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This work provides an insight into the generation of excited nitrogen species by

allowing noble gases to interact both with one another and ambient air. He and Ar

were utilized to generate the optimum selectivity process to create reactive nitrogen

species. An optimum setting for the generation of excitedmolecular nitrogen species,

based on their excited energy levels, was obtainedwhen using amixture of Ar-He at a

ratio of 10:1. At that point, when a voltage of 27 kV is applied to the system, it reached

themaximum efficiency for selectivity processes to occurwhich allowed for a greater

non-radiative transfer of energy

through themixture of noble gas

atoms and into the molecular

nitrogen present in ambient air.
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1 | INTRODUCTION

Non-thermal plasma (NTP) discharge in open air results in
charged species, energetic photons, active radicals, and also a
low degree of ionization gas.[1,2] Measurements and analysis
of the physical and chemical interactions of NTPs has been a
subject of intense study for many decades. Optical
spectroscopy may, however, provide better insights into the
reactive species being generated, the electron energy range
within the plasma for atomic and molecular excitation, and
themechanisms and kinetics of energy transfer with respect to
radiative and collisional processes.[3–7] Through this, the
possible chemical reactions that could interact with surfaces
can be ascertained. With this in mind, NTPs have gained a lot
of attention for potential applications ranging from agricul-
ture to medicine.[8–11] Plasma interaction with sample
surfaces can cause surface modification, functionalization,

sputtering, and etching. Examples include atomic etching of
circuits or deposition of oxygen species onto polymers.[12–14]

Furthermore, when used on organic samples, the introduction
of oxygen or nitrogen containing radicals can sterilize
surfaces due to an increase of reactive oxygen and nitrogen
species that cause stresses within organic matter, which leads
to degeneration. These processes can inactivate the likes of
Escherichia coli.[15,16]

Many treatments utilize molecular nitrogen (N2) as a
working gas.[17–22] Ambient air introduces the N2 species into
the system used in this work to interact with the other gases
used. As well as introducing N2, the ambient air present in the
system brings with it a certain amount of humidity and thus
adsorbed moisture content, which can give rise to the
formation of hydroxyl radicals (OH) and atomic hydrogen (H)
when plasma is ignited in the system. There are, however,
other species that are produced from sources such as factories
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and vehicles which include nitrous oxides (NOx) and other
greenhouse gases which are considered to be hazardous
emissions. By utilizing NTP systems, it has been shown that
hazardous pollutants such as NOx can be broken down into
much more acceptable species that are not as harmful as the
hazardous waste and volatile organic compounds that are the
byproduct of many industrial and mechanical processes.[23,24]

The implementation of NTP systems is not restricted to
industrial processes. They have seen a growing use inmaterial
processing, nanotechnology, and medical applications.[25,26]

An added benefit to atmospheric plasma chemistry is that they
can be used to destroy bacterial cells and other organic
materials growing on surfaces which one would want to
sterilize.[27–30] In order to understand the formation of the
many reactive nitrogen species (RNS) and reactive oxygen
species (ROS) that can be produced, the gas chemistry and
kinetics of a system must be analyzed thoroughly.

The second positive system (SPS) of the excited N2

emission bands are seen in the near-UV region. The emission
wavelengths range from315 to450 nmand the specific peaksof
interest in this work are at 315, 337, 357, 380, 405, and 425 nm
with an emission of ionic nitrogen (Nþ

2 ) from the first positive
system (FNS) at 391 nm. The emission from the SPS are
due to transitions from C3Πu→ B3Πg and the emissions of
the FNS system are due to transitions from B2∑þ

u →X2∑þ
g .

Argon (Ar) and helium (He) were chosen as a means of
increasing nitrogen production under optimum control
parameters (e.g., lower voltages compared to ambient air
alone) as they are known to aid in the production of the
excited N2 species. By determining a correlation between
the emissions of these species, it can be shown that absolute
emission intensities can be used as an indicator to
benchmark the most efficient conditions for generation of
the excited nitrogen species. In this work an atmospheric
plasma system, which operates with noble gas and ambient
air chemistry, was employed. The system operates at a
frequency of 50 kHz and makes use of a cylindrical
dielectric barrier discharge geometry with a helically
inclined dielectric barrier. He and Ar were used individually
with permeating ambient air as a background gas to develop
a baseline of nitrogen emissions. After determining the
interactions that occur between Ar and He with ambient air
present within the system, they were then mixed at different
ratios as a means to show a selectivity process to optimize
the generation of excited nitrogen species. The resonant and
metastable atoms of Ar and He are taken into consideration
when determining the possible pathways and mechanisms
of energy transfer for excited nitrogen generation. Studying
the impact of He and Ar on N2 generation of the SPS and
FNS and how to optimize it was the main goal of this
experiment. The experiment aims to provide a better
understanding of (i) the chemistry and physics of noble
gases with ambient air; (ii) how to create an environment

which can either increase excited N2 species or reduce the
possible interactions of energetic Ar and He with samples
sensitive to etching or atomic bombardment (i.e., utilizing a
method that optimizes nitrogen excitation through selectiv-
ity processes); and (3) how to do so without generating NOx

and other greenhouse gases.

