × 10 mm (x axis) × 1.5 mm (y axis). 

3. Techniques 

3.1. Absorbance 

Absorbance, A(ν), is measured according to the Beer-Lambert’s law 
(Eq. (1)). Transmittance, T(ν), is equal to It/I0, and absorption is equal to 
(1 - T(ν)). It and I0 were measured using 2 photodiodes located after and 
before the burner, respectively. 

T(ν) = It

I0
= exp(− k(ν)l) = exp(− A(ν)) (1)  

k(ν), is the spectral absorption coefficient, ν is the wavenumber and l is 
the absorption pathlength. The spectral absorption coefficient is equal to 
σ(ν, T) × [X]. σ(ν, T) is the integrated absorption cross section and [X] is 
the concentration of the X species. Thus, the absolute species concen
tration is derived from the absorbance measurement according to Eq. 
(2): 

A(ν) = σ(ν,T)[X]l (2) 

Fig. 2a shows the laser axis inside the burner enclosure and the po
sition of the 2 photodiodes outside the enclosure. The enclosure is ended 
with 2 windows 41 cm apart, corresponding to the entire absorption 
pathlength. At the central axis, the burner is vertically mobile. The flame 
is stabilized above the 6 cm diameter burner. The absorption pathlength 
crosses two distinct areas; the flame with a pathlength lF = 6 cm and the 
surrounding gases with lS = 35 cm (Fig. 2b). The transmittance standard 
deviation was determined to be lower than 1 %. 

3.2. Laser-induced fluorescence 

The prompt-LIF signal (SLIF) is measured at the peak value of the 
temporal LIF signal. In the linear regime of fluorescence, the LIF signal is 
proportional to the rotational population of the laser-probed level, NJ”, 
according to Eq. (3). 

Fig. 1. Sketch of the experimental setup, with a snapshot of the F1 flame.  
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SLIF∝NJ″ΦIL (3) 

Measurements are performed under controlled laser energy (IL) in 
the probed volume, centered at the burner axis, to ensure being in the 
linear regime of fluorescence. Typically, the laser energy was equal to 
1.5 mJ/cm2 per pulse. In the investigated low-pressure flames, the LIF 
decay time is long enough relative to the laser pulse to ensure that 
prompt-LIF signals, measured at the temporal peak of the fluorescence, 
are unaffected by the variations of the fluorescence quantum yield, 
Φ=A/(A + Q). A is the emission Einstein coefficient and Q is the 
quenching rate. The Supplementary Materials (section A) reports mea
surements and their analysis allowing to confirm the validity of this 
assumption. 

In order to limit the impact of the temperature uncertainties on the 
Boltzmann factor calculation (fB(J",T)), rotational number J" = 26.5 is 
selected for probing Q2(26.5)+R12(26.5) transition of NO around 
225.58 nm [24–27]. Mixing of these lines is inevitable in the case of NO, 
but they both originate from the same rotational level in the ground 
state, which facilitates interpretation of the LIF signal. In what follows, 
the Q2(26.5) transition alone is specified for simplicity. LIF signal was 
corrected for laser absorption (see Section 3.1) by considering the 
effective laser energy, IL, available in the volume of measure [42]. IL was 
obtained from the transmittance measurement according to IL=
(I0+It)/2 = I0(1 + T)/2. The standard deviation of the collected LIF 
signal was estimated to be equal to 5 %. 

3.3. NO-LIF thermometry 

The temperature is determined using multi-line NO-LIF thermometry 
by scanning the laser wavelength from 225.45 to 225.72 nm following 
the recommendations from [19,20,43]. The fluorescence signal is 
collected at 246 nm along the entire A-X(0,2) vibrational band. Ac
cording to recommendations for improving the accuracy of T measure
ments using NO-LIF thermometry in low pressure flames [19], the laser 
linewidth was set at 0.7 cm− 1. Measurements were performed in the 
linear regime of LIF. Each transition is characterized by its absorption 
Einstein coefficient, its rotational population, NJ”, and the Boltzmann 
factor, fB(J",T). Temperature is then determined using the 
thermo-NO-LIF software [44]. The software evaluates NO-LIF spectra 
and derive temperature measurements from the excitation fluorescence 
spectra collected at different HAB. More details about the method are 
given in [19]. 

