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Abstract

Optical emission spectroscopy was used to investigate CN-related emission in atmos-
pheric-pressure microsecond-pulsed spark discharges of pure Nz, pure CO2, and CO2/N2
mixtures. This study examines how gas composition and pulse repetition frequency affect
the relative evolution of C-, N-, O-, and CN-containing emitting species in plasma-assisted
CO:2/N:z carbon-nitrogen coupling. Pure N2 discharge was dominated by N2 second posi-
tive bands and N atomic lines, whereas pure CO: discharge mainly showed C- and O-
related emissions. In mixed gases, the CN violet band was observed together with C, N,
and O emissions, indicating the coexistence of carbon- and nitrogen-containing reactive
species. CN band fitting and atomic-line analysis indicated a non-equilibrium plasma
state, with Tvioand Trot of approximately 7850 and 2150 K, an excitation temperature of
0.8-1.0 eV, and an electron density on the order of 10> cm=. An emission-based CN char-
acterization index was introduced to compare the relative variation in CN-related emis-
sion. Changes in gas composition and pulse frequency modified the relative CN-, N-, and
O-related emission responses, consistent with competition between C-N coupling and ox-
ygen-related pathways. The index is a semi-quantitative spectral descriptor, not a direct
measure of CN concentration or formation efficiency.

Keywords: CN radicals; pulsed discharge; CO2/N: plasma; optical emission spectroscopy

1. Introduction

CN is an important transient species in carbon—nitrogen coupling chemistry because
it contains a direct C-N bond and can connect carbon-containing and nitrogen-containing
reactive species in plasma environments. In CO2/N2 plasmas, CN-related emission is in-
fluenced by the relative availability of carbon-containing fragments, nitrogen-containing
species, and oxygen-containing reactive particles. Therefore, CN can serve as a useful
spectroscopic probe for examining the relative balance among C-, N-, and O-related reac-
tion channels. The CN violet system also exhibits well-resolved rovibrational structures,
making it suitable for optical emission spectroscopic diagnostics in non-equilibrium plas-
mas [1-6]. However, CN emission intensity does not directly represent the absolute CN
concentration, formation rate, or formation efficiency.

Appl. Sci. 2026, 16, 6947

https://doi.org/10.3390/app16146947


https://doi.org/10.3390/app16146947
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Appl. Sci. 2026, 16, 6947

2 of 22

Previous studies of CN radicals have mainly focused on laser-induced plasmas, ther-
mal plasmas, low-pressure discharges, and plasma-assisted deposition systems [7-12].
These studies have provided important information on CN spectroscopy and excitation
behavior. However, many of these systems involve solid carbon targets, hydrocarbon pre-
cursors, low-pressure operation, or localized high-temperature environments. Such con-
ditions differ substantially from atmospheric-pressure CO2/Nz plasmas, where CO2 sim-
ultaneously acts as a carbon source and an oxygen source.

CO2 and N: are abundant carbon- and nitrogen-containing feedstocks, respectively,
and their activation in non-equilibrium plasmas is relevant to plasma-assisted carbon-
nitrogen coupling chemistry. Electron-impact processes can generate carbon-, nitrogen-,
and oxygen-containing reactive species from CO:2 and N2. The resulting oxygen-contain-
ing species may further modify the relative reaction environment through competitive
conversion and oxidation processes. Although plasma-assisted CO2 conversion and car-
bon-nitrogen coupling have received increasing attention, the coupled evolution of CN-,
C-, N-, and O-related emission features in atmospheric-pressure pulsed CO2/N: dis-
charges remains insufficiently understood. In particular, the effects of gas composition
and pulse repetition frequency on the relative competition between CN-associated emis-
sion and oxygen-related emission channels require further clarification [13-15].

Optical emission spectroscopy is well suited for this purpose because it enables non-
intrusive detection of multiple emitting species and can provide information on vibra-
tional temperature, rotational temperature, excitation temperature, and electron density
[13,16,17]. Nevertheless, emission intensity is affected by excitation processes, transition
probabilities, collisional quenching, and plasma parameters. Therefore, intensity-based
quantities should be interpreted as relative spectroscopic descriptors rather than direct
measurements of species concentration, reaction rate, or chemical yield.

In this work, optical emission spectroscopy was used to compare pure Nz, pure CO,
and CO2/N2 mixtures under atmospheric-pressure microsecond-pulsed spark discharge
conditions. The originality of this study lies in the condition-resolved comparison of the
coupled C-, N-, O-, and CN-related emission responses across the three gas systems, with
gas composition and pulse repetition frequency considered as two independent discharge
variables. The spectral analysis was further combined with CN rovibrational fitting and
atomic-line-based plasma diagnostics to examine the non-equilibrium characteristics as-
sociated with the observed emission behavior. An emission-based CN characterization
index (CFI) was introduced to compare the relative variation in CN-related emission un-
der different discharge conditions. The CFl is used only as a semi-quantitative descriptor
and is not interpreted as an absolute CN formation efficiency, concentration, or reaction
rate. This study aims to provide an OES-based characterization of the relative C-N-O emis-
sion behavior in pulsed CO2/N2 discharges and to establish experimental constraints for
future plasma-chemical kinetic modeling and particle-balance analysis.

2. Materials and Methods
2.1. Experimental Setup

Figure la presents a schematic overview of the experimental apparatus. The system
consists of three main components, namely the input section, the reactor section, and the
diagnostic section. These components operate in coordination to ensure stable discharge
and reliable parameter measurement. The input section primarily includes a microsecond-
pulsed power supply (USPS80140-700W, Nanjing Tech University, Nanjing, China), a gas
supply system, and mass flow controllers. The microsecond-pulsed power supply pro-
vides a stable high-voltage pulse, which enables gas breakdown and sustains the dis-
charge process. Regarding the gas supply, high-purity CO2 and N2 gases (both with a pu-
rity of 99.999%) are independently regulated by two mass flow controllers. The outlets of
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Power Supply R=

CO, N,

the two mass flow controllers are connected to a common gas line upstream of the reactor
inlet, where the gas streams are combined before entering the reactor. No separate mixing
chamber is used in the present system. The premixed CO:/N2 gas enters the reactor from
the top through the central channel of the hollow high-voltage electrode, passes through
the interelectrode discharge region, and is exhausted from the outlet located at the lower
side of the reactor. This top-to-bottom flow configuration establishes a defined one-pass
gas flow through the active discharge zone, continuously supplies fresh feed gas to the
electrode gap, and helps to reduce gas recirculation in the reaction region. The reactor was
operated as a gas-tight continuous-flow system at atmospheric pressure. Before each ex-
periment, the sealing performance of the reactor and gas connections was checked. After
setting the desired gas composition, the CO2/N2 mixture was continuously introduced for
5 min before ignition to purge residual air from the gas line and reactor volume. Optical
emission spectra were collected only after the discharge had operated for 3 min, ensuring
that stable discharge conditions were established before spectral acquisition.

