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ABSTRACT In this work, the rotational temperatures of the atmospheric pressure AC-excited argon gas-
liquid-phase discharge estimated by employing disparate spectroscopic methods on the rotational structure of
molecular OH (A-X), NO-y (A-X), and N> (C-B) bands-spectra emanating from the gas-phase discharge
region were compared with those obtained from the liquid-phase region to analyze their variations based
on the metastable species and rotational quantum numbers. The electrical characteristics and images of
the discharge were also examined to analyze the discharge nature. Realization of the estimated values
for rotational temperatures, as an estimation of the gas temperature, depend on thermalization of the
accounted excited rotational population levels. Excitations to higher rotational quantum numbers (N')
inhibited thermalization of the rotational distributions, and the rotational temperatures were found to increase
proportionally with excitations to higher N’ numbers. The phenomenon of rotational excitation to higher N’
numbers was particularly prominent for the wet discharge region, and thus, substantially higher rotational
temperatures were obtained. The excitation to higher N’ numbers is related to the basic production processes
largely those involving Ar}, .., and N, (A) metastable states that populate predominantly the levels with large
N’ numbers (e.g., N’ = 8 and N’ = 25, respectively for OH and NO), and thus, their contemplated rotational
population is not indicative of the kinetic gas temperature. With respect to spectral diagnostics techniques,
the Boltzmann plot constructed by adopting a unique single fitting model (compared to the conventional
double fitting models approach used for liquid discharges) only calculating the rotational population of
the Q; branch of OH (A-X) for lower N’ numbers (N’ < 4) affords the opportunity to estimate the gas
temperature in wet plasma discharge.

INDEX TERMS Argon gas-liquid-phase discharge, molecular emission spectra, rotational population
distribution, production processes, rotational temperature.

I. INTRODUCTION

Over the last several decades, non-equilibrium discharges on
and within liquid surfaces have rapidly evolved because of
their great impact in diverse fields such as cancer treatment,
lithotripsy, plant growth enhancement, water decontamina-
tion, chemical analysis of complex mixtures, and nanoparticle
synthesis [1]-[9]. In comparison to conventional atmospheric
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pressure glow discharges excited between metallic elec-
trodes, the chemistry and physics related to plasma discharges
in liquids electrodes are somewhat less well understood.
This is because these discharges are typically excited in
both the gas- and liquid-phases, and are relatively chaotic in
nature [10]. Moreover, in the discharge assembly where the
liquid typically serves as one of the electrodes, it is found that
the electrodes tend not only to evaporate but also undergo
deformation. These factors add significant complexity to
the experimental configuration, and the associated discharge
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processes become fairly intricate when compared with the
non-thermal gas-phase discharges (plasmas) between metal-
lic electrodes.

Investigations conducted to evaluate the non-equilibrium
plasmas on and within liquid surfaces have revealed a
broad range of methodologies, applications, and phenom-
ena whereby a large number of articles have addressed this
specific topic [8], [11]. The advances in plasma diagnostics
necessarily comes up against the need to characterize com-
prehensively the fundamental processes occurring in such
plasmas and also to develop and apply adequate models
which can substantiate the characterization techniques. In this
regard, optical emission spectroscopy has long been accepted
as a valuable technique for characterizing and exploring
the basic physical parameters of plasmas and is frequently
applied to predict the rotational temperature (T;o) of plas-
mas based on measurement of the excited rotational popula-
tion distributions of various diatomic molecules such as OH
(A-X), NO-y (A-X), and N; (C-B). Therefore, it is impor-
tant to have an in-depth understanding of this particular char-
acterization technique, especially for the case of atmospheric
pressure non-equilibrium plasmas generated in a gas-liquid
environment or in a complex mixture comprising various
molecular species. It is often not the case that the densities
of the considered excited rotational states for the case of
the diatomic molecules (in non-equilibrium plasmas) are in
thermal equilibrium with the translational temperature (gas
temperature, Tga5) [12]. Non-Boltzmann distributions which
are witnessed in the rotational spectra of non-equilibrium
plasmas obviously demonstrate the significance of being able
to inspect carefully the rotational structure of the spectra.

As for conventionally applied methodologies, in many
cases, the Ty, of non-equilibrium plasmas has often been
predicted from the emission band of OH (A-X) [13]. In the
case of a discharge operating in humid conditions, the popu-
lation of higher rotational quantum numbers (N') is substan-
tially overpopulated, and shows a clear deviation from the
Boltzmann law. It is accepted that this overpopulation is less
dominant for lower N’ numbers. Thus, in the Boltzmann plot
method, a two-temperature fitting methodology is typically
adopted to characterize the population of rotational levels.
And the Ty of OH (A—X) comes from the slope of the linear
fit corresponding to the populations with low N’ numbers.
One of the major disadvantages of this technique is that it
is necessary to access highly resolved spectra to construct
the plot for the whole range of N’ numbers along with the
corresponding populations. Thus, as an alternative, a calcula-
tion using LIFBASE software calculation has also been used
in numerous investigations to derive the Ty, from poorly
resolved rotational structure of OH (A-X) [14]-[17]. This
software has also been employed for other molecular bands
to calculate the T;o. For example, it was used to derive the
Tot from the gamma-band system of NO [NO-y (A-X)] [16].
Besides, in other works, as an alternative to OH (A-X) and
NO-y (A-X), the nitrogen second positive system [SPS N»
(C-B)] bands were calculated with SPECAIR software to
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approximate the Ty [18]-[20]. The latter are convenient for
calculating the partially resolved emission spectra; however,
their main drawback is that an assumption is made that the
obtained shape of the populated rotational distribution is
Boltzmann/non-Boltzmann. Irrespective of such a drawback,
the former techniques have been applied successfully to mea-
sure the Ty in many plasma discharges. Nonetheless, their
utilization for OH (A-X), NO-y (A-X), and SPS N, (C-B)
diatomic molecular emission transition bands have resulted
in discrepancies among the derived Tyo, especially in respect
of discharges on and within liquids.