4. Experimental results 

4.1. Absorbance around 225.5 nm 

As both NO and NH3 species are stable, they can be present not only 
in the flame but also in the surrounding gases [39,40,45]. Due the 
configuration of the flat flame, it is in essence assumed that in the flame, 
the gases and temperature remain constant along the laser axis, while in 
the surrounding gases, T is decreasing from the flame to the windows 
(red curve shown in Fig. 2b, adapted from [40]). The absorbance mea
surements aimed to differentiate between the absorbance of both species 
and the area where they are absorbing. 

Absorbance along the laser pathway was measured in all flames as 
function of HAB when the laser wavelength is tuned either on-resonance 
with the Q2(26.5) transition of NO at 225.58 nm or at 225.53 nm 
wavelength (off-resonance with NO). At 225.58 nm (closed symbols in 
Fig. 3a), absorbance increases from the burner surface to around 3 mm. 
In case of the richest flame F3, the absorbance reaches 72 % and then 
decreases in the burned gases reaching a plateau above 20 mm at around 
18 %. The peak of absorbance decreases with the decrease of ϕ, while 
the plateau values in the burned gases are around 9 % and 5 % in Flames 
F1 and F2, respectively. When the laser wavelength is tuned off- 
resonance to the Q2(26.5) transition of NO, the collected absorbance is 
attributed to NH3 only (open symbols in Fig. 3a). The absorbance is due 
to NH3 present in the flame, but also perhaps, to a lesser extent, in the 
surrounding gases. The latter being limited as the NH3 absorption cross 
section around 225 nm decreases with decreasing T [28,37]. In the F1 
flame, the off-resonance absorbance profile in the burned gases is 
negligible indicating clearly that the absorbance, when the wavelength 
is tuned on-resonance, is due to NO. The increase of the off-resonance 
profile towards the burner surface is due to NH3 absorbance. From the 
subtracted on-off absorbance profiles (Fig. 3b), the NO absorbance is 
nearly constant along the HAB, and vary from 9 % to 5 % in the F1 and 
F2 flames, and is almost negligible in the F3 flame. By contrast, the NH3 
absorbance (open symbols in Fig. 3a) peaks up to 72 %, 50 % and 45 % 
in the F3, F2, F1 flames. Note that measurements (on- and off-resonance) 
performed in stoichiometric methane/O2/N2 flame show no evidence of 
absorbance along the laser pathlength and the HAB. 

4.1.1. NH3 absorption 
In rich flame F3, absorbance spectra were collected at HAB = 1 and 

22 mm in an extended range of wavelengths from 223.75 to 227.5 nm as 
shown in Fig. 4. In this flame, absorbance is not due to NO as shown 
above (Fig. 3b), and was assumed to be due to NH3. The spectra were 
collected by scanning the wavelength at 5 pm/s with a continuous 
averaging of the signals over 10 laser shots. As will be described in 
Section 4.3.1, temperature was determined to be equal to 800 K at 1 mm 

Fig. 2. Scheme of the absorption regions inside and outside the flame. (a) top view: the left-hand side represents the experimental device with the tube, the right- 
hand side without the tube. The tube use is specified in Section 4.3.2. (b) side view. The red arrows indicate the optical pathlength (41 cm) in the burner enclosure. 
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(the closest HAB where measurements were performed), and 2100 K at 
22 mm, allowing to scrutinize a wide range of T and of amount of NH3 in 
the flame. Absorbance values (NO+NH3) when the wavelength is on- 
resonance with the Q2(26.5) transition of NO (at 225.58 nm, illus
trated by the vertical dashed bar) are equal to 44 % and 19 % respec
tively at 1 and 22 nm, in agreement with Fig. 3a (closed circles). 