(a) Tr (b)
HV probe Computer - Central-hole cylindrical electrode

/ High-voltage electrode
ID: 2.75 mm

OD: 3.5mm
L: 38 mm

L. CO, +N,
Monochromator - “l
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ROC: 0.1 mm
L: 30 mm

Figure 1. (a) Schematic diagram of the experimental setup and (b) the electrode configuration of the
reactor. The arrow indicates the downward flow direction of the premixed CO2/N: gas through the

central channel of the hollow high-voltage electrode.

In the reactor section, a needle-tube electrode configuration is employed for the dis-
charge structure. The high-voltage electrode is a hollow stainless-steel cylinder with an
inner diameter of 2.75 mm, an outer diameter of 3.5 mm, and a length of 38 mm. The
grounded electrode is a stainless-steel needle with a tip curvature radius of 0.1 mm and a
length of 30 mm. A magnified view of the corresponding electrode configuration is shown
in Figure 1b. In addition, a 100 Q resistor is connected in series in the external circuit be-
tween the microsecond-pulsed power supply and the reactor, in order to limit the dis-
charge current and enhance discharge stability.

The diagnostic section mainly consists of two measurement approaches, namely op-
tical emission spectroscopy (OES) and electrical parameter diagnostics (EPD). On the one
hand, the voltage and current waveforms during the discharge process are recorded in
real time using an oscilloscope (MDO34, Tektronix, Beaverton, Oregon, USA; 350 MHz,
2.5 GS/s), which is employed to analyze the discharge characteristics and energy input.
The applied voltage across the reactor and the current in the circuit are monitored using
a high-voltage probe (HV-P60, IWATSU Electric Co., Ltd., Tokyo, Japan;, 2000:1, 1000 MQ,
5 pF) and a current probe (Model 6600, Pearson Electronics Inc., Palo Alto, CA, USA; 0.1
V/A), respectively. On the other hand, optical diagnostics are performed using optical
emission spectroscopy to detect active species in the plasma region during the discharge
process. The measurement system consists of a grating spectrometer, an intensified
charge-coupled device (ICCD), a fiber optic probe, an optical fiber transmission line, and
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a computer. The spectrometer used in this study is an Andor 750i equipped with gratings
of 2400 lines/mm (blaze wavelength: 300 nm) and 1200 lines/mm (blaze wavelength: 500
nm).

2.2. Parameter Definition

To compare the relative evolution of selected emission features under different dis-
charge conditions, an emission intensity ratio (R) and an emission-based CN characteri-
zation index (CFI) were introduced. All intensities used in the analysis were extracted
from the same response-corrected full-range spectrum acquired under identical discharge
conditions. The selected spectral features were C I (247.8 nm, integrated over (247.4-248.1)
nm), the CN violet band (near 388 nm, integrated over (380.4-389.5) nm), N I (746.8 nm,
integrated over (746.3-747.3) nm), and O I (777.2 nm, integrated over (774.6-779.7) nm).
For each feature, the baseline-subtracted integrated intensity was calculated using the
same wavelength interval under all operating conditions.

The emission intensity ratio is defined as follows:

_14
R= e
where 1 and > represent the baseline-subtracted integrated intensities of the selected spec-
tral features. The intensity ratio is used to compare the relative variation in two emission
signals under different discharge conditions.
The emission-based CN characterization index is defined as follows:

CFI = o ()
Iy H 1o+ +1g

where Icn, Ic, IN, and o represent the integrated intensities of the CN violet band, CI, NI,
and O I spectral features, respectively. The CFI is introduced as a semi-quantitative de-
scriptor of the relative CN-related emission response within the selected spectral signals.
Because the CFI combines molecular CN-band emission with atomic C, N, and O emis-
sions, its value can be influenced by differences in excitation mechanisms, radiative tran-
sition probabilities, collisional quenching, electron density, and electron excitation condi-
tions. No separate correction was applied for these species-dependent population effects.
Accordingly, the CFl is used only for internal comparison of relative spectral trends under
the present experimental conditions and is not interpreted as a direct measure of CN con-
centration, formation rate, yield, or formation efficiency.

3. Analysis and Discussion
3.1. Full Spectral Characteristics Analysis

As shown in Figure 2, this study first performs an overall comparative analysis of the
emission spectra of pure Nz, pure COz, and CO2/N2 mixed gas systems in order to clarify
the influence of different gas compositions on plasma emission characteristics. The results
show that, in the pure N2 system, the emission lines are mainly composed of N2 (C-B)
bands, N* lines, and atomic nitrogen (N I) lines, which indicates that N2 molecules un-
dergo excitation and partial dissociation under electron-impact processes, thereby form-
ing abundant excited N2 molecular states and atomic nitrogen species. In this system, the
N2 (CITu — B%Ilg) transition serves as the dominant molecular-band emission, which fur-
ther indicates that electron excitation processes govern the discharge behavior. In contrast,
the pure CO:z system is primarily characterized by CO (B-A)-band emissions, C2 Swan
bands, atomic oxygen lines, and atomic carbon lines. These spectral features demonstrate
that CO2 molecules undergo significant dissociation under high-energy electron bombard-
ment, resulting in the formation of multiple reactive carbon- and oxygen-containing spe-
cies:
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Furthermore, this study observes that a portion of CO molecules and carbon-contain-
ing fragments undergo further dissociation and recombination reactions, leading to the
formation of carbon cluster species such as Cz. As a result, a distinct C2 Swan band emis-
sion appears in the wavelength range of 500-520 nm. In addition, the appearance of a large
number of atomic oxygen lines indicates that the dissociation of CO: proceeds extensively.
This observation also suggests that the discharge system exhibits a strong oxidative char-
acteristic due to the high concentration of oxygen-containing reactive species.