2 | EXPERIMENTAL

2.1 | Experimental setup and electrical
diagnostics

The device used to carry out the OES measurements in this
work was an Edmund Optics CCD spectrometer. Due to the
resolution of this device being in a range of 0.6–1.8 nm
(wavelength dependent), some emission peaks overlapped and
could not be fully analyzed with confidence. Spectral
emissions could be recorded between 200 and 850 nm. The
spectra were recorded through BWSpec™ software and
analyzed by integrating the area under each peak. By
implementing OES, it could be found how certain parameters
change the interactions within the plasma and ascertain which
parameter had the highest impact on the plasma kinetics and
characteristics. The flow rates of the gases were varied from 1
to 5 Lmin−1 when using each gas individually. When mixing

FIGURE 1 a) Reading of maximum voltage waveforms when
frequency was set to kHz and the voltage applied was 17, 22, and
27 kV. (b) Discharge current waveform recorded when using the three
listed voltages
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the gases, ratios from 10/1 to 2/1 were used. This was achieved
by keeping one gas at a constant flow rate of 1 Lmin−1 and
varying the other from 0.1 to 0.5 Lmin−1. Prior to inducing the
plasma discharge, the gases were allowed to flow through the
system to flush the reactor so as to equalize the emissions
obtained and minimize any fluctuations over time. The
frequency used was 50 kHz. This was found to be the resonant
frequency that gave the optimum plasma discharge within the
system. Going above or below this resulted in lessening
reduction of the emission intensities and changing the
frequency by ±1.5 kHz resulted in cessation of the plasma
discharge. The optimum frequencywas chosen through the use
of OES monitoring and obtaining the maximum values from
the voltage and discharge current waveforms for 17, 22, and
27 kV. These can be seen in Figure 1.

Overall therewere 15points ofmeasurement; five positions
along the length of the system with three different sides (top,
left, and right). The length of the aluminum ground electrode
was 190mm long and the outer radius of polycarbonate tube
was 16mm. The discharge gap between the dielectric surface
and the inner radius of the polycarbonate tube was 8mm. The
HV steel axle had a radius of 5 mm, the inner radius of the
polycarbonate tube was 14mm and the dielectric thickness is
1 mm. The material used to make up the helical dielectric
barrierwas acetal. The setup of the system is shown in Figure 2.

2.2 | Analysis of spectral lines

The OES data that was recorded during the experimental
procedure described in this work was analyzed using an
integration process. The peak associated with the wave-
length of each species was documented and the absolute
value was found by setting a minimum and maximum for
each emission. This was then integrated to give the total
counts for each species to give a singular value, which was
divided by a factor of 1 × 103 in order to create an easier
comparison between results. When obtaining the data for
the emission spectra of the plasma discharge, a temporal
evolution analysis of the discharge was carried out by
acquiring 21 spectra for each measurement. This was done
by measuring the emission intensities every 5 s with an
integration time of 750 ms for a total of 100 s, with the first
spectra being recorded at the zeroth moment. These spectra
were then analyzed through integration of the peaks as
described above. However, in order to calculate the error of
the averaged values, the standard deviation was calculated
by using each intensity that was measured during the 100 s
measurement timeframe as the comparison value against
the mean value plotted. After obtaining the standard
deviation the standard error was calculated for each mean
value.

FIGURE 2 a) Diagram of plasma system setup which can treat samples internally between the auger flights where plasma discharge is
created. b) Optical mount setup for OES measurements

SCALLY ET AL. | 3 of 13



2.3 | Spectral information for species
generated with ambient air

Plasma systems that are exposed to ambient air, whether it is an
unsealed dielectric barrier discharge systemor a plasma jet that
injects plasma into open air, there are certain factors to take into
consideration. These include the changes in humidity,
ventilation speed, and impurities introduced by the air.
Humidity aids in the creation of emission lines of hydroxyl
radicals (OH), hydrogen (H), nitrous oxides (NOx), atomic
oxygen (O), and excited molecular nitrogen of the SPS and
FNS (N2 and Nþ

2 ). Measurements using OES show that, for
this study, there seems be no emission lines for NO or O.
Importantly, there was a clear detection of the SPS and FNS
of N2 from 315 to 425 nm. These emission bands were of
highest interest in order to compare the dynamic relation-
ship between Ar metastables and high energy atomic He.