It is well known that the NH3 absorption spectrum is characterized at 
room T by an umbrella structure from 170 to 220 nm which spreads to 
higher wavelengths with T increase since higher vibronic levels of the 
ground state are populated [28,46]. However, only rare experimental 
data [37,47] are reported in the literature which limit the improvement 
of the spectral simulation of NH3 around 225 nm with the increase of T. 
In this work, ammonia spectra were simulated using PGOPHER program 
[48]. Ro-vibronic spectroscopic constants and energy values are re
ported in Tables S2 and S3 of the Supplementary Materials (Section B). 
NH3 molecule is non-planar (C3v configuration) in its ground state, and 
planar in the electronic excited state (D3h configuration). The umbrella 
of the spectrum is due to the progression of the N atom towards the plane 
defined by the H atoms, corresponding to the ν2 mode of vibration of 
NH3. The band structure appears to be characterized by the extended 
progression in the ν2 mode of the Ã excited state. Vibrational energy 
values of the ν"2 = 0, 1, 2 and 3 of the ground state X̃ were adopted from 
Huang et al. [49]. The ν"2 mode is splitted into two levels, the lowest one 
being symmetric (s), the other antisymmetric (a). For instance, the 
splitting yields an energy gap of 284.71 cm− 1 for the level ν"2 = 2. 
Spectral simulation performed with PGOPHER in [37] did not consider 

this splitting [50]. The values of Bv and Cv were extracted from [51,52]. 
The spectroscopic constants of the Ã excited state were extracted from 
Ziegler [53]. The relative intensity of the vibrational band were adopted 
according to the Franck-Condon values, qv’v”, from Harshbarger [54]. As 
the oscillator strength in PGOPHER is introduced as ̅̅̅̅̅̅̅̅qv′v″

√ Re, the final 
values of the oscillator strength were adjusted at 298 K according to the 
NH3 absorption cross section spectrum measured by Cheng et al. [55] 
(see Tables S4 and S5, and Fig. S1). Thus, Re was implicitly assumed 
constant and equal to 0.173 Debye. Table 2 reports the comparison of 
the absorption cross sections at room T between the present simulation 
and the experimental ones [37,46,55]. Finally, PGOPHER simulation 
needs to be corrected for the actual vibrational partition function, Qv, to 
calculate the absorption cross section [48,56]. Indeed, PGOPHER takes 
into consideration the partition function of the simulated vibronic levels 
of the ground state, meaning that the absorption spectrum has to be 
scaled by a ratio Qv PGOPHER/Qv where Qv is the overall partition func
tion. Therefore, both Qv(T) values were calculated using “vibrational 
spectrum” simulation in PGOPHER knowing the vibrational frequencies 
of NH3 according to Zhu et al. [57] (see Table S6). For instance, the 
scaling ratio Qv PGOPHER/Qv is equal to 0.982, 0.945, and 0.534 at T =
590, 800 and 2100 K, respectively. This correction for Qv was not 
considered in [37], according to [50]. The simulated absorption were 
found in good agreement with spectra measured by Weng et al. [37] 
from room temperature to 590 K (see Figs. S1 and S2). The PGOPHER 
input file is provided as Supplementary Materials. 

Fig. 5 shows the comparison of the absorbance spectra measured at 1 
mm and 22 mm in the F3 flame with the simulated absorption cross 
section spectrum at T = 800 K and 2100 K, respectively. The peaks at 
224 and 224.6 nm correspond to the R-branch and Q + P-branches of the 
ν"2 = 2 band of NH3. The experimental spectrum is reported in absor
bance (left Y-axis), and the simulated spectrum is reported in absorption 
cross section, σ(ν, T) (right Y-axis). Near the burner, a satisfying 
matching between the experimental spectrum and the calculated one is 

Fig. 3. Absorbance along the horizontal optical path as a function of HAB in flames NH3/O2/N2. Flame conditions are given Table 1. a/ Laser wavelength was 
alternately tuned on resonance with Q2(26.5) transition of NO (closed symbols), and off-resonance (open symbols). b/ absorbance due to NO, with the average value 
along HAB (dashed lines). 