5 5
~ 18210 1.8 10
= Pure N, § Pure N, Pure N, (b)
< NCB N =
5 1.54 ; . ,9]'5' N (C-B) ) Nil
= i ' =
E 12 btk XL E 7__WJJL__MJ |
g 7 [ 50% N,+50% CO, E ol 50% Ny +50% CO, 50% Ny+50% (O,
§ CN “?ff’ § CN (B-X) 03p3s
B‘O o Jl\'n _2‘0'97 U'[' )
a7 ! N 7] M |
5064 I\ P vl Boe | Y I S W
= Pure CO, C, swan Sl Pure CO Pure CO,
= Cyswan  CO (B-A),7 = :
= i s
2 0.3 703 -
N o 2 L}k
ClI
5 oo ety o “J’k 5 0.0 A
200 300 400 500 600 700 800 900 360 380 400 720 750 780

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 2. Typical optical emission spectra of spark discharge in three gas systems, namely pure N,
N2/CO2 mixture (50% Nz2), and pure CO: (a) full-range spectra recorded from 200 to 950 nm using a
single spectral acquisition; (b) enlarged wavelength regions extracted from the corresponding full-

range spectra.

In contrast, in the N2/CO2 mixed gas system, this study observes not only O atoms,
N+ ions, and atomic nitrogen (N I), but also a distinct CN violet-band emission. Figure 3
further presents the typical emission spectral features of N I (3p-3s), O (3p-3s), CI, and CN
(B2X+ — X2L*) in the mixed system. These results indicate that both carbon-containing spe-
cies and nitrogen-containing species coexist in the mixed plasma, which provides the nec-
essary conditions for CN radical formation. This observation further demonstrates that
CN production depends on the synergistic interaction between carbon- and nitrogen-re-
active species. During the discharge process, carbon-containing species such as C atoms
and CO fragments generated from CO2 dissociation react with atomic nitrogen or excited
nitrogen molecules, thereby promoting the formation of CN radicals. On the other hand,
the large amount of oxygen atoms produced from CO: dissociation participates in com-
petitive reaction pathways with carbon-containing species in the system, for example

C+0—CO ()

Previous plasma-chemical studies have identified CO: dissociation, N2 activation,
carbon-nitrogen coupling, and oxygen-related conversion processes as possible contribu-
tors to the chemistry of CO2/Nz plasmas [13-15]. In the present work, the simultaneous
variation in C-, N-, O-, and CN-related emission features is qualitatively interpreted using
these literature-supported representative pathways. For example, oxygen-related conver-
sion of carbon-containing species may reduce the availability of carbon precursors for CN-
associated channels.
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Figure 3. Typical emission spectra obtained in the N2/CO:z gas mixture (50% N2 + 50% COz): (a) N I
(3p—3s) emission spectrum; (b) O I (3p-3s) emission spectrum; (c) C I emission spectrum; (d) CN
violet-system emission spectrum corresponding to the B2X* — X2X* transition.

To compare the relative spectral responses of the selected emitting features, the re-
sponse-corrected and baseline-subtracted integrated intensities of CN, CL, NI, and O I
were normalized at each operating condition, as shown in Figure 4. The normalized con-
tribution of each feature was calculated by dividing its integrated intensity by the sum of
the integrated intensities of the four selected features (CN, C I, N I, and O I). Therefore,
the percentages in Figure 4 represent normalized relative emission contributions within
the selected spectral signals. They do not represent gas mixing ratios, absolute species
concentrations, reaction rates, or product yields. Because atomic and molecular emission
intensities can be influenced by excitation processes, transition probabilities, collisional
quenching, and plasma parameters, the normalized values are used only to compare rel-
ative spectroscopic trends under the present experimental conditions. The results show
that, as the CO2/N: ratio increases gradually from 1:3 to 3:1, the species distribution in the
plasma exhibits a clear evolutionary trend. The normalized fraction of CN radicals de-
creases from 36% to 24%, while the proportion of atomic nitrogen decreases from 27% to
15%. In contrast, the proportion of atomic oxygen increases continuously from 35% to
60%, whereas atomic carbon remains at a consistently low level of approximately 1%.
These results indicate that the plasma environment gradually transforms from a nitrogen-
rich condition to an oxygen-rich condition with increasing CO: content. This evolution
reflects a significant shift in the dominant reaction pathways. In addition, free carbon at-
oms tend to be rapidly converted into molecular species such as CO or Cz, which results
in a relatively weak atomic carbon emission intensity throughout all conditions.
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The changes in the normalized species distribution reflect, from an overall perspec-
tive, the competitive relationships among the dominant reaction channels in the system.
On the one hand, the reduction in the proportion of atomic nitrogen directly limits reac-
tion pathways that depend on nitrogen participation. On the other hand, the increase in
atomic oxygen influences the conversion processes of both carbon- and nitrogen-contain-
ing species through oxidation reactions, thereby exerting a significant effect on CN radical
formation. Therefore, under conditions with a higher COz fraction, although the source of
carbon-containing species in the plasma increases, the simultaneous rise in oxygen atom
concentration leads to a reduced relative formation capability of CN radicals. Overall, dif-
ferent gas compositions modify the distribution of the main reactive atoms and molecules
in the plasma, which directly affects the emission spectral characteristics and further de-
termines the formation behavior of CN radicals.

Based on the full-spectrum analysis, this study identifies atomic carbon (C), atomic
nitrogen (N), atomic oxygen (O), and CN radicals as the most dominant and most signif-
icantly varying reactive species in the N2/CO: mixed system. In comparison, the emission
intensities of other species remain relatively weak or provide limited diagnostic relevance
to the CN formation process. Therefore, this study selects these four species, namely C, N,
O, and CN, to construct the composite formation index (CFI) in Section 2.2, which is used
to characterize the relative variation trend of CN formation under different discharge con-
ditions. This selection strategy ensures that the principal reaction pathways are ade-
quately represented while minimizing uncertainties introduced by minor or less relevant
species.

Although full-spectrum analysis can identify the dominant emitting species and their
relative intensity characteristics in different gas systems, the distribution of spectral lines
alone is insufficient to quantitatively describe the internal energy distribution and electron
states of the plasma. Therefore, it is necessary to further combine plasma diagnostic meth-
ods to analyze the key physical parameters governing the discharge process.
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Figure 4. Normalized relative contributions of the response-corrected integrated emission signals

of CN, CI, N[, and O I under different gas compositions (a) and pulse repetition frequencies (b).