The spectral emissions of the SPS have an excited energy
range of 11–11.2 eV and theNþ

2 emission of the FNS at 391 nm
has a threshold energy of 18.8 eV. High energy electrons
and/or He metastable species can contribute sufficient energy
to ionize molecular nitrogen and generate the emission seen at
391 nm. However, the SPS emissions seen can be created
through the direct excitation of neutrals from low energy
electrons. The SPS emission lines have similar excitation
energies, but their emissions occur at different wavelengths
due to their energy levels after emission being different. For
example, those at λ= 337, 357, 380, and 405 nm all have an
excited vibrational quantum number of v′= 0 (in the C3Πu

state), but their quantum vibrational numbers after emission are
v″= 0, 1, 2, 3,. . .12 (in the B3Πg state). This gives rise to the
spread of emission throughout the band and a main peak (v′= 0
– v″= 0) among the band heads (namely λ= 337 nm for the
SPS and λ= 391 nm for the FNS). Species that are also
observed in this work are the emissions of OH and H. The
dissociation of H2O is the main cause of OH and H. The details
of all the species related to the presence of atmospheric air seen
in the OES measurements are shown in Table 1.

2.4 | Spectral information for Ar

Many plasma systems use Ar as an operating gas due to its
inert nature and steady state discharge.[34] The applications
that utilize Ar the most are those that require some form of
etching, bombardment, or other physical interaction which
will not oxidize surfaces.[35] Examples of such uses and
processes include the cleaning of metallic surfaces, etching
of circuit boards, and ablation of solid/powder sam-
ples.[36,37] However, these processes are usually performed
within a vacuum chamber so as to eliminate any cross
contamination. Therefore, when used in open air there are
some extra considerations to keep in mind. Although Ar
itself is chemically inert, it has sufficient energy to aid in
the generation of reactive species through interaction with
atoms and molecules present in the ambient air. An
example of this is the dual effect of etching and
functionalization that can be induced on polymer surfaces
through the use of Ar-air plasmas. As Ar bombards the
surface and creates atomic crevices, atomic oxygen or
OH can bind to free bonds on the surface to create a more
hydrophilic environment. This work focuses on those
interactions by allowing the Ar to flow through a system
that has ambient atmospheric air residing inside of it and
accessing it throughout the experiment from various
opening points.

By using Ar as the main working gas, the breakdown
voltage of the system drops to less than half of what is
necessary when using solely ambient air, for example,
ambient air required at least 40 kV peak to peak (PP) to
observe any plasma discharge and Ar began at 13–14 kV
(PP). Creating a lower threshold for plasma discharge is
because Ar allows for a build-up of excited species and
energetic particles, such as electrons, whereas air quenches
this affect due to the strong electronegativity of oxygen. The
main point of interest for this study is how this introduction
allows for the generation of selected excited nitrogen species.
By utilizing themetastables createdwhen generating a plasma
discharge with Ar, N2 can be excited through non-radiative
energy transfer. The atomic species used in this study can be
seen in Table 2, with the emissions arising from the de-
excitation branching of Ar metastables denoted by 1s5 and 1s3
in Paschen notation.[38] The other emission wavelengths are
associated with excited Ar atoms that have their promoted
electron situated in a resonant state.

The Ar-750 atomic emission line is sensitive to the high-
energy electron region of the electron energy distribution
function (EEDF) and is created through direct excitation from
high-energy electrons. Conversely, the Ar-811 atomic
emission line is sensitive to low-energy electrons. By using
a line ratio method, the distribution of high and low energy
electrons can be ascertained, providing insights into how the
reaction mechanisms and gas kinetics occur. The EEDF for

TABLE 1 Spectroscopic data used for species generated with the
presence of ambient air[31–33]

Excitation energy (eV) Emission wavelength (nm)

4.17 OH-310

11.20 N2-315

11.01 N2-337

11.01 N2-357

11.01 N2-380

18.8 Nþ
2 -391

11.01 N2-405

11.20 N2-425

12.09 Hα-656
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plasma that use Ar can be obtained by using the line ratio of
Ar-811/Ar-750.[39] The main transitions of interest for
calculating the EEDF are the radiative decays of Ar-750
(2p1→ 1s5) and Ar-811 (2p9→ 1s5). The 2p1 line is
dominated by direct excitation from the ground state by
high energy electrons, whereas the 2p9 is reported to be
dominated by excitations from low energy electron inter-
actions. The possible pathways that the Ar 2p levels may be
populated through include direct excitation from the ground
state, excitation of 1s metastables from low energy electrons,
and cascade excitation from upper levels such as (3p55s
and→ 3p55d levels). The metastable levels accessible to
create the 2p levels are 1s3 and 1s5 since the resonant states
(1s2 and 1s4 rapidly decay to the ground state) 1s5 has been
found to have a much larger direct excitation cross-section
between the two.[40–42] The peak cross-section has consis-
tently been found to be much larger for the 1s5 excitation to
the 2p9 level than for the excitation cross-section for the
ground state, with values being 15–700 times higher for the
1s5 level.[42] Due to the forbidden and allowed states and
the dipole/parity rules, the dominant transitions that allow
for the population of 2p9 is from the metastable 1s5 state
from low energy electron interactions, while the population of
2s1 is generated by direct excitation from the ground state due
to high energy electrons.[43] From this, it can be ascertained
that a ratio of (2p9→ 1s5/2p1→ 1s2) (Ar-811/Ar-750) gives
a ratio of low energy electron to high energy electron
excitations.

