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Abstract

Control of reactive species generation lies at the core of atmospheric-pressure plasma processing. In
this work, we investigate the capability of a cold RF argon plasma jet source to produce reactive
oxygen and nitrogen species (RONS) following the injection of a molecular gas (N, or O,), either
premixed with the main gas (Ar) or introduced separately into an already generated Ar discharge.
We show that when reactive gases are injected directly into the Ar discharge, the range of operating
parameters—particularly the ratio of reactive gas to main gas—is considerably widened compared
to the conventional injection through the main argon flow. The plasma characteristics at the source
exit were analyzed using Optical Emission Spectroscopy (OES), including the determination of
electron density, rotational temperature, and the emission intensities of plasma species such as Ar I,
NO(A), OH(A), and N(C), for both injection types. Overall, the results show that plasmas generated
using in-discharge injection are more stable and capable of sustaining enhanced production of
reactive radicals such as NO(A) and OH(A), whereas injection through the main gas can be tuned to
selectively enhance NO generation. These findings highlight the potential of plasma sources
employing premixed or in-discharge reactive gas injection for surface treatment and for the
processing of gas and liquid phases.

Keywords: plasma sources; cold plasma; atmospheric pressure plasma jet; reactive gas injection
methods; reactive oxygen; and nitrogen species (RONS); optical emission spectroscopy (OES);
processes in Ar/N2/Oz plasmas

1. Introduction

While many applications use the thermal effects of plasmas operating at atmospheric pressure
(such as plasma welding [1], melting [2], cutting [3], and so on), cold plasma processing is based on
chemical effects sustained by the interaction of reactive species existing in plasma (or generated by
plasma) with materials [4]. Cold atmospheric pressure plasma sources remain at the forefront of
research, due to their advantages of processing various materials in solid, liquid, and gas phases [5].

The nature and the quantity of reactive species is a key element in the processing activities. There
are numerous reactive species with remarkable role in different applications; among them the most
well-known are: OH [6], NH [7], NO[8-10], O[11,12], Os [13], ions [14], metastable [15]. It is also
important to mention that the identification and quantification of plasma generated species rely on
dedicated plasma diagnostics. Among these, optical emission spectroscopy (OES) is the most widely
used due to its non-invasive nature and the broad availability of instrumentation. However,
processing and interpreting spectral data requires a high level of expertise. General information on
the use of OES as a diagnostic tool for atmospheric pressure plasmas can be found in [16], while
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examples related to specific applications, such as food technology [17] or surface processing [18]
illustrate its practical relevance across various plasma systems.

A major problem in modern high-power laser systems is the contamination of optics, with
mirrors being particularly affected by carbonaceous deposits, which can lead to increased absorption,
local heating, and their dielectric coating degradation [19,20]. Therefore, the ability to remove the
contaminated mirror surface without damaging the underlying coating is very important for
maintaining optical performance for a long time. Traditional cleaning methods, such as mechanical
polishing, may be too aggressive for sensitive optical coatings. In this context the use of chemically
reactive species RONS generated by cold atmospheric pressure plasmas jets represents an effective
and controllable alternative for the removal of carbon contamination [9,10]. Atmospheric pressure
plasma cleaning was also proposed as a support for the wall maintenance and diagnostic mirrors in
fusion technology [21,22]. These plasmas have also been investigated for liquid decontamination,
demonstrating a high efficiency as reported in [23,24]. Also, the plasma jet was applied for the in
liquid functionalization of nanomaterials, like carbon nanowalls [25] or nanocellulose [26] dispersed
in water, demonstrating its ability to introduce chemical modification through plasma-liquid
interaction.