Fig. 4. Absorbance spectra obtained without tubes in the rich flame F3 at HAB 
=1 and 22 mm. The vertical dashed bar indicates the wavelength of Q2(26.5) 
transition of NO, the horizontal arrow the wavelength range scanned for 
thermometry measurements. Insert shows a magnification of the variation of 
the absorbance in the wavelength range used for LIF thermometry. 

Table 2 
Absorption cross-section, σ, (10− 18 cm− 1/(molec.cm− 3)) at the peak wavelength 
of the Ã(0,v2,0,0)- X̃(0,0,0,0) transitions of NH3 at 298 K. Comparison of the 
present determination with previous studies [37,46,55].   

0 1 2 3 4 5 6 

σa 0.89 2.74 7.08 12.6 17.9 21 19.8 
σb 1.00 3.52 8.11 12.8 17.4 19.9 20 
σc 0.9 3.42 8.24 12.46 17.1 19.58 20.04 
σd 1.38 3.88 8.64 12.86 16.99 19.28 19.65  

a Present work. 
b From Cheng et al. [55]. 
c From Limaõ-Vieira et al. [46]. 
d Extracted from simulation by Weng et al. [37]. 
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found up to 225.2 nm (Fig. 5a). In particular, the position and relative 
intensities of the two bumps at 224 and 224.6 nm are correct. On the 
other hand, a difference of a factor 2 between the experimental and 
calculated cross sections is found at higher wavelengths, indicating some 
failure of the simulation, due to the lack of spectroscopic information. 
Using Eq. (2), the derived NH3 mole fraction is 0.31 at 1 mm, which is 
reasonable considering that the NH3 mole fraction in the mixture of the 
F3 flame is 0.48. In the burned gases the agreement between the spectra 
is less good (Fig. 5b). The simulated position of the second bump is too 
red-shifted and the relative intensity between the two bumps is not as 
well described, confirming that the lack of spectroscopic information 
has a greater impact at high temperature. The derived NH3 mole fraction 
is found to be 0.19, at least one order of magnitude higher than the 
kinetic modeling results (not presented here). Note that these values are 
extracted after neglecting the absorbance due to the surrounding gases, 
and considering that the absorption pathlength is equal to 6 cm. No 
indication of NO or NH3 contribution from surrounding gases is 
observed in the F3 flame (Figs. 3 and 12). 

The simulation of the NH3 absorption spectrum allows to identify 
that the absorbance signal collected in this work is due to NH3. Further 
spectroscopic analysis is still required to extract the T-dependency of the 
absorption cross section in this wavelength range, and eventually extract 
the NH3 density profile from absorbance measurements reported in 
Fig. 3a (open symbols). Improvements of the simulation are expected by 
considering the level ν4 of the ground state. Indeed, it allows to fit new 
features observed above 220 nm at room T in [46] and to improve the 
agreement with the spectrum measured at T = 595 K in [37]. However, 
as discussed in the Supplementary Materials (SM-B-d), there is no data to 
calculate the oscillator strengths of the transition from this level which 
prevents us from going any further. 