3.2. Plasma Parameter Diagnostics

Based on the full spectral characteristics analysis, this section further performs a sys-
tematic diagnosis of key plasma parameters to characterize the plasma state during the
discharge process, including the vibrational temperature (Tvib), rotational temperature
(Trot), O I excitation temperature (Texc), and electron density (ne). The CN violet system
corresponding to the B2X+ — X2X+ transition exhibits well-resolved rovibrational struc-
tures near 388 nm and is therefore suitable for molecular spectral fitting [9]. In the present
work, the CN violet band was simulated using Specair, a radiative-spectrum calculation
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program for plasma diagnostics. Specair calculates molecular emission spectra on the ba-
sis of the energy-level structure, radiative transition probabilities, and selection rules of
the selected species. For molecular spectra, Specair allows the electronic, vibrational, ro-
tational, and translational energy modes to be described by separate characteristic tem-
peratures. The populations associated with each energy mode are prescribed using the
corresponding Boltzmann distribution. Therefore, the simulation can represent a non-
equilibrium molecular population distribution in which the vibrational and rotational
temperatures are different. In this study, the experimental CN violet spectrum was im-
ported into Specair, and the CN B2X* — X2+ transition was selected for spectral simula-
tion. The vibrational and rotational temperatures were varied iteratively to reproduce the
measured rovibrational band structure and relative intensity distribution. The fitted val-
ues of Tvib and Trot were obtained from the best agreement between the calculated and
experimental spectra. These fitted parameters should be regarded as effective vibrational
and rotational population temperatures of the emitting CN molecules, rather than direct
evidence that the entire discharge plasma is in local thermodynamic equilibrium. Figure
5a presents a comparison between the experimental spectrum and the simulated results,
and the two show good agreement. The best-fit values were Tvib = 7850 K and Trot = 2150
K. The substantial difference between Tviv and Trot indicates a non-equilibrium rovibra-
tional population distribution of the emitting CN molecules. This result supports non-
equilibrium energy partitioning in the discharge, but it does not imply that all plasma
species or all energy modes are characterized by a common thermodynamic temperature.
Similar non-equilibrium temperature distributions have also been reported in plasma sys-
tems generated by pulsed discharges, dielectric barrier discharges (DBDs), and spark dis-
charges [18-22]. In these systems, high-energy electron-molecule collisions preferentially
excite vibrational degrees of freedom, which leads to a relatively elevated vibrational tem-
perature. In contrast, rotational degrees of freedom are more strongly coupled to heavy-
particle collisions, and therefore the rotational temperature is generally closer to the actual
gas temperature. These results indicate that, in microsecond-pulsed spark discharges, the
plasma receives substantial electron energy input; however, the neutral gas does not reach
full thermal equilibrium during the discharge process. Previous studies have also re-
ported the transient evolution and diagnostic characterization of spark-discharge plas-
mas, including streamer-to-spark transitions and electron-density behavior [23-25].

Because the CN spectral fit is based on rovibrational band-shape matching, it does
not provide a direct estimate of the excitation state of atomic species. Therefore, the exci-
tation state of selected atomic oxygen levels was further evaluated using the Boltzmann
plot method [18-20].

~1.24 Experiment CN (B-X) (a) —20.4+ - (b)
= Simulation Xp.
E1.04 —21.0- —— T=1.047+0.02 ¢V
> T,,=2150 K ~
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= 228
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Figure 5. (a) Comparison between experimental and fitted spectra of CN (B>L* — X?L*, 388 nm); (b)
Boltzmann plot of the selected O I emission lines used to determine the apparent O I excitation
temperature, Tex; (¢) instrument-corrected Voigt-profile fitting of the O I 844.6 nm line for electron-

density determination.

The Boltzmann plot method was used to derive an apparent excitation parameter
from the relative populations of the selected O I emission levels. The parameter obtained
from the fit is referred to here as the apparent O I excitation temperature, Tex.. Because the
present microsecond-pulsed spark discharge is strongly non-equilibrium, Tex is not inter-
preted as a direct measurement of electron temperature T. or as evidence that the complete
discharge plasma satisfies local thermodynamic equilibrium. Instead, Tex is used only to
compare the relative excitation-state distribution of the selected O I emission levels under
different discharge conditions.

For a spontaneous radiative transition from an upper level k to a lower level i, the

integrated line intensity can be expressed as [18-20]:
lj; = Ny Aivig = N Ay f{—c (5)
ki
where Nk denotes the population density of particles in the upper level k, A is the spon-
taneous transition probability, A is the wavelength of the spectral line, and & and ¢ repre-
sent the Planck constant and the speed of light, respectively. When the relative popula-
tions of the selected O I upper levels are represented by an effective Boltzmann-type dis-

tribution over the examined energy interval, the population density Nk can be written as

_ 8k _ AE;
Nk_NaQa(T )exp( o ] (6)

€xc XC

where N. is the total number density of the emitted atomic species, gk is the statistical
weight of the upper level, Ex is the upper-level excitation energy, Q(Texc) is the partition
function, and ks is the Bolzmann constant. Substituting Equation (6) into Equation (5)
gives

lk,-=Nag—"Ak,£exp AL 7)
0, (Toe) ™ Ay g T,

exc
After rearrangement and logarithmic transformation, Equation (7) can be written in

m[[,dik,.j:_ AE, +1n£ N he ] ©
gkAki kBTexc Qa (Texc )
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Accordingly, the independent variable of the Boltzmann plot was defined as x = Ex,
and the dependent variable was defined as y = In(IkAx/grAx). Within the effective Boltz-
mann-type representation adopted for the selected O I upper levels, the slope of the linear
regression is given by m = —1/(ksTex). Therefore, the apparent O I excitation temperature
was calculated from the fitted slope according to Texc = —1/(ksm).

Four OIlines at 715.6, 844.6, 882.0, and 926.6 nm were selected because they showed
sufficiently high signal-to-noise ratios and acceptable spectral separation in the measured
spectra. Before constructing the Boltzmann plot, the integrated intensities of the selected
lines were corrected for the wavelength-dependent response of the optical system. The air
wavelengths, upper-level excitation energies, statistical weights, and transition probabil-
ities used in the calculation are listed in Table 1 and were obtained from the NIST Atomic
Spectra Database [26].

Figure 5b shows the Boltzmann plot obtained from the four selected O I lines. The
fitted slope and the corresponding apparent O I excitation temperature, Tex, are indicated
in the figure.

To assess the applicability of the local thermodynamic equilibrium (LTE) assump-
tion, the McWhirter criterion was evaluated as #ecit = 1.6 x 1012 TV2(AE)?, where nerit is
expressed in cm3, T is expressed in K, and AE is the maximum energy separation between
the selected upper levels in eV. For the selected O Ilines, AE =3.471 Ev(Table 1). Using the
measured Texc range of 9900-11,200 K as a characteristic temperature, the calculated elec-
tron-density threshold is (6.66—7.08) x 10 cm™. This value is higher than the measured
electron-density range of (1.91-2.37) x 10'> cm=3. Therefore, the necessary McWhirter con-
dition for global LTE is not satisfied in the present discharge [27].