One of the technical problems in the reactive species generation by atmospheric pressure plasma
sources is related to gas injection procedures, where various constraints should be fulfilled
simultaneously. The stationary atmospheric pressure cold plasmas are mostly generated in flowing
atomic gases, such as He [27,28] and Ar [29,30]. These gases are suitable because they prevent the
discharge from transitioning into a thermal arc regime. First, unlike molecular gases, discharges in
atomic gases require less power since rotational, vibrational and dissociation processes are absent
[31]. Second, they provide a cooling effect through efficient heat transfer from the electrodes,
supported by fast gas flow and the high thermal conductivity of gases such as helium. Still, the
creation of specific reactive species, requires the presence of molecular gases for example, oxygen,
nitrogen, hydrocarbon, fluorinated gases, etc. Sometimes it is enough for gas molecules (Oz, N2, H20)
to be taken during plasma expansion from the environment [32]. Contrary, in those cases where such
gases are undesired, an inert gas curtain can be applied [33-35]. The injecting of molecular gas
downstream of the discharge is also possible, with the disadvantages of non-isotropic mixing and
limited excitation transfer from the species carrying energy from the discharge (ions, metastable
species).

The most desired would be the injection of the molecular gas in a controlled manner and in the
discharge. The common way is the admixing of the reactive gas with the main inert gas sustaining
the discharge. This approach is illustrated in Figure 1 (left). Nevertheless, this may lead to plasma
extinction, which can be prevented by the increase of applied power, thus raising the risk of transition
to arc. The consequence is that only limited amounts of reactive gases can be added while keeping
the discharge running and cool. For example, the literature reports for the ratio of reactive to main
gas, depending on the plasma source and application, values between 1-2 % Oz and/ or Nz in sources
using He as the main gas [12,36] and values between 0.2 and 1.5 % in sources using Ar as the main
gas [37,38]. The increasing of this ratio is in high demand for plasma processing technologies
especially in biomedical applications where the RONS species generation plays a significant role [39].
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Figure 1. Illustration of the I and Y plasma jet configurations emphasizing the reactive gas injection

peculiarities.

Herewith we present an atmospheric pressure DBD plasma jet source, capable of working in
cold regime with high amounts of molecular reactive gases (N2 or Oz2). This is made possible by the
injection of the reactive gas separately from the main inert gas, downstream the active RF electrode
into the middle of discharge channel. This approach is illustrated in Figure 1 (right). Accordingly, the
discharge is sustained in the main atomic gas upstream of the injection point, allowing the
maintaining of discharge even at high amounts of injected reactive gases. Based on the similarity of
the injection geometries shown in Figure 1 with the capital letters “I” and “Y”, we refer further to the
respective plasma sources as I-DBD and Y-DBD. The design details of the two sources are provided
in the experimental section. In the results section, their operating domains in terms of power and gas
flow rate are compared, highlighting the superiority of Y-DBD in respect to the working parameter
ranges. Additionally, the emission intensity of the reactive species (NO, OH, and N:) and the plasma
characteristics (electrons density, rotational and vibrational temperatures) were analyzed as a
function of the amount of molecular gas injected. This analysis was performed using OES,
considering the spectra acquired near the tube exit. The results show that the behavior of the species
is consistent with the main mechanisms governing their formation and excitation in atomic plasmas
mixed with molecular gases. Based on these findings, we recommend recipes that optimize the
production of NO and OH radicals.

2. Experimental Details and Methods

The schematic view of the experimental setup used for the plasma investigations is shown in
Figure 2a. Two main parts are noticed, one of them dedicated to plasma operation and control, the
other one dedicated to plasma investigations.

2.1. Plasma Generation and Control

The system for plasma generation and control consists of the plasma source, the power and gas
feeding arrangements (Figure 2). The sources used in this work are based on one electrode RF
discharge as described in our previous work Teodorescu et al. [29]. The discharge is ignited in a glass
tube of 6 mm outer diameter, in flowing Ar gas, with one annular electrode placed on the tube. The
grounded electrode is physically missing; its presence is substituted by the external bodies
distributed in the space around the plasma source. We have shown that this configuration produces
a stable one filament discharge surrounded by a diffuse plasma region; the filament develops inside
the tube starting with the electrode position and extends outside the tube as a long (up to 5 cm) thin
plasma jet. This configuration (denoted here as I-DBD) was modified with a lateral tube joining the
main tube downstream the electrode position (Y-DBD, as detailed in Figure 1). We found out that
this modification did not affect the operation of the source in one filament stable mode. For both
source types the plasma is sustained at atmospheric pressure by a 13.56 MHz RF power generator