4.1.2. NO absorption 
In the leanest flame F1, the absorbance spectra measured at different 

heights above the burner clearly evidence the contribution of NO ab
sorption as shown in Fig. 6. The peaks correspond to the structured NO 
absorption spectrum and were observed only in the lean flame in which 
the highest amounts of NO are produced. The baseline of the absorbance 
spectrum measured at 25 mm is close to 0, indicating that NO species are 
the only species contributing to the absorbance, in agreement with the 
previous statements shown in Fig. 3. At 3 mm, there is an additional 
contribution of absorbance due to NH3 as the baseline of the absorbance 
spectra increases to 30 % at 225.53 nm. The baseline of the spectra 
collected at 3 mm slightly decreases with the wavelength increase, in 
agreement with the magnification shown in Fig. 4. Note that the results 
presented in Fig. 3 were obtained after accumulating LIF signals over 
300 laser shots at a given wavelength, and those reported in Fig. 6 were 
obtained from an accumulation of 10 laser shots during the wavelength 
scanning at a rate of 0.5 pm/s, yielding in a wider scattering of the data. 
The relative variation of the peak of each line between 3 and 25 mm is 

within ± 15% except for lines Q2(27.5) and Q2(25.5) (for which the 
variation is greater), both of which are partially overlapped by adjacent 
strong line. The NO absorbance along the Q2(26.5) transition is equal to 
9 % (derived from the on – off-resonance measurements) at 25 mm, in 
agreement with the measurements shown in Fig. 3b, and is 8 % at 3 mm. 
From this observation, we conclude that the absorbance is mainly due to 
the NO species present in the surrounding gases, and that the compo
sition of the surrounding gases is the same at both HABs. 

As shown by Pillier et al. [40] in case of NO species, interpretation of 
absorption measurements is complex when the gas surrounding the 
flame contribute to additional absorption. Corrections for T and density 
along the radial axis are required. These corrections depend also on the 
selected rotational transitions; the lowest J” absorb stronger at cold T. 
Similarly, in the richest flames, NH3 species are also among the possible 
absorbing species in the gases surrounding the flame. But as the NH3 
spectrum is broadband, its absorbance will only affect the baseline 
independently of the wavelength (in a restricted range). 

Finally, we identified that NO and NH3 species are responsible of the 
background absorption. This absorbance affects the effective laser in
tensity available at the center part of the flame that has to be quantified 
to correct the LIF signal according to Eq. (3). It was determined using the 
average signals of the 2 photodiodes located before and after the burner 
enclosure as explained in Section 3.2. 

4.2. NO profiles 

LIF signals were measured at the temporal peak along the flame axis 

Fig. 5. Comparison of NH3 absorbance spectrum measured in the F3 flame and the simulated absorption cross section using PGOPHER [48]. The vertical bar in
dicates the Q2(26.5) transition of NO. a/ at 1 mm and T = 800 K. b/ 22 mm and 2100 K. 

Fig. 6. Absorbance spectra measured in the lean flame F1 at HAB = 3 and 25 
mm. The arrows indicate the Q2(26.5) transition of NO and the off-resonance 
wavelength. Q2(27.5) and Q2(25.5) transitions of NO are marked with closed 
and open triangles, respectively. P2(34.5) transition is marked with × symbol 
(see Section 4.3.2 and Fig. 13). 
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in all flames. LIF signals were corrected for the effective laser intensity 
available at the center of the flame (IL) from the absorption measure
ments (Eq. (3)). As an illustration, Fig. 7 shows the prompt-LIF signals 
corrected for the laser intensities, IL (on the burner axis) or I0 (before the 
burner), as a function of HAB in case of the rich flame F3. The correction 
for I0 considers only the fluctuations of the laser energy that are un
avoidable with such laser source (diamond symbols). By contrast, the 
one with IL considers the effective laser intensity along the flame axis 
due to the laser absorbance (discussed above), which leads to a sub
stantial modification of the relative LIF profile. Thus, a 17% increase of 
the LIF signal (and thus of NJ”) is observed at 5 mm. Assuming that the 
prompt-LIF measurement is not affected by the variation of the fluo
rescence quantum yield (see Section A of the SM), the profile of relative 
rotational population of NO, NJ”, is derived directly from the corrected 
LIF signal profile (circle symbols), with an accuracy estimated to 7 %. It 
was found that the fluorescence decay rates measured along the HAB, 
remain constant in the burned gases (HAB > 5 mm) and equal to around 
108 s− 1 in all flames. 

