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A B S T R A C T

This study employed Laser-induced breakdown spectroscopy (LIBS) to measure the fuel-oxidizer ratio (FOR) of 
ammonia combustion with oxygen-enriched air and pure oxygen flames at elevated pressures (100 - 300 kPa). 
The correlations between the spectral line intensity ratios of nitrogen (N), hydrogen (H), oxygen (O), and 
equivalence ratio were used to quantify the FOR of flames at various pressures. The effect of pressure on the 
stability and precision of the calibration profiles for the elemental intensity ratios in flames was investigated. It 
was observed that the H/O correlation decreases with pressure increase for both ammonia flames. N/O corre
lations decrease with elevated pressure for the ammonia-oxygen flame. Furthermore, the nitrogen (NII) spectral 
emission lines at 568 nm and 595 nm were used to estimate the plasma temperature, while the hydrogen (Hα) 
line at 656 nm was used for electron number density measurements.

1. Introduction

Ammonia has garnered substantial interest as a promising hydrogen- 
carrier alternative fuel due to several advantages. Its carbon-free 
structure is a primary advantage, making it a potential fuel for miti
gating climate change. Furthermore, it can be produced with renewable 
energy sources (green ammonia production), resulting in no carbon- 
based greenhouse gas emissions during production as well [1]. Its 
low-pressure requirements at room temperature for transportation and 
storage make it manageable, safe, and economical. Moreover, its rela
tively low-cost production compared to other fuels enhances its appeal.

Despite these advantages, ammonia presents specific challenges and 
limitations [2]. It has a lower heating value than conventional fuels like 
gasoline and diesel [3], and it features high ignition temperature, nar
row flammability range, low flame speed, and high heat of vaporization. 
However, several strategies can be developed to overcome ammonia’s 
limited combustion aspects, including blending additional fuels, such as 
methane [4], dimethyl ether (DME) [5], and hydrogen [6,7], to help 
improve ammonia’s combustion performance. Additionally, oxygen 
enrichment in the air enables the use of ammonia in broader equivalence 
ratios and higher pressures by enhancing the stability of the ammonia 
flame [8–10]. To address these challenges, further analysis of the com
bustion behavior of ammonia is still needed to develop efficient and 
clean combustion systems.

Several studies explored combustion properties of ammonia, such as 
mole fractions, laminar burning velocities, NOx production concentra
tions, and ignition delay times [11,12]. Additionally, recent studies 
investigated diatomic emissions of ammonia flames such as NO, OH, and 
NH using chemiluminescence spectra [13,14]. Despite significant 
research on ammonia combustion flame parameters, a critical knowl
edge gap remains regarding its potential for elemental intensity and 
plasma analysis. Only a few studies on ammonia combustion dynamics 
use Laser-induced breakdown spectroscopy (LIBS). Zhang et al. inves
tigated an ammonia-air flame with chemiluminescence and 
femtosecond-LIBS methods to measure unburned ammonia with NH/N2 
ratios [15]. Yang et al. [16] researched the vibrational excitation of 
ammonia plasma spectroscopy by using a CO2 laser. They measured 
plasma temperature and electron density of plasma in different condi
tions with continuous CO2 laser on and off mode and various delay 
times. Chen et al. [17] focused on determining the ammonia-oxygen 
mixture’s probability density function at various laser energy and 
flame speeds.

This work employed LIBS to focus on ammonia flames for FOR 
measurements, elemental intensity ratios, and plasma properties to 
contribute literature. LIBS is a direct and versatile analytical technique 
used to determine the elemental composition of solids, liquids, and 
gases. Its user-friendly features, including straightforward setups, min
imal data processing requirements, and elimination of sample 
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preparation steps, along with its ability to provide high spatial resolu
tions and rapid measurements, have led to widespread adoption across 
diverse scientific disciplines such as medicine, archaeology, aerospace, 
and agriculture. Its resilience in harsh, toxic, and challenging environ
ments makes it particularly suitable for analyzing ammonia combustion 
processes as well.