Accordingly, the approximate linearity of the selected O I data points is not regarded
as proof of global LTE or partial LTE. Tex is retained only as an apparent excitation pa-
rameter describing the relative population distribution of the selected O I emitting levels,
rather than as a direct measurement of electron temperature or the electron energy distri-
bution function. The uncertainty of Tex- was obtained from the standard error of the fitted
slope, with the ordinate uncertainty propagated from the uncertainty of the integrated
line intensity. The reported uncertainty therefore represents the statistical uncertainty of
the Boltzmann fit. Possible systematic uncertainties associated with spectral-response cor-
rection and adopted transition-probability data are not fully quantified and constitute lim-
itations of the present diagnostic method.

Table 1. Spectroscopic constants of the selected O I lines used for the apparent O I excitation-tem-

perature analysis [26].

Aki (nm) Ari (s7) Ex (eV) gk
715.6 5.05=<107 14.460 2
844.6 3.22x107 10.989 2
882.0 2.93x107 14.134 3
926.6 4.45%107 12.079 4

The electron density was estimated from the Stark broadening of the O I 844.6 nm
line. The observed line profile contains contributions from instrumental, Doppler, van der
Waals, natural, resonance, and Stark broadening mechanisms. Therefore, the instrumental
line-spread function was determined using a narrow spectral line from a Hg—Ar calibra-
tion lamp recorded under the same grating, slit-width, ICCD, fiber-coupling, and optical-
collection conditions as those used for the plasma measurement. The instrumental full
width at half maximum in the spectral region near 844.6 nm was determined to be 0.02
nm. The measured O I 844.6 nm profile was fitted using an instrument-corrected Voigt
function. The Gaussian contribution included Doppler and instrumental broadening,
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whereas the Lorentzian contribution included Stark and van der Waals broadening. The
Stark width was obtained after subtracting the calculated van der Waals contribution from
the fitted Lorentzian width. Natural and resonance broadening were evaluated to be neg-
ligible compared with the fitted line width under the present conditions. The corrected
Stark width was then substituted into Equation (9) to calculate the electron density. In this
study, their values are taken as 5.28 x 102nm and 0.032 according to Ref. [28]. The uncer-
tainty in n. was evaluated by propagating the uncertainties of the fitted Lorentzian width,
instrumental broadening, van der Waals correction, and Stark-broadening parameters.
The reported uncertainty range corresponds to the 95% confidence interval of the calcu-
lated electron density.

1 1
Mgy (nm) =200, (T,) {1 + 1.75{1 —0.75x% (8.99 x107nsT, 2 Jae (Te)ﬂ x107n, 9)

A)’Lorentz = Aj‘Stark + Ajvd Waals + Aj‘Na‘fure + Aﬂ“Re sonance (10)

N waats = (11.2=2.12x107 T, (K) ) 7,57 P (atm) (11)

The three diagnostics provide complementary but model-dependent estimates of the
plasma state. The CN spectral fit yields effective rovibrational population temperatures of
emitting CN molecules; the O I Boltzmann plot yields the apparent O I excitation temper-
ature, Tex,, from an effective Boltzmann-type representation of the selected O I upper-level
populations; and the Stark analysis provides an electron-density estimate after correction
for instrumental and non-Stark broadening. Together, these results support the non-equi-
librium character of the discharge, but they do not establish global LTE or directly deter-
mine the complete electron energy distribution function.

3.3. Evolution of Characteristic Spectral Lines

To further elucidate the influence of different discharge conditions on the generation
behavior of reactive species, this section selects several representative characteristic spec-
tral lines and analyzes their response to variations in gas composition and discharge fre-
quency.

Figure 6a,b present the variation trends of the emission intensities of typical species
under different CO2/N2 composition conditions, including N I (3p-3s, 746 nm), O (3p-3s,
844.6 nm), CI(247.8 nm), CN (B2L+ — X2X+, 388 nm), and N2 (C3ITu — B3I, 337.1 nm). The
results show that, with increasing CO: content, the emission intensities of O and C atoms
continuously increase, whereas those of N atoms, the CN violet system, and the N2 second
positive system gradually decrease. Although the emission intensity of atomic carbon in-
creases to some extent with the rise in CO2 proportion, its overall relative intensity remains
low. This observation indicates that carbon-containing species in the system predomi-
nantly exist in molecular forms such as CO and Cz. This trend indicates that the evolution
of different species is not independent but is jointly governed by coupled reaction path-
ways within the system. However, variations in spectral intensity alone are insufficient to
distinguish the respective formation and consumption processes of these species. For ex-
ample, the decrease in CN emission may result either from limited formation or from en-
hanced loss. Therefore, it is necessary to carry out a systematic analysis of the dominant
reaction pathways from the perspective of reaction mechanisms.
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Figure 6. Variation trends of emission intensities of N I (3p-3s, 746 nm), O (3p-3s, 777.2 nm), CI1(247.8
nm), CN (B?L* — X2L+,388 nm), and N2 (C3[1. — B%ITg, 337.1 nm) with gas composition (a,b) and
pulse repetition frequency (c,d).

In microsecond-pulsed spark discharges, energetic electrons can induce molecular
excitation and dissociation through inelastic collisions [29,30]. For CO: molecules, the pri-
mary electron-impact dissociation process can be described by Equation (3).

Subsequent dissociation processes can be described as follows:

e+CO—->C+0+e (12)

Therefore, as the CO: fraction increases, the O I and C I emission signals increase.
This trend is consistent with enhanced contributions from CO»-derived excited oxygen-
and carbon-containing species. This result is consistent with previously reported observa-
tions in CO:2 discharge plasma studies, which show that high-energy electron collisions
significantly promote the dissociation of CO: molecules and lead to the generation of a
large number of reactive oxygen atoms [31,32].

In contrast, the excitation and dissociation of N2 molecules mainly involve the fol-
lowing processes:

e+ N, > Ny,*+e

(13)

e+N, >2N+e

(14)

As the CO2 content increases, the fraction of N2 decreases, which directly reduces the
population of its excited states. Meanwhile, the O atoms generated in the system can con-
sume reactive nitrogen species through the following reactions. The reactions listed in
Equations (15)—(20) are introduced as literature-supported representative pathways for
qualitatively interpreting the observed C-N-O-related emission trends.
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N+O—>NO (15)
NL*+0O —>NO+N (16)

Therefore, the emission intensities of N atoms and excited states of N2 molecules are fur-
ther suppressed.