2.5 | Spectral information for He

The emission spectra recorded during this study revealed
four emission lines of He. These emission lines can be sub-
divided into two different categories of energy sets: singlet
and triplet. Transitions of electrons between singlet and
triplet states are forbidden due to dipole–dipole interactions
and the breaking of symmetry of electron configurations

and spin reversals. Electrons may only pass from a singlet
state to a triplet state, or vice versa, through non-radiative
processes known as intercombination crossing. However,
these crossings have very low transition probabilities for
neutral He. Due to this, only emissions from these energy
sets are analyzed in this work rather than their interactions
with one another. The singlet states of atomic He analyzed
are He-667 and He-728 with the triplet states being He-587
and He-706.

The metastables that He can produce have high energy
levels and allow for non-radiative transfer of energy to N2

with sufficient energy to create excited N2 of the SPS and
FNS. The atomic He emissions at He-471, He-587, He-
667, He-706, and He-728 have energy levels that are the
same as the resonate levels of their respective energy sets.
To further determine the kinetics within the plasma
discharge the EEDF was calculated for the He discharge
using the line ratio method as for Ar. However, the lines
used when carrying out the calculation for He were: N2-
337 and Nþ

2 -391. N2-337 is sensitive to changes caused by
low energy electron, and Nþ

2 -391 is sensitive to changes
from high energy electrons. Given the high energies of
excited He and the long lived metastable species that can be
generated, it is often put forward that these species are
responsible for the formation of Nþ

2 -391. However, in some
studies it has been argued that electron collisions are the
most dominant and influential particles in the formation of
Nþ

2 -391. Works have been carried out that bring forward the
point that the difference in excitation cross-sections
between He atoms and N2. The smaller cross-section of
He compared to N2 allows free electrons to have more time
to be accelerated by the applied electric field and are thus
able to reach higher energy levels that can ionize N2 and
generate Nþ

2 .
[44] Another work that uses a He gas flow in a

plasma jet that shows the interactions and kinetics with
ambient air, a steady state reaction process is considered
along with the dominance of electron impact excitation of
N2 to Nþ

2 -391.
[45] The work carried out by Begum et al.

used the ratio of the excited N2 species from the SPS and
FNS to show how the electric field changes and how the
electron kinetics vary with different percentages of air to
He. So from this, we assume, much like the work they
carried out, that the dominant process for Nþ

2 -391
generation is due to high energy electron collision with
N2 due to the lower cross-section value of He allowing the
free electrons to be accelerated by the applied electric field.
Getting a ratio of N2-337/Nþ

2 -391 gives the ratio of low
energy electrons to that of high energy electrons with values
>1 meaning a larger population of slow electrons and <1
equating to a larger population of fast electrons.[46]

Information used for the identification and analysis of the
emission species of He that were used in this work are seen
in Table 3.

TABLE 2 Spectroscopic data of Ar used for this study[29]

Excitation energy
(eV)

Wavelength
(nm)

Paschen
notation

13.33 Ar-696 2p2→ 1s5

13.33 Ar-727 2p2→ 1s4

13.48 Ar-750 2p1→ 1s2

13.17 Ar-763 2p6→ 1s5

13.15 Ar-772 2p7→ 1s5

13.28 Ar-794 2p4→ 1s3

13.09 Ar-801 2p8→ 1s5

13.08 Ar-811 2p9→ 1s5

13.33 Ar-826 2p2→ 1s2
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3 | RESULTS

Due to the cylindrical geometry of the system used in this
experiment, it was assumed that the plasma generated would
be homogenous throughout. Analyzing the data from the
OES measurements showed that this is the case. When
comparing the results from point to point, the same ratios
and emission patterns were observed, thus highlighting the
strength of the method of analysis when comparing the
emission intensities relative to one another. Changes in the
flow rate of the gases did affect the emission of certain
species. However, the emissions changed linearly with
increasing flow rates and remained stable over time. The
greatest changes occurred due to increases in the applied
voltage. In order to summarize the results into concise
graphs, the emissions from the plasma that were recorded
when using the lowest and highest flow rates at each of the
three voltages (17, 22, and 27 kV PP) for each gas were
analyzed. Due to the homogeneity of the plasma, the results
shown were taken from the top of the first position as a
representation of the whole geometry.