LIBS provides a wealth of quantitative information on elemental 
composition, temperature, flame density, species concentration, and 
FOR measurements [18–28]. Due to high-intensity light scattering from 
the laser-induced plasma, LIBS offers superior elemental detection effi
ciency, multispecies concentration measurement, and a high 
signal-to-noise ratio. This makes it advantageous compared to other 
laser techniques like Raman scattering and fluorescence spectroscopy 
[29]. Especially for FOR measurement under elevated pressures and 
temperatures for ammonia flame, LIBS yields enhanced sensitivity, 
enabling the detection of a broader range of elements at lower 
concentrations.

This study investigated the application of nanosecond-LIBS (ns-LIBS) 
to ammonia flames due to the well-known advantages of the LIBS 
technique in this context. The paper is organized as follows: Section 3
explores the optimal combustion conditions, including oxygen ratio in 
air, maximum pressure, and delay time, for achieving stable and accu
rate LIBS measurements of the ammonia flame. Section 4 analyzes the 
elemental intensities and their ratios as a function of equivalence ratios. 
Section 5 presents measurements of plasma properties, including elec
tron number density and plasma temperature. Section 6 concludes the 
paper, summarizing the findings of ns-LIBS for ammonia flame analysis.

2. Experimental Setup

The ns-LIBS experiments detailed in this study were conducted 
within a stainless-steel high-pressure combustion chamber, as illustrated 
in Fig. 1. The chamber has a 5.85-inch inner diameter, 25-inch height, 
and three 2-inch diameter glass windows for optical diagnostics. The 
chamber also has two inlet passages positioned near the base, facili
tating the supply of fuel and oxidizer to a 1-inch diameter Hencken 
burner contained in the chamber. The exhaust valve at the top of the 
chamber expels the flame byproducts. All the ports were approximately 

30 cm above the chamber’s base and strategically aligned with the 
Henken burner flame. Two of the three fused silica window ports were 
used for laser beam focusing and collection of the LIBS spectra, and an 
inlet flow opening was dedicated to continuously purging the internal 
glass windows and the chamber with air. Air purging is necessary to 
prevent water condensation on glass windows that might obstruct the 
laser beam propagation and maintain the overall chamber pressure. A 
corrosion-resistant flow meter (ALICAT-Ms-5SLPM) and a stainless-steel 
sensitive needle are employed to withstand the corrosive nature of 
ammonia. Two digital mass flow controllers adjust air and oxygen flow 
rates.

A Nd: YAG laser (Powerlite DLS, Continuum Inc.) beam at 1064 nm 
wavelength, 200 mJ/pulse energy, 8 ns pulse duration with 10 Hz 
repetition rate was used to generate LIBS plasma inside the ammonia 
flame. A spherical convex lens of focal length of 100 mm inside a 
chamber port with a glass window focuses the laser beam 2 cm above the 
Hencken burner surface. It creates ellipsoidal-shaped plasma with 
hundreds of micrometers in width and a few millimeters in length. The 
emissions from the plasma were collected by a combination of achro
matic lenses with f = 150 mm focal length (one inside the chamber port 
and the other outside the chamber) and focused onto the 500 µm 
entrance slit of the spectrometer (SpectraPro HRS-300, Princeton In
struments). The spectrometer was equipped with a 150-groove/mm 
grating blazed at 500 nm and mounted to an electron-multiplying 
charge-coupled device (EMCCD) camera (ProEM HS:1024BX3, Prince
ton Instruments) of 1024 × 512 pixels array. The spectrometer was 
centered at 680 nm wavelength, covering a wavelength region of 530 – 
830 nm. The laser system and EMCCD camera were externally triggered 
by a digital delay generator (Stanford Research Systems, DG645) to 
control the time between the laser pulse and signal collection (i.e., the 
gate delay). The EMCCD was operated at Tdelay= 40 ns gate delay, 20 ns 
exposure time, 30 MHz electron multiplied mode, and the analog gain 
was configured at a low mode with 16-bit depth to record 500 images of 
the LIBS spectrum. The short camera exposure and gate delay time were 
chosen to suppress/attenuate the flame chemiluminescence and increase 
the signal-to-noise ratio by avoiding strong Rayleigh scattering and stray 
light scattering.