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1111.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2025 d0i:10.20944/preprints202511.1111.v1

4 of 16

(CESAR, Advanced Energy), operated in power control mode, and an adequate matching box (AMV-
1000-EN, ADTEC). The operation of the sources was investigated in the 30-220 W range; with the
applied power limited to a maximum of 220 W to prevent source damage. For gas delivery mass flow
controllers (Bronkhorst) were used. Argon was used as main gas, at a mass flow rate of 3000 sccm.
Oxygen or Nitrogen were used as reactive gases, injected either in the main gas (I-DBD) or directly
in the Ar discharge (Y-DBD), at mass flow values in the range 0-1500 sccm.
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w N W .
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Figure 2. (a) The experimental setup. It consists of the plasma generation and control system and the spectral
investigation system. The figured plasma source is of Y-DBD type; (b) Detailed view of the geometry used for

spectral data collection.

The spectral information was acquired using a 1000 mm focal length Jobin-Yvon Horiba
FHR1000 spectrometer with a 2400 grooves/mm grating, equipped with a cooled Andor iDus 420
CCD camera. The plasma jet emission was collected through two converging lenses to be able to
control the magnification of the plasma image that is created on the entrance slit of the spectrograph.
The spectral resolution of the measurements, corresponding to the used slit width of 20 um was
estimated to 0.02 nm.

2.2. Plasma Generation and Control

The electron number density was determined by analyzing the Stark broadening profile of lines
within the Balmer series. The plasma located in the immediate vicinity of an atom or ion can
significantly modify their effective internal electric field. The electric micro fields from the electrons
and ions in the plasma alter the energy states of the emitter (the source of electromagnetic radiation)
through the Stark effect. This effect leads to broadening of spectral lines, asymmetries and shifts of
the line position. The analysis of spectral line profiles broadened by Stark effect is a widely used
method for diagnosing plasma [40]. The profile of the line strongly relies on the density of charged
particles surrounding the radiation source. This dependency is particularly significant for hydrogen
like ions, where the Stark effect is linear[41]. The utilization of Stark broadening for determining
electron density in plasma offers several advantages, including the simplicity of the method and its
independence from the local thermodynamic equilibrium (LTE). Before estimating the electron
density, it is necessary to separate the experimental line profile from the effects of instrumental and
Doppler broadening. The resulting line profile is then compared to a theoretical Stark profile.
Generally, the analysis involving the Stark broadening profile focuses on the maximum broadening
of the spectral line at half of its height, often referred to as “full width at half maximum” (FWHF) in
specialized literature [42].
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2.3. Gas Estimation Using OH(A-X) Simulations

As demonstrated in [43], the OH rotational temperature provides a reliable estimate of the gas
temperature in plasma jets. In this work, the rotational temperature of the OH radical was evaluated
by fitting the experimental spectrum of the OH (A-X) band with a synthetic spectrum generated based
on the Boltzmann distribution of rotational levels, Honl-London factors, and a Gaussian function
accounting for instrumental broadening [44]. This method takes into consideration the overlapping
of N2(SPS) with OH bands with the emission and exclude its contribution. An example of such a
simulated spectrum fitted to the experimental data is illustrated in Figure 3. The simulation was made
for a spectra recorded from a plasma generated using the I-DBD configuration, operated without any
molecular gas injection.

14000 T T T T T T
2 - Experimental spectra
Simulated spectra

10500 ; i

? WUWAL

T T
306 308
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3500 4

Wavelength [nm]

Figure 3. OH (A-X) spectrum overlaped on experimental spectrum acquired for Ar flow 3000 sccm, using a
power of 100 W. Rotational temperature computed in this case: Tro=630 + 15 K.