The relative rotational population of NO profiles were measured 
independently in all flames. Then, measurements of the corrected LIF 
signals were performed alternatively between the three flames at HAB =
20 mm in order to obtain the relative NJ” at this HAB. Particular 
attention was paid to the effective laser intensity available at the center 
of the flame not only along the vertical axis but also during the switch 
between flames. Fig. 8 shows the relative rotational population NJ” 
measured in all flames in arbitrary unit. The rotational population in
creases sharply in the first 5 mm above the burner. In the burned gases, 
the rotational population of NO of the F3 flame is found comparatively 
weak but with a SNR ~ 100. In the F1 flame, the rotational population 
reaches a plateau while it decreases slightly in the F2 flame. It should be 
noted that knowledge of the NO concentration in the flame is useless to 
proceed to the correction of the raw LIF profiles. Only the attenuation of 
the laser intensity is required at this stage. The accuracy of the relative 
rotational population was estimated to be equal to 12 %. 

4.3. LIF thermometry 

This section presents the methodology of the LIF thermometry used 
in this work. However, in the case of the lean F1 flame, the NO absor
bance shown in Fig. 6 prevents the direct T measurements. As will be 
shown in Section 4.3.2, the experimental setup was modified to restrict 
its contribution. 

4.3.1. Methodology 
NO-LIF thermometry was conducted by tuning the wavelengths from 

225.45 to 225.72 nm. Prompt-LIF signals and transmittance along the 
laser axis were recorded in order to correct the LIF signal from the laser 
intensity at the center of the flame. In case of the F2 and F3 flames, the 

absorbance spectra measured in this restricted range of wavelength (less 
than 0.3 nm) vary quasi linearly as function of the wavelength. In this 
wavelength range, the NH3 absorbance decreases with the increase of 
wavelength by 15 % at 22 mm and by 26 % at 1 mm above the burner 
(see insert of Fig. 4). Fig. 9 shows the excitation NO-LIF spectrum ob
tained in the F2 flame at 20 mm and the transmittance (It/I0). The 
transmittance spectrum indicates that there is a slight variation of the 
laser intensity, IL, as a function of the wavelength, but without struc
tured absorption. Thus, the LIF signal was only corrected for the small 
fluctuations of the laser intensity occurring during the scan. 

The LIF excitation spectrum was treated using thermo-NO-LIF soft
ware [19]. This software is a C++ program available in [44]. Fig. 10 
shows an illustration of the best-fit simulated spectrum obtained using 
thermo-NO-LIF software. At 20 mm, temperature is equal to 1977 K in 
the F2 flame, and to 2089 K in the F3 flame. Temperature measurements 
were estimated with an accuracy of 5 %. 

4.3.2. Specificity in the case of the lean flame, F1 
In the F1 flame, temperature determination is confronted to the 

contribution of the surrounding NO absorbance as shown in Fig. 6. For 
instance, Fig. 11 shows the excitation LIF and the transmittance spectra 
measured at HAB = 25 mm. In that case where the absorbance due to 
species surrounding the flame is not only structured but T-dependent, 
the correction of the prompt-LIF signal for the variation of the laser 
intensity is not possible. Indeed, NO species, in the lowest J” rotational 
numbers, absorb stronger in the surrounding than at high temperature in 
the flame, in agreement with the Boltzmann distribution. Attempts were 
done to determine T from the LIF corrected for IL spectrum but the best- 
fit procedure using thermo-NO-LIF software fails or gives erroneous 
values. 

To overcome this problem and to reduce the influence of the ab
sorption from gases surrounding the flame, two tubes were installed 

Fig. 7. LIF signals (corrected for the laser energy measured before the burner, 
I0, or at the center of the flame, IL,) as function of HAB in the rich flame F3. 

Fig. 8. Relative NJ” population in flames NH3/O2/N2 as function of HAB.  