Fig. 1. Experimental setup for ns-LIBS from ammonia flames.
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3. Fine-tuning combustion parameters for stable ammonia flame

Achieving consistent combustion of ammonia fuel in the Hencken 
burner at atmospheric and room temperature proves challenging due to 
ammonia’s lower heating value (18.8 MJ/kg), high autoignition tem
perature (651◦C), and lower flame speed. Even if the flame can achieve 
stability under atmospheric pressure and stoichiometric conditions, it 
tends to blow out as pressure increases and the equivalence ratio varies. 
In addressing this issue, previous studies have explored that secondary 
fuels like methane and hydrogen are often mixed with ammonia or 
utilized for thermal co-flow to enable sufficient heat for continuous 
ignition and faster flame speed to ensure a stable flame.

Another approach involves enhancing the stability of the ammonia 
flame by oxygen enrichment. Compared to secondary fuel addition, 
oxygen hinders the additional elemental analysis of spectra and the 
contribution of H and N elements from the secondary fuel in the spectra. 
For instance, analyzing the FOR for a flame of ammonia and methane 
through intensity ratios of elements becomes challenging. This is 
because H elements are derived from ammonia and methane, and N 
originates from air and ammonia. Considering all of these, oxygen 
enrichment is adopted in this study, making it feasible to conduct LIBS 
measurements of ammonia at elevated pressures.

The balanced chemical reaction in the theoretical complete com
bustion limit of ammonia-oxygen is: 

4 NH3 + 3 O2 → 6 H2O + 2 N2                                                            

This equation indicates that for every 4 moles of ammonia, 3 moles of 
oxygen are required. In this study, instead of using the required 3 moles 
of oxygen, 1.8 moles of O2 and 1.2 × 4.76 = 5.71 moles of air were 
utilized. In the initial stages, the oxygen ratio in the air was systemati
cally increased to achieve a stable flame in the burner. The elevated 
oxygen levels enabled fuel utilization at broad-range equivalence ratios. 
Forty percent oxygen concentration in the air was found effective in 
facilitating the combustion of ammonia in the Hencken burner, even 
under 6 bars. The oxygen ratio in this air is about 40 %, higher than the 
normal atmospheric condition (21 %).

Although the study initially aimed to conduct LIBS measurements at 
high pressures up to 6 bars, properties of ammonia restrain this inten
tion. The low boiling temperature of gaseous ammonia poses a concern, 
causing it to transition into a liquid state under room temperature and 
high pressures. The inlet line requires pressurizing before introducing 
gaseous ammonia into the pressure chamber to ensure its smooth pas
sage. The flow needle on the inlet line also acts as a throttle valve, 
requiring more pressure in the inlet to work properly. High pressures in 
the supply line and sudden pressure drops in the valve are responsible 
for causing liquid ammonia and leading to the liquid ammonia getting 
stuck in the flow meter, resulting in flow failure for equivalence mea
surement. Additionally, ammonia usage inside the pressure chamber 
generates significant water vapor, especially at elevated pressures. Due 
to the lower heating value of ammonia, the heat inside the chamber 
cannot vaporize the water sufficiently. The cold walls and cells of the 
chamber contribute to excessive water condensation, resulting in water 
droplets on the flame and burner. Moreover, the intense water produc
tion at elevated pressures disrupts the plasma emission spectrum and 
causes background interference with peaks. Due to these challenges and 
the need for precise data, this work was conducted at pressures up to 3 
bars.

Furthermore, to establish the optimal delay time for FOR measure
ments employing a 200 mJ/pulse laser, we experimented with different 
delay times using a methane-air flame, building upon previous research 
[23]. This experimentation determined that our work’s most effective 
delay time is 40 ns. To streamline our study, we focused on LIBS-based 
measurements of ammonia-oxygen and ammonia-oxygen-enriched-air 
flames within the 1 – 3 bars pressure range, employing a gate delay of 
Tdelay= 40 ns.