3. Results

3.1. Determination of the I- and Y-DBD Plasma Jets Operating Domains

First objective in this work was to gather information regarding the working domains of the
plasma jets with injected molecular gases, in both geometries. This study was performed to facilitate
a comparison of the operating conditions for each plasma jet geometry. The gases were introduced
up to the highest reactive to main gas ratios compatible with the sources” operation.
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Figure 4. Comparative view of the working domains of the I and Y-DBD in a) Ar/O2 admixtures, b) Ar/N:
admixtures.
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Figure 4 shows that each geometry is characterized by two main operational domains: a stable
plasma region and a region where instabilities occur. Beyond these regions the plasma is either
extinguished or cannot be operated under safe conditions, due to the risk of damaging the source by
heating the tube in the proximity of the power electrode. A stable plasma jet refers to the regime in
which the generated plasma jet remains anchored to a fixed point on the dielectric surface (glass/
quartz tube), maintaining its position over time. In contrast, instabilities are associated with the
continuous shifting of the plasma jet’s anchoring point. Additionally, at high power, thermal energy
is transferred from the plasma to the dielectric tube, potentially leading to source degradation. For
both geometries, the lower boundary of the stability region corresponds to the minimum power
required to ignite the discharge. In contrast, the upper boundary of the instability region indicates
the maximum power that can be safely applied to the discharge while preserving the physical
integrity of the plasma source. Also, for both geometries, within the power range of 40-60 W, the
plasma jet does not extend outside the tube.

The analysis reveals that in the case of I-DBD geometry, where both the main gas and the
molecular gases are injected prior to the discharge, the plasma remains stable at very low
concentrations of Oz/ Nz (ranging from 0 to 0.033%). In terms of power variation, for Oz injection, the
plasma jet can be generated in a stable way with powers varied from 43 to 145 W, and 45 to 130 W
for N2 addition.

Regarding the Y-DBD source, it can be easily observed that using this geometry the operating
range can be considerably widened. Also, this geometry can operate with high molecular gas
concentrations (up to 50 %) and ensures stable operation at low powers (40 W) and at high powers (~
140 W) for both Oz and N: injection. Additionally, for plasma generated using this geometry, when
the concentration of the injected molecular gas exceeds 30%, the filamentary jet is no longer observed
outside the tube. Instead, a diffuse emission still can be seen, known as the post-discharge or after-
glow [45]. This zone is dominated by the presence of long lived species.

3.2. Behavior of the Emitting Species at the Tube Exit

In Figure 5 is presented a general spectrum of the plasma jet obtained at the exit of the tube, for
an Y-DBD, operated at 100W RF power with 3000 sccm of Ar in absence of any reactive gas. The
spectrum is similar to that obtained from the I-DBD in the same conditions. The predominant
emission lines are those due to de-excitation of Ar atoms. The most intense are: Ar I (695.65 nm, 706.72
nm, 739.39 nm, 763.51 nm, 772.42 nm and, 794.81 nm). Additionally, in the low wavelength region of
the spectrum, emissions from radical species such as YNO (A 2X+X 2I1), OH (A 2X+, v'=0 - X 21, v* =
0) and N2 (C *[1u.-B *[1g) nm are observed, resulting from the uptake of N2, Oz gases and H20 water
vapors from the atmospheric air.
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Figure 5. General OES spectra for the plasma jet (near the tube edge); (a) extended view of 200-800 nm spectral
range, (b) detailed view of the of the 200-450 nm spectral range.
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A comparative spectral analysis was performed between the two discharge geometries, I-DBD
and Y-DBD, focusing on the emission of the key species observed (as illustrated in Figure 6,
respectively Ar (4p-4s) transitions, the band heads of the molecular nitrogen SPS system N2(C-B), the
nitric oxide NO (A-X) band, and the hydroxyl radical OH (A-X) emission. Since high molecular gas
injection lead to the extinction of the I-DBD plasma, only nitrogen and oxygen injection ratios up to
0.033% can be considered for a consistent comparison.
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Figure 6. Spectral comparison between I and Y- DBD sources: (a) Ar I, (b) N2(C-B), (c) OH (A-X), and (d) NO
(A-X) emissions (full symbols are used for I-DBD, while empty ones are used for the Y-DBD configuration).