For CN-related chemistry, carbon-, nitrogen-, and oxygen-containing reactive species
may participate in both formation and conversion processes. The following reactions are
introduced as literature-supported representative pathways for the qualitative interpreta-
tion of the observed emission trends:

C+N—CN 17)

CO+N—->CN+O (18)

However, as the CO: fraction further increases, the O-related emission becomes more
pronounced. The following oxygen-involving reactions are included as representative
conversion pathways:

C+0—->CO (19)

At the same time, these oxygen atoms also directly destroy the already formed CN
radicals:

CN+O—->CO+N (20)

Accordingly, the decrease in CN-related emission at higher CO: fractions is qualita-
tively consistent with a change in the relative balance between CN-associated formation
pathways and oxygen-related conversion pathways. The present OES measurements do
not resolve the relative rates of the reactions listed above or the concentrations of the par-
ticipating species.

Based on the above reaction processes, a coupled C-N-O reaction network was con-
structed, as shown in Figure 7. The network summarizes representative reaction path-
ways reported for CO2/N2 plasma systems and describes the possible interconversion
among carbon-, nitrogen-, and oxygen-containing reactive species. Electron-impact acti-
vation of COz and N2 generates C-, N-, and O-containing precursors, while subsequent C-
N coupling and O-involving conversion processes jointly affect the CN-related emission
behavior. With increasing CO:z fraction, the enhancement of O-related emission accompa-
nied by the attenuation of N- and CN-related emission is qualitatively consistent with an
increasing contribution of oxygen-involving conversion pathways. Therefore, the ob-
served CN-related emission variation can be interpreted as the result of competition be-
tween C-N coupling processes and O-related conversion processes.

In addition to variations in reactive species concentrations, the gas composition also
affects the energy distribution processes within the discharge system. CO2 is a linear tria-
tomic molecule that possesses three fundamental vibrational modes: the symmetric
stretching mode (v1), the bending mode (12), and the asymmetric stretching mode (vs).
Among them, the bending mode is doubly degenerate. These vibrational modes exhibit
relatively large excitation cross sections in low-energy electron collisions, enabling CO: to
efficiently absorb electron energy during the discharge process and store it in the vibra-
tional degrees of freedom. Previous studies have shown that vibrational energy transfer
in CO2/N2 mixed systems is mainly governed by vibration—vibration (V-V) and vibration—
translation (V-T) processes, in which N2 molecules effectively promote vibrational energy
accumulation because of their relatively slow V-T relaxation rate [33]. As the CO2/N: ratio
increases from 1:3 to 1:1, the accumulation of vibrational energy in the system becomes
stronger, resulting in an increase in the vibrational temperature from 7050 K to 7850 K.
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However, when the CO2 content continues to increase, the number density of N2 mole-
cules in the system decreases, which weakens the capability for vibrational energy accu-
mulation. At the same time, CO2 molecules exhibit relatively faster V-T relaxation pro-
cesses, causing vibrational energy to transfer more readily into translational degrees of
freedom. Consequently, the vibrational temperature decreases further from 7850 K to 7230
K.

— Dissociation

— Recombination

— Formation to CN
— Oxidation/Quenching
---» Other reactions

 Discharge /e” Impact ’

e+co, ¥ S N
e - C A

: e +N, - O+CN—CO+N '\ NG
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2 “ ~~ 0+N—NO |
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Figure 7. Simplified literature-based C-N-O reaction network used for the qualitative interpretation
of the observed emission trends. The labeled arrows correspond to the representative reactions
listed in Equations (3) and (12)-(20). The network is not a kinetic model, and reaction rate coeffi-

cients or reaction fluxes were not determined in the present work.

The experimental results show that the rotational temperature increases from 1950 K
to 2190 K with increasing CO2 content. Since the rotational temperature is generally close
to the gas temperature, this result indicates that the overall thermal effect in the system
gradually becomes stronger. Several factors may contribute to this behavior. First, CO:
molecules possess more vibrational degrees of freedom, which enhances the transfer of
vibrational energy into translational motion. Second, the dissociation of CO: and related
reaction processes release thermal energy into the system. Third, a higher CO2 concentra-
tion increases the collision frequency within the plasma, thereby promoting energy ther-
malization processes.

Figure 6c,d show that the emission intensities of all observed species increase to dif-
ferent extents as the pulse frequency rises from 200 Hz to 400 Hz. This behavior is mainly
attributed to the increase in the number of discharge events per unit time, which provides
the system with a higher average input power and consequently increases both the elec-
tron density and the proportion of high-energy electrons in the electron energy distribu-
tion function. Under these conditions, a larger number of molecules undergo excitation
and dissociation processes, resulting in the overall enhancement of the emission intensi-
ties of O, C, N, CN, and N2 species. Similar phenomena have been widely reported in
pulsed plasma studies, where increasing the discharge frequency enhances energy depo-
sition per unit time and thereby strengthens particle excitation and dissociation processes
[34-38]. Meanwhile, the vibrational temperature increases from 7850 K to 8100 K, whereas
the rotational temperature exhibits only slight fluctuations within the range of 2120-2170
K, as shown in Figure 8. These results indicate that vibrational degrees of freedom are
more sensitive to variations in discharge frequency. High-frequency discharges continu-
ously inject non-equilibrium energy into the system, allowing vibrational excitation to ac-
cumulate progressively. In contrast, rotational degrees of freedom are more closely asso-
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ciated with thermalization through heavy-particle collisions, and therefore their variation
remains relatively limited. This phenomenon further demonstrates that microsecond-
pulsed spark discharges exhibit typical characteristics of non-equilibrium plasmas.

In summary, the spectral behavior and temperature evolution of CO2/N2 mixed gases
under microsecond-pulsed spark discharge conditions exhibit pronounced characteristics
of non-equilibrium plasmas. An increase in CO: content promotes the generation of
atomic oxygen and carbon-containing reactive species, while simultaneously enhancing
the oxidative consumption of N- and CN-related species. The vibrational temperature is
jointly regulated by the vibrational energy transfer mechanisms between CO2 and N2 mol-
ecules and therefore exhibits a trend of first increasing and then decreasing with changes
in gas composition. In addition, an increase in pulse frequency generally strengthens par-
ticle excitation processes and the accumulation of non-equilibrium energy within the
plasma. These results demonstrate that the distribution of reactive species and the energy
allocation in the plasma can be effectively controlled through the adjustment of gas com-
position and pulse repetition frequency modify the relative emission responses of the se-
lected C-, N-, O-, and CN-related spectral features under the present discharge conditions.
These observations provide qualitative OES-based insight into C-N-O coupling behavior,
whereas direct CO2 conversion efficiency, product yield, and reaction selectivity were not
evaluated in this work. Such regulation provides important experimental evidence for
CO: conversion and related plasma-assisted chemical reaction processes.
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Figure 8. Vibrational temperature (Tvio) and rotational temperature (Trt) under different gas com-

positions (a) and different pulse repetition frequencies (b).