4. Results and discussion

4.1. Analysis of LIBS spectrum

The study of plasma emission using the Hencken burner reveals 
elemental analysis of ammonia combustions. Fig. 2 displays averaged 
plasma spectrum at various equivalence ratios for different pressures 
(100 – 300 kPa). The combustion LIBS spectra consist of Nitrogen ionic 
lines (NII) at 568 nm and 595 nm, a Nitrogen atomic line (NI) at 746 nm, 
a dominant Hydrogen (Hα) line at 656 nm, and an Oxygen line (OI) at 
777 nm in the observed wavelength region. All the spectral emission 
lines in the spectrum were identified with the help of the NIST atomic 
database [30]. All LIBS emission spectrum line intensities were prone to 
fluctuations due to the probabilistic behavior of the laser-induced gas 
breakdown process, fluctuations in the laser energy and light trans
mission through the optical elements, etc. To optimize transmission of 
all optical elements, the spectrometer was calibrated using Princeton 
Instruments’ standard calibration lamp (IntelliCal, Hg and Ne/Ar dual 
switchable USB light source) in the 530 nm - 830 nm wavelength range 
with an RMS error = 0.04 nm, which greatly improves the spectral 
collection efficiency. The calibration LIBS spectrum was not corrected 
for flame emissions to represent the effect of chemiluminescence and 
flame byproducts effect on the spectrum baseline as shown in Fig. 2. To 
maintain the better signal-to-noise ratio (SNR), the experiment was 
repeated 500 times at the same experimental conditions, i.e., laser en
ergy, equivalence ratio, gate delay, and gate width. To evaluate the 
experimental uncertainties in the plasma properties, the baseline cor
rected 500 spectra were divided into 5 average spectra (each spectrum 
was an average of 100 spectra) at an equivalence ratio for a pressure 
condition.

Fig. 2 (a-c) and 2 (d-f) depict the plasma spectra (without flame 
emissions correction), observed from the ammonia-oxygen-enriched-air 
and ammonia-oxygen flames, respectively. The baseline corrected 
spectra used for the analysis was shown in supplementary information 
(Fig. S1) for both the flames. As the fuel-to-oxidizer ratio (equivalence 
ratio, Φ) transitions from lean to rich flows, the average spectral emis
sions of the plasma decrease at atmospheric pressure but increase at 
elevated pressures for both flames. Notably, the Hα peak emerges 
prominently, exhibiting slight broadening at elevated pressures for both 
flames. Additionally, the atomic spectrum of NI at 746 nm experiences 
augmentation with increasing pressures, particularly pronounced in the 
ammonia-oxygen-enriched-air flames due to the contribution of N 
molecules from air compared to the ammonia-oxygen flame. The vari
ation of N, O and H elements intensity with the equivalence ratio at 
different pressure was shown in supplementary information (Fig. S2) for 
both the flames. At elevated pressures, the baseline of the ammonia- 
oxygen-enriched-air flame decreases at higher wavelengths due to the 
continuum spectral bands of NO2 and NH2 α-bands contribution be
tween 550 - 650 nm [11,15]. Ammonia-oxygen combustion offers the 
flexibility of expanding the fuel equivalence ratio limits from 0.6 to 1.4 
compared to the ammonia-oxygen-enriched-air flame, which has limits 
of 0.7 – 1.3.

4.2. Fuel oxidizer ratio measurements from ns-LIBS spectrum

The analysis of FOR in ammonia-oxygen-enriched-air and ammonia- 
oxygen combustions relies on specific elemental peaks: NII (568 nm), OI 
(777 nm), and Hα (656 nm). Fig. 3 (a-i) illustrates calibration curves for 
the NII/OI, Hα/OI and NII/Hα ratio ratios used to FOR measurements at 
different pressures for the ammonia-oxygen-enriched-air combustion.