Concerning the Ar and N2 (SPS) emissions (Figure 6a and 6b), a very clear distinction between
the two configurations is noticeable for both Oz and N: injections. Thus, while in the case of I-DBD
the emission of the investigated species drastically decreases with increasing molecular gas ratio, in
contrast, for the Y-DBD configuration, the plasma emission remains high and even slightly increases
in the case of N2(SPS). Similar trends are observed for the OH radical emission (Figure 6c): for the I-
DBD configuration, increasing the molecular gas injection results in a decrease of the emission
intensity by approximately a factor of two, while the OH signal remained nearly constant with only
a slight increase observed for nitrogen injection around 0.015 %, for the Y-DBD source.

In respect to the NO radical (Figure 6d) generated by the I-DBD source, both molecular gas
injections lead to a sharp increase in emission intensity (by a factor of approximately five), with a
maximum around 0.02 % reactive gas injection, followed by a pronounced decrease. The plasma
generated with the Y-DBD source exhibits a lower NO emission intensity and a smoother evolution
with the injection ratio. In this case, the emission intensities evolved to a less pronounced maximum,
occurring at lower flows for nitrogen, at about 0.015 %, and higher ones for oxygen, at 0.033%. In both
cases, the intensity increases by about a factor of two compared to the situation without molecular
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gas injection. Overall, as a general observation, the NO emission behavior is different compared to
the other investigated species.

4. Discussion

The main difference between the two plasma sources lies in the gas injection geometry. This has
a significant impact on the plasma behavior, effectively extending the range of stable operation of the
Y-DBD source from injection of small amounts of molecular gas (0.033%) up to concentrations as high
as 50% (Figure 4). Also, the emission behavior is significantly modified (Figure 6). We show in the
following, with the help of the schematic representation from Figure 7 which illustrate the nitrogen
injection case, how the observed characteristics relate to the discharge phenomena and plasma
processes in the two sources.

Ar
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Figure 7. Most important species and processes occurring in I-DBD source with (a) Ar injection, (b) Ar + N2

injection, and (c) Y-DBD source with Ar + Nz injection.

In Figure 7a is presented schematically the plasma jet in the I-DBD configuration, when operated
solely in Ar. As showed before [29], the discharge consists of a filamentary plasma jet with a diameter
of about 600 um, surrounded by a diffuse plasma region. The dominant reactions in tube are electron
impact excitation and ionization of Ar atoms inside and on the entire length the plasma filament,
leading to the formation of Ar* (ions) and of excited and metastable Ar™ (1s5, 1s3) states. The radial
diffusion of peripheric electrons, and of long-life species (Ar*, Arm) feed with energy the discharge
processes in the diffuse region which surrounds the filament. Despite the use of sole Ar as feeding
gas, the emission recorded near the tube exit show however spectral signatures of the excited states
of reactive species such as N2(C), OH(A), NO(A), Nz*(B), which arise from the interaction of energetic
electrons and Ar metastable species with residual impurities (H20 vapors) in the gas line, as well as
from the diffusion of ambient N2, Oz gases and H20 vapors into the plasma jet.

When a molecular gas is injected premixed with Ar in the I-DBD (Figure 7b), the plasma is
generated within the molecular mixture Ar-N2 (or Ar-Oz). Because molecular gases efficiently absorb
energy from electrons through multiple channels such as vibrational and rotational excitation modes,
dissociation processes (leading to the formation of N or O atoms), and metastable species (like N2(A))
formation, the electron energy distribution in the discharge is modified compared to sole Ar injection
case. As a result, less energy is available for ionization. This situation is well documented in literature
[46,47]. A lower number of new charges which can compensate the charge losses are created, thus
leading to discharge extinction with the increasing of molecular gas ratio in the admixture.
Concluding, the premixed injection of the molecular gas induces new energy consuming processes
that limits the operating range of the I-DBD at a given power, even at low injection ratios.