3.1 | Discharge of Ar in ambient air

The plasma generated when using Ar showed strong
emissions of Ar, OH, and N2 (SPS). There were also
small, but distinguishable emissions of Hα at 656 nm. As
seen in Figure 3 the intensities of N2 increases with the use
of higher voltages, but they also decrease with an increase
in flow rate. However, the intensities of the excited Ar
species increase with both voltage and flow rate. When
the flow rate of Ar is increased, the ambient air within
the system is flushed out even more so and the quantity Ar
being introduced increases. In this case the percentage
of Ar is higher and more excited atomic Ar emissions can
be measured, whereas in the case of ambient air there is
a decrease of N2 and OH with an increase of the Ar flow
rate. From the analysis of the emission intensities as
shown in Figure 3(a,b), it can be observed that the
atomic Ar species and excited N2 species of the SPS have
interactions with one another. The kinetic mechanisms

(1–3) show the interactions that are most probable to
generate excited Ar and N2 species.

[41] Mechanisms (4–7)
show how O and NO are destroyed and are not detected
within this plasma discharge.[41] The intensity of the
emissions that occur due to the relaxation of the Ar
metastable species increase with voltage and gas flow rate,
but not as much when compared to that of Ar-727 and Ar-
826. As the metastables of Ar are known to transfer energy
to N2 to generate the SPS system, it is expected that these
excited Ar species would not increase as much compared
to their resonant state due to their greater ease of being
quenched.

Arþ e→Ar 2pð Þ þ e ð1Þ

N2 þ e→N2 C3Πu
� �þ e ð2Þ

TABLE 3 Spectroscopic data of He used for this study[29]

Excitation energy (eV) Wavelength (nm)

23.59 He-471

23.07 He-587

23.07 He-667

22.72 He-706

22.92 He-728

FIGURE 3 The changes in the intensities for the N2 SPS, OH,
Ar, and Hα are shown with the species being represented by their
wavelength on the x-axis. The legend in (a) labels the species (A-O)
for each wavelength displayed. a) Shows the intensities when the
flow rate of Ar is kept at 1 L min−1 and (b) represents intensities
when the Ar flow rate is 5 L min−1
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Ar 2pð Þ þ N2 →Arþ N2 C3Πu
� � ð3Þ

As can be seen from the data presented, there is no
detection of NO or O in the emission spectra obtained. The
lack of these species can be explained by the assertion of
mechanisms (4–7) below where M is a third body atom or
molecule.[47] In this experiment, M is considered to be Ar
or He.

Oþ O2 þM*→O3 þM ð4Þ

M*þ NO→Mþ Nþ O ð5Þ

Oþ H2O→ 2OH ð6Þ

2NþM→N2 þM ð7Þ

The intensity of Ar-750 does change noticeably with a
change in voltage, but does vary with a change in flow rate.
The excitation of Ar-750 is due to the impact of high energy
electrons so it is an indicator of how the distribution of
electron energies change with the parameters used. This is
shown in Figure 4 which were obtained by using the line
ratio method Ar-811/Ar-750 giving the EEDF. The
increases of EEDF can be caused by a larger concentration
of Ar being present at higher flow rates, which allows for
more kinetic interactions in the form of electron-Ar
collisions which are not quenched as much through energy
transfers processes with N2.

3.2 | Discharge of He in ambient air

Figure 5(a,b) show the dependence of the emissions ofN2 from
the SPS and FNS with respect to changes in voltage and gas
flow rate. They also show the dependence of He emissions on
voltage and gas flow rate. The trends seen for N2 are the same
as when Ar was the operating gas. However, there is an
increase in the number of excited N2 species generated in the
SPS and there is also Nþ

2 generated from the FNS at 391 nm.
The intensity of He undergoes noticeable changes with
changes in voltage and flow rate. An increase in voltage
increases the excited population density of He, but an
increase in gas flow causes a decrease in two of the atomic
He species (He-471 and He-587) at 23.0736 and 23.59 eV
and increase in one atomic He species (He-706) at
22.72 eV. Compared to the use of Ar as the main feed
gas, the increase of the He flow rate through the system
shows an increase in the emission of OH. The changes in

FIGURE 4 The changes in the averaged EEDF across five
positions along the plasma discharge system, obtained from the line
ratio of Ar-811/Ar-750 when using Ar at a flow rate of
Ar = 1 Lmin−1 and Ar = 5 Lmin−1

FIGURE 5 The changes in the intensities for OH, N2, Nþ
2 , Hα,

and He are shown with the species being represented by their
wavelength on the x-axis. The legends in 3(a) label species (A-E)
and 5(a) labels the species for every other wavelength displayed
on (a and b). a) Shows the intensities when the flow rate of He
is kept at 1 L min−1 and (b) represents intensities when the He
flow rate is 5 L min−1
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emissions of Nþ
2 and He when comparing the flow rate of