For the ammonia-oxygen-enriched air flames, the measurements of 
NII/Hα ratio decrease with the equivalence ratio at 100 kPa and varies 
non-monotonously at higher pressure (200 − 300 kPa). The decreasing 
trend of the NII/Hα ratio at 100 kPa may be attributed to the flame 
quenching due to higher laminar burning velocity of ammonia at 
increased fuel ratio (Φ) [31] and the non-monotonous behavior at 
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higher pressure (200 – 300 kPa) may arise from the nonlinear increase of 
the emission line intensity due to the collisional broadening at higher 
pressures [32] and overlapping contribution of N from NH3 and air. 
However, the NII/OI ratio calibration curves were linear due to the ox
ygen enrichment of the ammonia-air fuel. The NII/OI ratio as a function 
of the equivalence ratio does not distinguish between individual nitro
gen sources, only providing the total content and the collisional 
broadening of emission elements at higher pressure (≥ 200 kPa) [32], 
which reduced the coefficient of determination (R2) value for the linear 
fit of calibration curves. So, both the NII/Hα and NII/OI ratios were 
impractical for FOR measurements due to the overlapping nitrogen 

contribution from both NH3 and air. Conversely, the Hα/OI ratios were 
meaningful with higher R2 (> 99 mJ) value, because the air contains 
neglectable hydrogen inside it (0.000055 mJ) [33]. So, the Hα only 
contributed from Ammonia, OI from both the air and added oxygen. 
Therefore, the Hα/OI ratio was the only reliable indicator for 
ammonia-oxygen-enriched-air analysis.

Fig. 4 (a-i) illustrates calibration curves for the NII/OI, Hα/OI and NII/ 
Hα ratios used to FOR measurements at different pressures for the 
ammonia-oxygen combustion. The presence of both NII (568 nm) and Hα 
(656 nm) exclusively from ammonia enhances the accuracy of FOR as
sessments of both N/O and H/O intensity ratios as a function of 

Fig. 2. The LIBS spectrum (without flame emissions/baseline correction) from ammonia flames with (a-c) oxygen-enriched-air and (d-f) oxygen with different 
equivalence ratios (Φ) at 100 – 300 kPa.
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equivalence ratio at various pressures. In contrast to the ammonia- 
oxygen-enriched-air flame, the NII and Hα exclusively originate from 
NH3 and OI (777 nm) is solely derived from oxygen, making both the 
NII/OI and Hα/OI ratios reliable indicators for the ammonia-oxygen 
analysis at different pressures. Notably, The R2 value for both NII/OI 
and Hα/OI ratio was decreased at higher pressure due to the collisional 
broadening of emission elements at higher pressure (≥ 200 kPa) [32] 
similar to the ammonia-oxygen-enriched-air flames. Although NII and Hα 
emissions were exclusively from ammonia, the NII/ Hα ratio was 
decreased at 100 kPa due to flame quenching caused by the higher 
laminar burning velocity of the ammonia fuel [31]. At high pressures the 
NII/ Hα ratio was decreased until Φ = 1.1 and later, it was increased 
more linearly. This may be due to the laminar burning velocity for 
ammonia, which increases with equivalence ratio and attains maximum 
at Φ = 1.1, and later decreases [31], So the NII/ Hα ratio was attained 
linearity after Φ = 1.1. Therefore, the NII/OI and Hα/OI ratios were more 
reliable indicators for the ammonia-oxygen flames at different pressures.

5. Plasma temperature (Te) and electron number density (ne) 
measurements for plasma properties

Plasma temperature is a critical thermodynamic property that gov
erns various plasma characteristics, including the molecular distribution 
across energy levels, the relative abundance of different ionization 
states, optical thinness, electron number density, and the overall 
behavior of the plasma. Two primary methods are prevalent in 
measuring plasma temperature: line intensity ratio and the Boltzmann 
plot method. With its exceptional precision and extensive use in the LIBS 

community, the Boltzmann plot method stands out as the preferred 
approach here. This method leverages the analysis of multiple spectral 
lines emitted by the same element in the same ionization state. By 
considering the known transition probabilities, degeneracies, and upper 
energy levels of these lines, the Boltzmann plot technique enables us to 
determine the plasma temperature graphically.