In comparison, in the Y-DBD configuration presented in Figure 7c), the molecular gas is
introduced through the lateral inlet positioned downstream of the powered electrode. This geometry
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can be divided into two distinct regions, labeled A and B. From the extinction perspective, region A
corresponds to a plasma formation zone like the plasma generation in the I-DBD configuration
operating in sole Ar (Figure 7a). When the molecular gas is injected laterally, in region B, it interacts
with the Ar plasma maintained by the upstream discharge. Consequently, the impact of molecular
gas injection on the discharge extinction is diminished, and higher amounts of molecular gas can be
introduced. From an energy transfer perspective, region A is characterized by intense production of
Ar ions and metastable species via collisions with electrons, similar with the I-DBD operated solely
in Ar, while region B involves, besides the processes sustained by electrons, an additional energy
transfer from upstream Ar ions and metastable. It is also worth noting that the injected molecules
predominantly enter the diffuse part of the jet. Here, the energy transfer mechanism is dominated by
collisions between the electrons, argon metastable and ions diffusing from the filamentary region and
the molecular species present in the surrounding plasma.

For a better understanding of the relationship between the spectral behavior and the processes
in the plasma jet, the data presented in Figure 6 were normalized each to its highest value and are
presented, together with the rotational temperatures and electron’s densities in Figure 8.
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Figure 8. Normalized emission intensities of the investigated species (each scaled to its maximum value), shown
together with the rotational temperature obtained from OH(A-X) simulations, and the electron densities

determined from Stark lines broadening.

It is worth mentioning that the recorded emission contains the integrated signal from the diffuse
and the bright filament discharge regions. However, the filament emission strongly exceeds the
diffuse emission, and therefore the observed spectra behavior should be assigned to the excitation
processes in the filament. The excitation in this region is dominated by electron-impact processes, as
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indicated by the strong Ar emission lines. Such excitation depends on the total number of electrons
and on their energy distribution. Since the electron density remains nearly constant (~5 x 10 cm)
over the investigated injection ratio range (see Figure 8), it follows, consistently with the observed
extinction behavior, that the spectral variations originate especially from modification in the electron
energy distribution function.

Particularly, in the I-DBD injection type, the molecular gas (Oz or N2) already mixed with Ar
enters the discharge and even when small molecular fractions (~ 0-0.033%) are present, the electron
energy distribution function (EEDF) is shifted toward lower electron energies, as explained above
during the discussing of the extinction phenomena. Therefore, beside the tendency to discharge
extinction, a sharp decrease of the Ar lines intensity is observed. The similar behavior of the N2(C)
and OH(A) bands intensities indicates that these emissions are also based on electronic excitation,
and their decreased emissions indicate that the excitation processes become less efficient as the
electron energy decreases.

However, the electronic excitation mechanisms differ for each of the species discussed above. A
single step excitation process (R1) is sufficient for species already present in the gas phase, such as Ar
and O2 (or N2). In contrast, the OH radical emission requires a two-step mechanism: first its formation
(via electronic collisions (R2) or dissociative energy transfer (R3)), followed by excitation R4.

eqst T Ar /N, /0, — Ar*/N,"/0," + egow (R1)
erst T H,0 > OH + H + egyy (R2)

Ar™ + H,0 - OH+ H + Ar (R3)
efst + OH > OH" + €54 (R4)

(in the reactions R1-R4, eg,, denotes the electrons entering the collision with energies higher than
the excitation (R1 and R4) or dissociation (R2) thresholds, eg,,, denotes those electrons which lost
their energy upon excitation or dissociation of the collided species.)

In the Y-DBD configuration, where the molecular gas is injected separately into the already
existing Ar plasma, it is surprising that the Ar (5p-4s), N2(C-X) and OH(A-X) emissions remain nearly
constant as the molecular gas concentration increases. This indicate that the EEDF in the filamentary
zone is not affected, which can be explained only by a limited diffusion of the injected gas into the
filament region. Therefore, in the Y-DBD case, the excitation processes might be driven by electron
collisions (similarly to the I-DBD operated in Ar) only at the periphery of the Ar plasma filament,
leading to electrons with decreased energy in this zone. Additionally, since the reactive gas no longer
enters directly in the high electron energy plasma zone, it interacts mainly with lower energy
electrons and long-lived metastable argon atoms Ar™, transported from upstream or diffusing
radially from the filamentary part of the jet. These metastable transfer excitation energy to the injected
molecules through Penning excitation processes, such as the below mentioned R5. Under these
conditions, the N2(C) emission exhibits a slight increase, reflecting this additional excitation channel
provided through collisions with Ar metastable:

Ar™ + N, - Ar + N,(C) (R5)

The NO radical emission deserves a separate discussion, which must include, beside excitation,
the NO formation mechanism. Unlike the Oz (or N2) and Ar which are injected as stable species in the
plasma, or the OH which is formed by dissociation of water traces (R2 and R3) existing in the gas, the
NO radical must be synthesized before being excited. The most likely NO formation mechanisms rely
on the presence of atomic N and O, as well as N2 and Oz molecules originating either from the
molecular gas injection or from ambient diffusion. These reactions are presented below:

0+N,— NO+N (R6)
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N+0, - NO+0 (R7)
N+0 - NO (R8)

As an additional argument in favor of the discussed mechanism based on R6 in the case of N2
injection, it is observed in Figure 8 that the increase in NO emission corroborate with a slight drop in
the gas temperature (estimated as the OH rotational temperature). This cooling effect reflects the
endothermic nature of the R6 [48], leading to NO formation.

The most efficient channel of atom formation is by electron collisions, which, additionally, is
favored by the vibrational-rotational excitation of parent molecules, that diminishes the energy
needed for electrons to dissociate the molecules (R9).

€fqst + 0, (01 N;) > 0 + 0(or N + N) + eg,y, (R9)

Further on, the NO excitation (energy threshold 6.17 eV) is based on the electronic collisions
(R10) or the energy transfer from metastable species like Ar™ and N2(A).

€rast T NO = NO™ + egp, (R10)

Ar™(or Ny(A)) + NO - NO* + Ar (or N, (X)) (R11)

In the I-DBD configuration with a small amount of premixed molecular gas, the number of
produced atoms initially increases with the injected molecular fraction due to the increasing of the
number of molecular partners involved in reaction (R9). However, this also causes a depletion of the
high-energy tail of the EEDF, and once the injected gas ratio exceeds a certain threshold, the atom
production begins to decrease because the number of electrons having energy exceeding the
dissociation threshold becomes insufficient. According to this behavior of the dissociation process,
there is an optimal value of the injected gas ratio leading to a maximum production of O (or N) atoms.
Since NO molecules are easily excited (R10 and R11), their emission reaches a maximum at that
injected gas ratio that optimizes the production of atomic precursors. This behavior is clearly
illustrated in Figures 8a and 8b for both O: and N2 injections in the I-DBD, where the emission
intensity exhibits well-defined maxima at specific injected gas ratios.

In the Y-DBD case, the process of injection affects the peripheric zone of the filament, while the
filament core properties remain like in an I-DBD fed with Ar only. In this peripheral zone,
dissociation acts on the molecules that diffuse from the injection point toward the filament edge, and
N (or O) atoms are produced along the filament through collisions with high-energy electrons
diffusing from the core to the periphery (like described by R9). In this region, the depletion of the
high energy tail of the EEDF is continuously compensated by the influx of energetic electrons from
the core region. Accordingly, the production of N (or O) atoms inside the tube increases as the injected
molecular gas ratio rises. At the tube exit, these atoms interact with the gases diffusing into the plasma
from the surrounding air, which enhances the formation of NO, depending on the local availability
of O or N atoms. At higher injection ratios, however, collisional quenching of NO" states, together
with the formation of secondary species such as NOz, N20O, and Os, becomes dominant and leads to a
decrease in the NO emission [49]. The observed increase followed by a decrease in NO emission
intensity for Y-DBD configuration agrees with this interpretation Figures 8c and 8d.

It is worth noting that, in the case of N: injection, the NO emission maximum appears at lower
injected gas ratios compared to Oz injection. Considering the dissociation thresholds, the opposite
trend would be expected, since the dissociation energy of N2 (9.76 eV) is significantly higher than that
of Oz (5.12 eV). This suggest that an additional dissociation pathway must be active or that NO is
generated directly through alternative channels.