1–5 Lmin−1 suggest that the increased flow rate introduces
more He and reduces the amount of ambient air in the
system and does not quench the excited He species as
much. This in turn allows for the energetic He species to
interact with the H2O adsorbed within the system more so
and generated more OH. The kinetic mechanisms (8–10) as
well as mechanisms (1–7) highlight the most probable
routes for energy transfer and generation of the species seen
in the emission spectra.[48]

Heþ e→He 2S3ð Þ þ e ð8Þ

Heþ e→Heþ þ 2e ð9Þ

N2 þ e→Nþ
2 þ 2e ð10Þ

The EEDF for He plasma was calculated from the line ratio
method with the emission lines of N2-337 and Nþ

2 -391 and is
shown in Figure 6. The shown EEDF values were found
when the flow rate was set to 1 and 5 L min−1 and for all
three voltages used (17, 22, and 27 kV PP). The somewhat
more spontaneous changes in the EEDF compared to the
other gases and gas mixes is that excited N2 densities would
be higher at the beginning of the system and become
saturated until they reach another point further down the
system, but with higher flow rates, they become more
dispersed throughout the system. The generation of He* and
He+ within the plasma would give rise to high energy
species and electrons. So the increase of these species
would not impact the generation of Nþ

2 at 391 nm as much
as N2 in the SPS.

3.3 | Discharge of an Ar-He gas mixture in
ambient air

The use of Ar as the main carrier gas with the addition of He
sees an increase in the generation of the N2 SPS. Even though
He is introduced into the system from 0.1 up to 0.5 Lmin−1 in
intervals of 0.1 Lmin−1, there are no noticeable emissions of
the atomic He species or Nþ

2 seen compared to when He was
the only gas used to interact with the ambient air. With
increases of voltage, all species other than Hα increase in
intensity and this can be clearly observed from the trends
shown for their respective intensities in Figure 7. However, it
can also be seen in Figure 7 how the intensity of Ar is
decreased with an increased addition of He into the gas
mixture. By prescribing mechanisms (1–3 and 8–10) to the
results found, the most probable kinetic mechanisms can be
ascertained and show how the formation of N2 is increased so

FIGURE 6 The changes in the average EEDF with respect to the
positions along the plasma system, obtained from the line ratio of N2-337/
Nþ

2 -391 when using He in air when the flow rate was set to
He = 1 Lmin−1 and He = 5 Lmin−1

FIGURE 7 The changes in the intensities for OH, N2, Ar, and Hα

are shown with the species being represented by their wavelength on
the x-axis. The legend in 3(a) labels species (A-O) and the legend in
Figure 5(a) labels species (P) that can be seen here. Ar is kept at
1 L min−1 (a) shows the intensities when the flow rate of He is set to
0.1 L min−1 and (b) represents intensities when the He is set to 0.5 Lmin−1
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much while He or Nþ
2 are not detected.[49,50] The quenching

of He is most probable through Penning excitation or through
lack of excitation due to its lower excitation cross-section
compared to N2.

[44,49] Given that Ar emissions are at a
maximum when He is set to 0.1 Lmin−1 and most of the Ar
peaks drop when He is set to 0.5 Lmin−1, there must be some
shift in the energy distribution as the Ar 750 line increases
while the generation of N2 SPS species stays relatively
constant. Given that the Ar-750 line is associated with high
energy electrons and that Ar acts as a quencher through
Penning ionization, the increase of He takes away some of the
population of excited Ar(2p) species through kinetic
processes and creates an environment that allows for a
higher generation of Ar-750. Given that N2-337 is associated
with low energy electrons and the SPS can be created by
collisional processes with excited Ar species, the increase of
the generation of Ar(2p) species compared to the plasma
discharge when using only Ar with air gives rise to a higher
population of excited species in the SPS. This can be seen in
the process described by mechanism (11).

He*þ Ar→Heþ Ar 2pð Þ þ e ð11Þ

Since there is no detectable emission of Nþ
2 -391 when

using a gas mixture of Ar-He, the EEDF must be calculated
by using the same line ratio as was used for Ar. This shows
that the quenching of He atoms through Penning excitation
plays a significant role in the kinetics of Ar, and as a
consequence, the generation of excited N2 SPS and FNS
species. Figure 8 shows the EEDF calculated for the gas
mixture of Ar-He through the use of the same line ratio
method employed for Ar as seen in Figure 4.