Under Local Thermal Equilibrium (LTE), the intensity of a spectral 
line is directly related to the population of the corresponding energy 
level, as described by the following equation: 

I =
hcN0

4πλ
(gkAki)

(
e

−Ek
kBTe

U(Te)

)

(1) 

Applying log normal to the above equation (1)

ln
(

Iλ
gkAki

)

=
−Ek

kBTe
+ ln

(
hcN0

4πU(Te)

)

(2) 

The plot of ln
(

Iλ
gkAki

)

against Ek yields a slope of −1
kBT, providing the 

plasma temperature (Te). where I represents the emission line intensity, 
λ - wavelength, gk - degeneracy in excited transition level, Aki - sponta
neous Einstein emission coefficient, Ek - energy of the excited state, kB - 
Boltzmann constant, U(Te) - partition function, h - Planck’s constant, 
and c - the speed of light in vacuum.

Accurate determination of plasma temperature using the Boltzmann 
plot method relies on careful selection of emission lines. Choosing 
distinct lines well-separated from neighboring lines minimizes over
lapping spectral features and ensures reliable intensity measurements. 

Fig. 3. Calibration curves of FOR measurements for ammonia-oxygen-enriched-air flames.

B.K. Gokcecik et al.                                                                                                                                                                                                                            Combustion and Flame 271 (2025) 113803 

5 



Furthermore, integrating the area under the spectral envelope provides 
a more accurate representation of the total emission intensity than solely 
relying on peak height measurements, which can be susceptible to noise 
or baseline fluctuations. Therefore, in this study, baseline-corrected 
emission lines of nitrogen and NII at 568 nm and 595 nm, along with 
their corresponding spectroscopic parameters from Table 1, were 
substituted into Equation (2) to obtain Boltzmann plots for calculating 
the plasma temperature.

The Electron number densities were determined by fitting the Lor
entzian profile to the Stark broadening profile (width) of the Hα line 
(656 nm) and substituting it in the Griem expression [34]; 

ne =

(
Δλ1/2

2w

)

× 1016 (
in cm−1)

Where Δλ1/2 represents full width at half maximum (FWHM), and w 
is the electron impact width parameter.

The variation of Te with equivalence ratio (Φ) at various pressures is 
depicted in Fig. 5(a) and Fig. 5(c) for ammonia-oxygen-enriched-air and 
ammonia-oxygen flames, respectively. The maximum Te of 

approximately 2.27 ± 0.023 eV was observed for the ammonia-oxygen- 
enriched-air flame at Φ = 0.7 and 100 kPa pressure, while for the 
ammonia-oxygen flame, the maximum Te of roughly 2.20 ± 0.014 eV at 
Φ = 0.6 and 100 kPa. At 100 kPa pressure, as the equivalence ratio (Φ) 
increased, the Te decreased with a slope of approximately 0.14 eV and 
0.16 eV for ammonia-oxygen-enriched-air and ammonia-oxygen flames, 
respectively. At 200 kPa pressures, the Te increased with a slope of 0.79 
eV and 0.35 eV, while at 300 kPa pressure, it increased with a slope of 
0.39 eV and 0.57 eV, respectively. Although Te increased with equiva
lence ratio (Φ) at higher pressures, it remained lower than the Te 
observed at 100 kPa for both flames except for the ammonia-oxygen 
flame, where the maximum Te was observed for Φ > 1.1 at 200 kPa.

Fig. 5 (b & d) illustrates the variation of electron number densities of 
ammonia-oxygen-enriched-air and ammonia-oxygen flames with 
equivalence ratio (Φ) at various pressures. At atmospheric pressure, the 
electron number density (ne) decreased with an increasing fuel ratio, 
exhibiting linear slopes of 3.09 × 10−17 cm−3 and 9.9 × 10−16 cm−3 for 
both flames. As pressure increases, the Doppler broadening of the 
hydrogen spectrum enhances electron number density. At elevated 
pressures, higher fuel ratios result in increased concentrations of target 
species near the focal region, leading to a greater interaction cross- 
section of the laser beam and, consequently, higher electron number 
densities. The trend in electron number density mirrors that of plasma 
temperature. However, for the ammonia-oxygen flame at elevated 
pressures, electron number density experiences a slight decrease after Φ 
> 1.1. The maximum ne of approximately 3.65 × 1018 cm−3 is observed 
for the ammonia-oxygen-enriched-air flame at Φ = 1.2 under atmo
spheric pressure. Conversely, the maximum ne of approximately 2.21 ×

Fig. 4. Calibration curves of FOR measurements for ammonia-oxygen flames.