Fig. 9. LIF excitation and transmittance spectra in the F2 flame at 20 mm.  
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inside the burner along the laser axis, in a similar way as performed by 
Goldman et al. [45]. Each tube is 14 cm long and has an internal of 
diameter 6 mm. They are flushed with N2 at low flow rate (50 sccm) to 
avoid disturbing the flame. With the tubes, the optical pathlength en
compasses the 6-cm of flame and 7-cm of surrounding gases, reducing 
the absorbing pathlength from 41 to 13 cm, as shown in Fig. 2. This 
latter distance could not be any further reduced due to the burner’s 
overall diameter (equal to 12 cm). Care was taken to ensure that neither 
the presence of tubes nor gas flushing disturbed the flame by controlling 
the NO LIF profiles with and without the tubes in the F1 flame. The NJ” 
profile re-assessed in presence of the tubes, was found in very good 
agreement with the one obtained without the tubes, validating the 
method of the correction of the laser energy at the center of flame. In the 
F2 flame, where the absorbance was limited, temperature was also 
measured in presence of the tubes without any indication of variation of 
T. 

When the laser wavelength is tuned at 225.53 nm (off-resonance of 
NO), absorbance profiles along the vertical axis of the flames were 
measured with the tubes. NH3 absorbance measured in presence of the 
tubes, shown Fig. 12, are close to the ones previously measured without 
(open symbols shown in Fig. 3a). This clearly indicates that the NH3 
absorption measured without tube is due to the NH3 present in the 
flame. Contrary to NO species that absorb at low temperature in the 
surrounding gases, NH3 absorption is negligible at cold T. 

Fig. 13 shows the prompt-LIF spectra measured at HAB = 25 mm in 
the F1 flame with (green curve) and without (black curve, also shown in 
Fig. 11) tubes inside the vessel. The LIF spectra are normalized at λ =
225.516 nm. It corresponds to the P2+Q12(34.5) transition, i.e. the 
highest J” number in this spectral range (identified with the × mark). 
Also, this transition is unaffected by absorbance along the laser axis (×

mark in Fig. 6). The comparison of the LIF spectra clearly shows that 
without the tubes, the lower J” number, the higher decrease of the 
relative intensity of the prompt-LIF, relatively to the spectrum obtained 
with tubes. The decrease of the LIF signal reaches a factor of 2.0 for J” =
17.5, and 2.7 for J” = 15.5. Indeed, the absorbance of the lower J” 
number increases with the decrease of T (in the surrounding gases). The 
installation of the tube prevents the NO absorption from the surrounding 
gases in the F1 flame. Thus, it was possible to correct the LIF signal from 
the variation of the laser intensity as performed in the previous section. 
Finally, the implementation of the tubes in the enclosure allowed to 
determine T using thermo-NO-LIF software along the HAB of the F1 
flame without additional difficulty. At 25 mm in the F1 flame, T was 
found to be equal to 1820 K. 

5. Conclusions 

NO-LIF measurements were carried out in low-pressure ammonia flat 
flames in order to measure both NO species and temperature profiles 
along the vertical axis. NO is excited along the A2Σ+-X2Π(0,0) band 
around 225 nm, and the fluorescence is collected at 245 nm along the 
A2Σ+-X2Π(0,2) band. Measurements were performed in the linear 
regime of LIF. LIF signals were therefore corrected for laser intensity at 
the center of the flame. NO profiles were obtained by probing the 
Q2(26.5) transition. NO-LIF thermometry was performed to determine T 
from experimental spectrum obtained by scanning the wavelength from 
225.45 to 225.72 nm. 

The present work highlights absorbance along the laser axis in the 

Fig. 10. Best-fit of NO-LIF spectrum in the F2 flame at 20 mm compared to the 
experimental one (correlation R2

=0.9936). 

Fig. 11. LIF excitation and transmittance spectra in the F1 flame at 25 mm w/ 
o tubes. 