In an atmospheric pressure vapor bubble plasma discharge,
for instance, a non-Boltzmann distribution was demonstrated
for the OH (A-X) rotational structure, in which rotational
states with rotational numbers N’ > 10 were overpopulated,
and the yielded Ty of 8800 K was much higher than the
Tgas of 1550 K as derived from the Tyo of N3 (C) [20]. This
clearly means that a non-Boltzmann rotational distribution
is characterized by the production mechanism that leads to
an efficient excitation of OH (A) to higher N’ numbers.
A non-equilibrium distribution of OH (A-X) has also been
found and investigated in other studies [11], and discrepan-
cies were reported among the predicted 7o of OH (A-X) and
N> (C-B) at atmospheric pressure. In an argon gas-liquid-
phase discharge, the OH (A—X) band rotational population
adaptation in a Boltzmann plot resulted in a T value which
was comparatively higher than the Ty, and this was ascribed
to the fact that the production process was boosted as a
consequence of diffusion of water content in the discharge
region [21]. Non-Boltzmann behavior is not only realized for
OH (A-X) band rotational distribution; for example, highly
populated higher rotational levels were also observed for N»
(C) in a N7O bubble discharge in water [12]. The Ty of
N> (C) was found to be higher than for cases in which the
plasma was filled with air and N». The high value of T
was associated with N, (C) excitation through the processes
such as dissociative electron recombination of NoO1 and
dissociative electron excitation of N, O that result in rotational
excitation to higher N’ numbers in a N,O discharge. Apart
from these, the emission spectra have been studied for the
presence of diatomic molecules such as N, NO, OH, etc.,
which were measured in an open-air discharge with elec-
trodes based on the use of tap water [22]. The predicted
T;ot values obtained from OH (A—X), and particularly, NO-y
(A-X), exceeded substantially the estimated Tyo of Np
(C-B), and consequently the Tg,s. The difference in the cal-
culated Ty was associated with the impact of the production
mechanisms, as well as with the decay of the excited states.

The common trend identified in the characterization stud-
ies on such plasma discharges initiated on and within liquid
surfaces is the utilization of spectroscopic diagnostics to
predict the Tyo. Additionally, investigations seek to introduce
improvements, especially in respect to the domains of the
production processes (e.g., involving metastable dissocia-
tive excitation or electron impact excitation or dissociative
electron recombination of ions etc.,), in different discharge
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media, and on the effects of the surrounding environment
(e.g., Np, Oy, and water vapor content) to understand the
non-equilibrium nature of the plasmas. The production pro-
cesses involved in exciting the molecule to a certain rota-
tional state with N’ numbers determine the occurrence of
rotational—translational equilibrium. This means that detailed
investigation of the elementary production mechanisms and
the population of the generated rotational levels (in a certain
N’ domain of interest) in molecules under study is highly
desirable before considering their population distribution as
a measure of the Tgys.

Against a background of the above factors, a study
simultaneously involving multiple molecular species (e.g.,
OH (A-X), NO-y (A-X), and N> (C-B)) to determine Ty
and T\jp could prove to be imperative to provide a broader
perspective to the awareness of the various production mech-
anisms and the rotational populations in certain ranges of
N’ numbers, especially in the case where argon is used
as the plasma fill gas in a wet environment, because the
presence of Ar’...(°P,) stable states governs the formation
chemistries of a humid plasma discharge, which in turn pro-
duces numerous reactive nitrogen and oxygen species ((e.g.,
OH (A), N3 (A), and SPS N; (C)). Concerning the deriva-
tion of the rotational and vibrational temperatures of the
considered diatomic molecules, we are mainly interested in
utilizing conventional spectroscopic-based diagnostics such
as the Boltzmann plot and related software modules such as
LIFBASE and SPECAIR. However, unlike a number of stud-
ies that have adopted double fittings models approach to fit
the rotational level populations in the Boltzmann plot to esti-
mate the OH (A-X) band T (equivalent to Tgys) [12], [13],
in the present work, only a single fitting model has been
successfully adopted to fit the rotational structure of OH
(A-X) in a wet discharge region. The Boltzmann plot with
a single fitting has often been used to determine the Ty
in conventional gas discharges between metallic electrodes,
nonetheless, adaptation of this model has resulted in higher
Tiot of OH (A-X) for the plasma discharges in a humid
environment [23].