Table 1 
The spectroscopic parameters of the NH3 combustion spectrum.

Species NIST λ (nm) Ek (eV) Ei(eV) A (s−1) gk gi

N-II 568.621 20.646058 18.466228 1.78E07 3 3
595.239 23.242271 21.159916 1.24E07 5 5

N-I 746.831 11.9955753 10.3358956 1.96E07 4 6
H-I 656.279 12.0875052 10.1988358 4.4101E07 18 8
O-I 777.417 10.7402250 9.1460911 3.69E07 5 5
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1018 cm−3 was observed at Φ = 1.1 under 200 kPa pressure for the 
ammonia-oxygen flame.

6. Summary and conclusions

The ns-Laser-induced plasma spectrums of ammonia flames were 
analyzed, resulting in very accurate fuel-air ratio measurements using 
the elemental intensity ratio of the LIBS for ammonia-oxygen-enriched- 
air and ammonia-oxygen flames. The spectral emissions of nitrogen and 
hydrogen were utilized to calculate the plasma temperature and electron 
number density. The following conclusions can be drawn from the re
sults presented here: 

(1) The emission spectra of the ammonia-oxygen-enriched-air flame 
were elevated over the range of 550 – 650 nm due to continuous 
spectra of NO2 and NH2 α-bands. In contrast, ammonia-oxygen 
flames lack this elevation, indicating that oxygen usage as an 
oxidizer result in fewer chemiluminescence signals and/or 
byproducts.

(2) The H/O intensity ratio is more efficient than the N/O ratio for 
measuring FOR in an ammonia-oxygen-enriched-air flames due 
to overlapping N contribution from both NH3 and air. However, 
the H/O and N/O ratio remains valid for the ammonia-oxygen 
flames as the ammonia was the only source contributed to H 
and N.

(3) The N/H ratio was not at all useful for both the flames as the 
ammonia laminar burning velocity plays a crucial role in the 
complete dissociation of the NH3 fuel.

(4) The calibration curves R2 value was decreased at high pressure 
(200 – 300 kPa) due to the collisional broadening of atoms in
dependent of the pressure at high pressure (≥ 200 kPa).

(5) In the ammonia-oxygen flames, the N/H ratio was linear after Φ 
> 1.1 at higher pressures due to the low ammonia laminar 
burning velocity.

(6) Plasma temperature and electron number density exhibit similar 
linear trends under all pressure conditions, except for the electron 
number density of an ammonia-oxygen flame, which shows a 
decreasing trend after the point at the equivalence ratio 1.1 at 
elevated pressures.

Novelty and significance

Accurate quantification of the fuel-oxidizer Ratio (FOR) of Ammonia 
is essential for optimizing combustion efficiency, reducing pollutant 
emissions, and improving safety and reliability. LIBS is a valuable 
technique for FOR measurement due to its ability to perform nonintru
sive, local point measurements with high temporal and spatial resolu
tions, enabling rapid and real-time analysis. This study addresses three 
key investigations: firstly, it pioneers using LIBS to measure FOR in 
ammonia flames at various pressures. Secondly, it deviates from con
ventional approaches by using pure oxygen instead of secondary fuels to 

Fig. 5. Variation of Plasma Temperature (Te) and Electron number densities (ne) as functions of Equivalence ratio (Φ) at different pressures for (a-b) ammonia- 
oxygen-enriched-air and (c-d) ammonia-oxygen flames.
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enhance ammonia’s chemical reactivity. Finally, it provides valuable 
reference points for future research by measuring plasma number den
sity and electron temperature for different equivalence ratios at varying 
pressures. In conclusion, this study demonstrates a novel application of 
LIBS for ammonia flames with oxygen-enriched air and pure oxygen, 
bridging a critical gap in existing knowledge and offering valuable in
sights into ammonia combustion dynamics.
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