3.4 | Discharge of a He-Ar gas mixture in
ambient air

The introduction of Ar into the system when using He as the
dominant gas creates a similar mix of species to the Ar-He
mixture. However, there are slight differences in the values of
the intensity. Interestingly, Nþ

2 was not detected in the
emission spectra even though the flow rate of He in this
instance is at 1 Lmin−1, which has been shown to be
sufficient to generate Nþ

2 when only introducing He into the
system. This means that the introduction of Ar, even at
the lowest flow rate of 0.1 L min−1, is sufficient to quench
the excited He species through Penning excitation and,
therefore, impedes the generation of Nþ

2 species. The
intensity of N2 species increases when the voltage is raised
and is seen to decreases with an increase of Ar in the gas
mixture. OH, however, has a higher intensity maximum
when the amount of Ar in the gas mixture is greatest. This
is clearly seen in Figure 9(a,b). The use of He with
additives of Ar creates an environment in which the Ar-750
species have an increased intensity compared to a mix of
Ar-He and even when Ar is used on its own. The EEDF
calculated from the line ratio method when using He-Ar
was carried out using the ratio of Ar-811/Ar-750. There was
a minimum EEDF value found when the Ar flow rate was
set to 0.1 L min−1. Looking at Figure 10, the maximum
value can be seen when the Ar flow rate is set to
0.5 L min−1 with a very little variance with changes in the
applied voltage.

4 | DISCUSSION

As previously mentioned, the changes observed with respect
to time were minimal and from which we can conclude that
the plasma discharge was relatively stable and homogeneous
throughout the system. Although there is a larger deviation in
the emission of the N2 SPS and OH, as seen in Figure 7, this is
suspected to be due to variations in the populations of excited
species as the suggested kinetic mechanisms take place. In
order to determine the roots and mechanisms of excited N2

generation and how Ar and He play roles, the emissions of
atomic Ar and He need to be thoroughly analyzed. Before this
can be done, however, an explanation must be found with
regards to the interactions between the excited Ar and He
species. This will provide a better understanding as to what
steps and processes are most important for the generation of
excited and reactive N2 species. Looking through the results
for each gas mixture, it can be seen that the highest intensity
achieved is when a mixture of Ar-He with Ar being kept at a
flow rate of 1 L min−1 and He of 0.1 L min−1 is used. This is
even higher than just using Ar or He on its own at 1 L min−1.
However, as He is increased to 0.5 L min−1 the intensity
values of Ar in this gas mixture is comparable to when Ar is

FIGURE 8 The changes in the average EEDF obtained from the
line ratio of Ar-811/Ar-750 when using Ar-He in air are shown for five
positions along the plasma system. Ar is kept at 1 Lmin−1 and the EEDF
is shown for a flow rate of He = 0.1 Lmin−1 and He= 0.5 Lmin−1
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the only gas used and kept at 1 L min−1. It has been
determined that the Ar species quench the energetic He atoms
through Penning ionization. This means that there is a multi-
step mechanism, similar to He-Ne discharge tubes, when
using a mixture of Ar and He for plasma.

With this in mind, and noting how the resonant states of
Ar are increased more so than the associated metastable
emissions, there are two possible reasons for this apparent
preferential pathway for energy transfer between He atoms
and Ar atoms. For this we look at N2, as the intensity of these
excited species should also be affected by increases in
metastable populations. The intensity of the excited N2

species does in fact increase compared to when Ar is the sole
gas, but is still less than for pure He, giving it the second
highest values of intensity when using the Ar-He mix. The

second, and most probable route for non-radiative energy
transfer, is the interaction of He atoms with non-metastable
resonant Ar species, such as the spectral emission at 696 nm.
The reason that this is the likely route is that due to the much
shorter lifetime of these species, the less likely the population
will be saturated and a faster reaction time between these
particles andHe can occur. Going further than this, and basing
other points on the experimental results obtained, the use of
gas mixtures where Ar is the dominant gas (Ar-He) and where
He is the dominant gas (He-Ar) show no detectable He
emission lines or Nþ

2 -391. This would suggest that the He
atoms are being quenched or are not excited to high enough
states as when only He was used. Given that the Ar and N2

SPS systems have increased intensities compared to when
solely Ar was used, it would be suggested that the
introduction of He creates a denser electron population to
interact with N2 and Ar. The lack of Nþ

2 -391 emission
would suggest that the energies are not high enough to
cause ionization. Looking at the N2, Ar-811, and Ar-750
emission lines with changes of gas mixtures, credence can
be given to the idea that He adds a larger amount of
energetic electrons to the system and allows for a higher
generation of N2 SPS and Ar species. If the energy was
high enough to ionize Ar, we would expect to also see some
amount of Nþ

2 as this can be created through Penning
ionization with Ar+, but given that none is detected, it is put
forward that the main excitation kinetics for the Ar-750 and
Ar-811 are due to electron interactions and allows us to use
the line ratio method as was carried out for Ar alone.
Taking into consideration both points, it is likely that both
play a role in the energy transfer process, but the percentage

FIGURE 10 The changes in the average EEDF obtained from the
line ratio of Ar-811/Ar-750 when using He-Ar in air are shown. He is
kept at 1 L min−1 the average EEDF is shown with respect to the
positions along the plasma system when the flow rate of
Ar = 0.1 L min−1 and Ar = 0.5 L min−1.