Fig. 12. NH3 absorbance measured in NH3/O2/N2 flames in presence of the 
tubes, see text. Error bar size is included in symbol size. 

Fig. 13. LIF excitation and absorption spectra in the F1 flame at 25 mm with 
and without the tubes inside the enclosure. The × mark indicates P2+Q12(34.5) 
transition as used for the normalization of the spectra. The upper X-axis indicate 
the J” numbers of the P2+Q12, Q2+R12 and R1+Q21 transitions of NO. 
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burner enclosure. Measurements were conducted at the Q2(26.5) tran
sition of NO and after detuning wavelength off-resonance. Absorbances 
as high as 70 % were obtained near the burner surface. There were 
identified as being due to NH3 species, which has a quasi-continuum 
absorption spectrum, and to NO, which has a structured absorption 
spectrum. The high levels of concentration of NO and/or NH3 present in 
the flame are spread into the surrounding gases of these confined flames. 
It is reported that the species absorbance, due to NO, in the surrounding 
gases was nearly independent of the HAB. NH3 absorbance is mostly due 
to the NH3 species present in the flame, as the measurements performed 
after installing tubes along the laser axis prevents NO absorbance but not 
NH3 absorbance. Indeed, as shown from the spectral simulation, the NH3 
absorption cross section around 225.5 nm (transitions from the level 2v2 
of the ground state) increases sharply with T. However, the NH3 spec
troscopy at high T still suffers from a lack of data to extract the NH3 
species concentration profiles using absorption. Further high- 
temperature measurements and spectroscopic analysis are needed to 
improve the accuracy of the NH3 cross-section simulation for in situ NH3 
quantification. 

NO-LIF profiles, corrected for the laser intensity variations, were 
measured as a function of the HAB in the premixed flames. In the rich 
and near-stoichiometric flames, temperature was measured using NO- 
LIF thermometry. T was derived from NO-LIF spectrum treated with 
the thermo-NO-LIF software. However, in the leanest flame, the 
wavelength-dependent absorbance of the surrounding gases, due to NO 
species, prevents temperature determination from the NO-LIF spectrum 
measurement. To overcome this problem, 2 tubes flushed with N2, were 
installed in the chamber to reduce the absorption pathlength. As a result, 
temperature determination was finally obtained from NO-LIF spectrum 
measurements. The present strategy is currently being applied to mea
sure NO mole fraction and T profiles in different low-pressure ammonia 
flames. The procedure can be extended to any stationary flame at any 
pressure. Stationarity is preferable to evaluate the background absorp
tion due to NH3 and NO. An additional correction for quenching varia
tions will be necessary at high pressure. 

The A2Σ+-X2Π(0,0) band was selected in this work because of the 
need to evaluate the NO-LIF thermometry in ammonia flames. In case 
NO concentration fields are the only interest, the A2Σ+-X2Π(0,1)) band 
at 236 nm is an interesting option, because much less confronted to 
background absorption (NH3 and/or NO), even though measurements 
are 1/ much more sensitive to the temperature and 2/ affected by a 
much lower signal intensity. 

Further measurements will be performed in order to quantify the NO 
profiles in absolute mole fraction. Also, knowing the temperature pro
files, kinetic modeling calculations will be conducted to evaluate the 
predicted NO using different kinetic models available in the literature. 

Novelty and significance statement 

In this study, we elucidate the absorption contribution not only from 
NH3 but also from NO in confined low-pressure NH3/O2/N2 flames. It is 
shown that at around 225 nm, the absorption is due the lowest J” 
rotational numbers of NO surrounding the flame that absorb strongly at 
low T, and to high vibrational band of NH3 present in the flame. This 
absorption affects the NO-LIF measurements performed to measure both 
the NO profiles and T profiles using NO-LIF thermometry. The strategy 
developed in the present work allows to overcome these difficulties. 

Supporting Information: supplementary materials 1/ “details on 
prompt-LIF measurements and on NH3 spectroscopy”, 2/ “PGOPHER 
file” 
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