A plausible explanation is that N2(A) metastable molecules are present at high concentrations in
this region, given their long radiative lifetime (~ 2s) and their efficient production through electron
impact (R12) and energy transfer from Ar™ (R13).
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ef_ast + N, (X) - NZ (A) + Es10w (R12)
Ar* + N,(X) - Ar + N, (4) (R13)

Therefore, when Nz is injected, two additional routes will enhance NO production: a channel
enabling easier N2 dissociation (R14 and R15), (the electron dissociation mechanism is more effective
to the metastable state N2(A), because its dissociation threshold is only 3.53 eV), and a channel that
leads directly to NO (R16).

Ar™ + Ny(A) > Ar+ N+ N (R14)
ef_ast + NZ(A) - es_low +N+N (R15)
N,(A) + 0 - NO + N(D) (R16)

The main difference between the two configuration is that, in the mixed gas configuration, NO
evolution is controlled by kinetics, governed by electron-impact processes inside the discharge
filament, while in the Y-DBD it becomes controlled by formation, diffusion and spatial overlap of
reactive species outside the filament. Concluding, in respect to NO production, the present results
show that I-DBD source with upstream injection of a mixed gas is superior compared to Y-DBD, the
dissociation being more active in the filament core, where higher amounts of N or O species produced
at same injection ratios, despite the decreased electron energy. The complementary reactants (i.e. Oz
or N2) are supplied by the diffusion of ambient air into the plasma. This leads to more NO molecules
and a higher NO emission in the I-DBD configuration.

As a final remark, the present work demonstrates the usefulness of spectral discharge
diagnostics in elucidating the mechanisms of species formation in cold atmospheric-pressure plasma
jets. The results provide valuable guidance for selecting conditions that optimize the production of
reactive species—such as NO radicals—at the tube exit. These findings should be regarded as a
starting point for further studies aimed at determining the nature and concentration of reactive
species at various distances from the tube exit, which is particularly relevant for surface processing
applications (e.g., wettability control, activation, cleaning, decontamination, and sterilization). They
are also important for quantifying the total amount of reactive species released into the surroundings
of the plasma jet. In the latter case, the large contact interface between the jet and the reactive
molecular gas, combined with the more energetic and spatially extended filament of the Y-DBD
configuration, may make this configuration especially suitable for volume applications such as air
purification and liquid treatment.

5. Conclusions

The knowledge of the properties of atmospheric pressure plasma sources and their ability to
produce reactive species is of paramount importance for applications.

The results show that the gas injection configuration has an important influence on plasma
stability and reactive species production. In the premixed gas configuration (I-DBD) where the
processes are driven by electronic collisions, the injection of molecular gases causes strong
modification of the electron energy distribution, leading to plasma extinction and reduced emission
of reactive species. In contrast, the downstream introduction of the molecular gas in the discharge
(Y-DBD), leads to a more controlled plasma, thereby extending the stable operating range up to high
molecular gas concentrations. Also, the separation between the argon discharge region and the
molecular injection zone allows the plasma chemistry to evolve more gradually, favoring processes
involving heavy species, rather than being dominated by electron impact. As a result, the plasma
remains stable over a significantly broader range of molecular gas concentration, from small amounts
up to 50%, and consequently a different behavior of the emission of species is exhibited at the tube
exit.
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From the practical point of view, the results show that plasmas generated using the Y-DBD
configuration are more stable and capable of sustaining a balanced production of reactive species
such as NO(A), OH(A), and N2(C), while the I-DBD configuration can be tuned to selectively enhance
NO generation.

The single-filament RF plasma jet, characterized by its long spatial extension beyond the source
exit and its large interaction surface with the surrounding medium along its length, is particularly
well suited —compared to other atmospheric-pressure plasma jets—for applications that require the
treatment of large volumes of matter. Examples include air decontamination, decomposition of
volatile organic compounds, gas-phase chemical processing, pollutant degradation, and
nanomaterial synthesis in liquids. Furthermore, the present work demonstrates the usefulness of
electrical and spectroscopic discharge diagnostics in elucidating the mechanisms of species formation
in cold atmospheric-pressure plasma jets.
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