3.4. Intensity Ratio and CN Formation Characterization Factor Analysis

Based on the above full-spectrum and normalized spectral analyses, the intensity ra-
tio (R) and the CN formation index (CFI) were used to compare the relative variations in
CN-, C-, N-, and O-related emission signals under different discharge conditions. Com-
pared with a single emission signal, an intensity ratio can partially reduce the influence of
overall discharge-intensity fluctuations and is useful for describing relative spectral
trends. Each ratio and CFI value was calculated from three independent measurements
and is presented as the mean + standard deviation. As noted in Section 2.2, the intensity
ratios and CFI are emission-based semi-quantitative descriptors. They do not directly rep-
resent species concentrations, reaction rates, CN yield, or CN formation efficiency.

The CN-related emission response may be influenced by the relative variation of car-
bon-, nitrogen-, and oxygen-containing species, including the representative C-N-O reac-
tion pathways discussed in Section 3.3 [33,39,40]. As the CO2/Nz2 ratio increased from 1:3
to 3:1, the apparent O I excitation temperature, Tex, increased from (9900 + 200) K to
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(11,200 + 200) K, whereas the electron density decreased from (2.37 + 0.02) x 10'5 cm= to
(1.91 + 0.02) x 10% cm3. These opposite trends indicate changes in the relative O I excita-
tion-state distribution and electron-density condition of the discharge. Because the pre-
sent non-equilibrium spectroscopic diagnostics do not directly determine the electron en-
ergy distribution function, the variations in Tex and ne are not interpreted as a unique
change in the fraction of high-energy electrons. Instead, they are considered auxiliary
plasma parameters that may influence the observed relative emission responses. This ten-
dency is consistent with the experimentally observed continuous decrease in the propor-
tion of atomic nitrogen species. In addition, previous studies have shown that, in oxygen-
containing plasma systems, O atoms continuously consume CN radicals and carbon-con-
taining free radicals through oxidation reactions [3,6,41]. Therefore, as the concentration
of O atoms increases, competitive reaction pathways such as Equation (20) become pro-
gressively stronger. These processes jointly suppress the steady-state accumulation of CN
radicals from both the formation and consumption perspectives.

Further analysis based on the variation in intensity ratios provides a more direct un-
derstanding of the relative competition among different reaction pathways. As shown in
Figure 9, the ratio of Icngss)/INgae) increases from 1.3 to 1.56 with increasing CO: content
and reaches a maximum value of 1.92 under the 1:1 condition. To some extent, this ratio
reflects the CN emission contribution corresponding to each unit of nitrogen-related ac-
tive species. The increase in this ratio indicates that, under moderate CO2/N2 mixing con-
ditions, the limited nitrogen-containing reactive species participate more efficiently in CN
formation processes. This behavior may imply that CO-involved pathways play a rela-
tively more important role in CN generation. However, the enhancement in relative for-
mation efficiency does not lead to an increase in the total CN concentration. The main
reason is that the ratio of loz7)/Ieness) continuously increases from 0.92 to 2.55, indicating
that oxygen-related emissions gradually become dominant in the discharge system. This
phenomenon indicates that the oxidative consumption pathways gradually become
stronger as the CO: fraction increases. Previous studies have likewise reported that the
continuous accumulation of O atoms in COz-related plasmas significantly enhances the
oxidation of CN radicals and carbon-containing free radicals [17]. The observed variations
in Tex and ne indicate changes in the excitation and electron-density conditions of the
discharge. However, the present diagnostics do not resolve the electron energy distribu-
tion function and cannot establish a unique change in CO: or N2 activation capability. As
a result, the competitive inhibitory effect of O atoms on CN formation progressively in-
tensifies. In addition, the ratio of Icn@ss)/Ice47) reaches its maximum value of 40.2 under the
1:1 condition and subsequently decreases to 18.9. This result indicates that, under moder-
ate CO2/N2 mixing conditions, carbon-containing reactive species exhibit a relatively high
conversion efficiency toward CN formation. However, under high-CO: conditions, a por-
tion of carbon species preferentially participates in the formation of oxygen-containing
products such as CO, thereby reducing the relative contribution of CN formation. Simi-
larly, the continuous increase in log7)/Icee) further demonstrates that carbon-containing
species become progressively dominated by oxidation pathways with increasing CO: con-
centration.

Based on the above emission characteristics, the CN characterization index (CFI) was
calculated from the integrated CN, C I, N I, and O I emission signals. Compared with a
single intensity ratio, the CFI combines the relative variations in the four selected spectral
features. In the following discussion, changes in CFI are interpreted only as variations in
the relative CN-related emission response within these selected signals. The experimental
results show that the CFI decreases monotonically from 0.36 to 0.23 as the CO2/Nz ratio
increases. Because the CFI combines the CN molecular-band emission with atomic C, N,
and O line emissions, its value can also be affected by species-dependent excitation mech-
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anisms, transition probabilities, collisional quenching, and plasma parameters. Although
the spectral response of the optical system was corrected, no separate correction for these
species-dependent population effects was applied. Therefore, the CFl is used only to com-
pare relative spectral trends under the present experimental conditions. This trend indi-
cates that the reaction pathways favorable for CN formation are progressively suppressed
by oxidation-related processes. The observed variation may be associated with several
factors. First, the decrease in the N I emission contribution weakens the supply of nitro-
gen-containing reactive species required for CN formation. Second, the increase in atomic
oxygen concentration enhances the oxidative consumption of both CN radicals and car-
bon-containing species. In addition, although CO2 provides more carbon-containing pre-
cursors, a portion of these carbon species tends to be converted into stable oxygen-con-
taining products such as CO. Consequently, their effective contribution to CN formation
does not increase correspondingly. Further consideration of the electron density variation
shows that the continuous decrease in electron density may weaken effective electron-
impact collision processes in the plasma, which is unfavorable for sustaining CN for-
mation pathways that rely on multistep collision reactions. In contrast, the activation and
dissociation of CO: can still proceed continuously under these conditions. Therefore, the
decrease in CFI can, to some extent, be regarded as consistent with an increasing influence
of oxygen-related conversion pathways in the system.