FIGURE 9 The changes in the intensities for the N2 SPS, OH,
Ar, and Hα are shown with the species being represented by their
wavelength on the x-axis. The legend in 3(a) labels species (A-O) and
the legend in Figure 5(a) labels species (P) that can be seen here.
a) Shows the intensities when the flow rate of He-Ar is kept at 1 to
0.1 L min−1 and (b) represents intensities when He-Ar is kept at 1 to
0.5 L min−1
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of interactions would be higher for those Ar species that
are not metastables, and thus Penning excitation plays a
major role in the kinetics of this work. As the gases were
mixed, it was found that the intensity of the SPS was
highest when the mixture of Ar-He was set to a ratio of
10:1 with a voltage of 27 kV PP. This can be seen in
Figure 11(a,b).

However, it was found that there was no apparent
emission of He when using the Ar-He mix, but He would
obviously still be a contributing factor in the dynamics of the
plasma kinetics and chemistry. As mentioned previously, the
quenching of He due to the presence of Ar reduces the amount
of He available to interact with N2 and consequently when the
quantity of Ar is larger than that of He, as seenwithAr-He, the
emission lines are completely quenched and the energy is
transferred from Ar to N2. This can be supported by the fact
that there was also no Nþ

2 generated other than when using
just He, thus showing that the high-energy atoms of He
interact with Ar before having any chance of directly
exciting N2. This intermediary step of energy transfer to Ar
and then to N2 would decrease the efficiency of excited N2

species as there would be energy loss when going from one
species to another. Further, as the gas mixture of He-Ar is
implemented, the intensity of excited N2 species decreases
due to the low amount of He available to interact with the
entirety of the N2 SPS due to quenching with Ar atoms,
which also limits the maximum potential for energy transfer
and again stops the generation of Nþ

2 . Finally, by using Ar
on its own, there is a limit to the maximum intensity as the
excitation comes directly from the power supplied to the
system which, by extension, limits the amount of excited N2

species generated as there is less possibility of energy
transfer through collisions with higher energy particles such
as He atoms. From this, there is a benefit to utilize an
addition of He to generate a potential non-radiative
collisional transfer of energy with Ar when a ratio is
maintained with He being roughly 10 times less than Ar.
Table 4 shows the factor differences of total nitrogen
emissions for each gas and gas mixture used.

TABLE 4 Factor differences between the total nitrogen emissions when comparing the intensities of the Ar-He mixture to the other gases used to
highlight the effect of optimizing the selectivity process (i.e., [Ar-He intensity/compared gas intensity])

Flow rate Flow rate

1 Lmin−1 0.1 Lmin−1 5 Lmin−1 0.5 Lmin−1

Voltage/gas Ar He He-Ar Ar He He-Ar

17 kV 0.603 0.503 0.634 2.012 0.996 0.750

22 kV 0.739 0.546 0.683 2.220 1.013 0.891

27 kV 1.801 1.614 1.831 5.283 2.760 2.429

FIGURE 11 The total intensities for all nitrogen species
generated during plasma discharge for each gas used during this
study. a) Shows the intensities when the flow rate of Ar and He are at
1 L min−1 when used on their own and the mixtures of Ar-He and
He-Ar were kept at 0.1 L min−1 and (b) shows the intensities when
the flow rate of Ar and He are at 5 L min−1 when used on their own
and the mixtures of Ar-He and He-Ar were kept at 0.5 L min−1.
(* Nþ

2 was only recorded when He was used as the sole working
gas for interactions with ambient air)
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5 | CONCLUSION

It has been found that the use of Ar, He, and mixes of these
gases is a viablemethod for enhanced selectivity of excitedN2

species generation at a lower voltages, current, and temper-
atures compared to using solely ambient air. By using Ar,
there were strong signals of theN2 SPS andwhen usingHe the
highest values for the intensity of the N2 SPS and FNS were
recorded. It was also found that by mixing the gases together
that interactions occur between the Ar and He atoms present
causing the He species to be quenched. Similar findings can
be found in the electrical discharges of helium and neon
mixes. Although there was no atomic oxygen detected in the
plasmas generated in this work, ozone is likely generated.
This could possibly be the reason why there was no detection
of NO emissions during plasma discharge, with any atomic
oxygen sufficiently excited to bond to O2 and create O3, thus
eliminating interactions with atomic nitrogen. Biological
studies using this reactor (not a part of this work) showed a
reduction in bacteria activities due to the O3 molecule.
Overall, it was found that the optimum parameter used to
generate themost amount of N2 excited species for interaction
with samples was when He was used, but the gas mixture of
Ar-He with Ar at 1 L min−1 and He at 0.5 L min−1 was
capable of creating a relatively high intensity of N2 while
minimizing the amount of He and Ar present for interactions.
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