To assess the influence of energy deposition in the frequency series, the pulse energy
was calculated from the measured voltage-current waveforms according to E, = [V(t)I(t)dt.
Over the investigated frequency range, the pulse energy varied from 20.17 to 23.26 m],
whereas the average input power increased from 0.89 to 0.92 W. In contrast, the pulse
repetition frequency exhibits a different regulatory effect on CN formation. When the fre-
quency increases from 200 Hz to 400 Hz, the normalized fraction of CN rises from 25% to
34%, the proportion of atomic nitrogen increases from 20% to 23%, while the proportion
of atomic oxygen decreases from 53% to 42%. These results indicate that higher pulse fre-
quencies enhance the relative contribution of nitrogen-containing reactive species and
simultaneously weaken the dominant role of oxygen atoms in the discharge system. From
the perspective of intensity ratios, Icness)/Ingae) first increases with frequency and reaches
a maximum value of 1.66 at 350 Hz, followed by a slight decrease. This behavior suggests
that the CN-to-N emission ratio reaches its maximum value under intermediate frequency
conditions. Meanwhile, the ratio of Iog77)/Icness) decreases from 2.1 to 1.22, indicating that
the competitive inhibition effect of oxygen atoms on CN formation is significantly re-
duced. In addition, the continuous increase in Icn@ss)/Ice4r) reflects an increase in the rela-
tive CN-to-C emission ratio, whereas the decrease in Io@77)/Icea7) indicates a decrease in the
relative O-to-C emission ratio.

On this basis, the CFI increases from 0.25 to 0.34 with rising pulse frequency, indicat-
ing that the relative contribution of CN within the overall reaction system is significantly
enhanced. Similar behaviors have also been reported in studies of pulsed discharges and
non-equilibrium plasmas, where increasing the discharge frequency enhances energy
deposition per unit time and promotes vibrational excitation as well as molecular activa-
tion processes [19,42]. The frequency-dependent emission trends may reflect both the in-
creased average energy input associated with the higher pulse repetition frequency and
possible changes in the discharge conditions between successive pulses. At the same time,
the enhancement of non-equilibrium characteristics helps sustain a higher population of
vibrationally excited species, thereby facilitating reaction pathways such as CO + N that
contribute to CN formation. In addition, the reduced relative abundance of O atoms fur-
ther weakens the oxidative loss of CN radicals, which is more favorable for the accumu-
lation of CN species in the plasma system.
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In summary, the formation of CN radicals is governed by a dynamic balance among
the supply of atomic nitrogen, the utilization efficiency of carbon-containing reactive spe-
cies, and the competitive consumption by atomic oxygen. Variations in the gas composi-
tion primarily affect CN formation by regulating the competition between oxidation-re-
lated pathways and carbon-nitrogen coupling pathways in the plasma system. In con-
trast, the pulse repetition frequency mainly controls the reaction processes by modifying
the energy input and the degree of non-equilibrium within the discharge. Within the pre-
sent OES analysis, the CFI provides a semi-quantitative descriptor for comparing relative
CN-related emission variations under different discharge conditions. Therefore, it pro-
vides a useful framework for understanding carbon-nitrogen coupling mechanisms in
CO2/Nz2 plasma systems and offers valuable guidance for optimizing the formation of tar-

get products.
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4. Conclusions

This study presents a comparative optical emission spectroscopic investigation of
pure Nz, pure COz and CO2/N: mixtures under atmospheric-pressure microsecond-
pulsed spark discharge conditions. The novelty of the work lies in the condition-resolved
analysis of the coupled relative emission behavior of C-, N-, O-, and CN-related spectral
features under variations in gas composition and pulse repetition frequency. By combin-
ing full-spectrum comparison, CN rovibrational fitting, atomic-line-based plasma diag-
nostics, and emission-ratio analysis, the study provides a spectroscopic basis for examin-

ing C-N-O coupling behavior in pulsed CO2/N2 discharges.
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First, from the perspective of spectral characteristics, this study performs a unified
full-spectrum comparative analysis across different discharge systems and establishes a
systematic correlation between atomic/molecular emission features and underlying reac-
tion pathways. The results show that the pure N2 discharge is dominated by the second
positive system of N2 and atomic nitrogen (N I) emission lines, whereas the pure CO:
discharge is mainly characterized by atomic carbon and atomic oxygen emissions. In con-
trast, the N2/CO2 mixed system exhibits a pronounced CN violet-band emission, indicat-
ing the coexistence of carbon-containing and nitrogen-containing reactive species in the
mixed discharge. This full-spectrum-based comparative approach provides a more com-
prehensive diagnostic framework for describing the evolution of reactive species in com-
plex gas discharge systems.

Second, an emission-based CN characterization index (CFI) was introduced from the
integrated emission signals of C, N, O, and CN to compare their relative variations under
different discharge conditions. By incorporating the coupled changes in the selected spec-
tral features, the CFI provides a semi-quantitative indicator of the CN-related emission
response in the present discharge system. Because the index combines atomic-line and
molecular-band emissions, its value is also influenced by the excitation and quenching
characteristics of the selected species.

Third, plasma parameter diagnostics indicated pronounced non-equilibrium charac-
teristics of the discharge. The distinct difference between the fitted vibrational and rota-
tional temperatures reflected non-equilibrium rovibrational energy partitioning of the
emitting CN molecules. The apparent O I excitation temperature, Tex, and electron den-
sity, determined from the O I Boltzmann plot and Stark-broadening analysis, respectively,
provided complementary information on the excitation and electron-density conditions
of the discharge. The corresponding uncertainties are reported in the revised Results Sec-
tion. In addition, the variation in O-related emission with gas composition was consistent
with an increasing contribution of oxygen-involving conversion processes to the observed
CN-related emission behavior.

In summary, the observed CN-related emission behavior was associated with the
combined influence of gas composition, pulse repetition frequency, and the relative C-N-
O emission characteristics of the discharge. Increasing the CO: fraction was accompanied
by enhanced O-related emission and reduced N- and CN-related emission, whereas in-
creasing the pulse repetition frequency modified the relative emission responses of the
selected species. These trends are consistent with changes in the balance between C-N
coupling processes and oxygen-related conversion processes. Within the present OES
analysis, the CFI provides a semi-quantitative index for comparing these relative spectral
variations.

Overall, this study systematically investigated the N2/COz microsecond-pulsed spark
discharge system through full-spectrum analysis, plasma-parameter diagnostics, and
emission-ratio analysis. The results provide spectroscopic insight into the relative C-N-O
coupling behavior under different discharge conditions and establish an experimental ba-
sis for future plasma-chemical kinetic modeling, particle-balance analysis, and independ-
ent product or radical diagnostics in CO2/N2 plasma systems.
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