The objective of this study is to characterize the atmo-
spheric pressure AC-excited argon gas-liquid-phase dis-
charge using spectroscopic diagnostic techniques. Moreover,
the electrical properties of the discharge are analyzed by an
electrical method; in addition, the discharge is evaluated visu-
ally by capturing high speed images. The formation mech-
anisms for the populated non-equilibrium rotational levels
of various diatomic molecules are realized qualitatively by
investigating the optical emission spectra.

The key contribution of the present work is the success-
ful utilization of the single fitting Boltzmann plot model to
derive the T;ot of OH (A-X) in a wet environment; more-
over, discrepancies in the measured Ty, corresponding to the
same discharge region are elaborated based on the excitation
mechanisms (particularly those involving metastable states)
and the N' numbers. Based on analysis of (1) the hydroxyl
OH band due to the electronic transition from the upper state
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(A 2Z7) to the ground state (X 1), (2) the gamma-band
system of nitric oxide NO-y due to the electronic transition
from the upper state (A 22+) to the ground state (X 2m),
and (3) the second positive system of nitrogen SPS N> due to
the electronic transition from the upper state (C 3IT,) to the
lower state (B 3 [1,), the Ty and the vibrational temperatures
(Tyip) are determined from a single spatially resolved spec-
trum (in the spectral range 200 to 415 nm) being recorded
in the corresponding region of the discharge in the gas- or
liquid-phase. By employing different methodologies, four-
teen distinct temperatures were measured and comparisons
made for a discharge region in the gas-phase with that in the
liquid-phase, that is, the Boltzmann plot Ty of OH (A-X),
LIFBASE Tt and Tyip of OH (A—X), LIFBASE T and Tyip
of NO-y (A-X), and SPECAIR Ty, and Tyip of N2 (C-B).
The production mechanisms and the rotational populations
for the various diatomic molecules are thoroughly discussed
to explain the causes of the variations in the T;o in @ humid
discharge.

Il. EXPERIMENTAL SETUP

A schematic sketch of the experimental device is exhibited
in Figure 1 (a), and the optical configuration for experi-
mentation is displayed in Figure 1 (b). The gas-liquid-phase
(two-phase) discharge assembly comprises of a cylindrical
stainless-steel (CSS) electrode (outer diameter 2.0 mm) kept
in a coaxial manner inside a fused quartz tube with inner
diameter of 5.5 mm. From the end view of the fused quartz
tube, the CSS electrode is adjusted at a gap of 8.0 mm. The
discharge assembly is installed in an acrylic glass chamber
filled with deionized water (DIW). For generation of the two-
phase plasma, argon gas (99.99% pure) is injected through the
CSS electrode with a flow rate of 1.2 slpm, and then the dis-
charge assembly is lowered below the surface (D_ = 10 mm)
of DIW by adjusting a micrometer caliper. The gap spacing
is 8.0 mm, which is the separation between the tip of CSS
electrode and the DIW surface. Before conducting experi-
ments, the chamber is filled each time with 400 ml of fresh
DIW. A cooling setup is attached with the two-phase reactor

Optical fiber
probe

s-pha

discharge /" |

Liquid-phase.
dischar

H
f=20mm)  15mm =20 mm

FIGURE 1. Schematic of the experimental setup (a), and the optical
arrangement for spatially resolved measurements (b).
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to control the temperature of the DIW at 25°C. The CSS
electrode of the discharge assembly is connected with a high
voltage AC power supply (Corona Lab CTP-2000K) with the
driving frequency fixed at 22 kHz, and the DIW electrode is
grounded. The voltage and current waveforms are recorded
by an oscilloscope (Tektronix DPO4034) with a high-voltage
probe (Tektronix P6015A) and a current probe (Tektronix
TCPO030A), respectively. The visible light emission pat-
terns of the discharge are recorded using a Canon cam-
era (EOS7d). Spectroscopic measurements are performed
with a multichannel spectrometer (Avantes Avaspec; grating
1800 grooves mm™!). Spatially resolved emission spectra are
obtained using the optical setup outlined in Figure 1(b). This
optical arrangement for experimentation is analogous to the
one adopted in a previous study concerned with measurement
of the spatial emission profiles [17].

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

A. DESCRIPTION OF THE DISCHARGE OPTICAL

EMISSION PATTERNS

The discharge first started at the tip of the CSS electrode,
and became localized just above the breakdown threshold
(Vims = 2430 V) for the plasma gas. When the Vi g value
was raised to a higher level, the discharge expanded sud-
denly and occupied the entire interelectrode spacing volume
(Vims, = 2490 V). It was noted that just after the breakdown,
the Irms,q value of the discharge current was only 2 mA.
When Vins.a was further increased from 2430 to 4700 V,
the Iims.a increased from 2 to 20 mA. These values for the
discharge current were much smaller than those occurring in
conventional atmospheric plasmas excited between metallic
electrodes [24], [25]. This is because current was flowing
through the DIW electrode.

In the gas-phase (inside the quartz tube), the discharge
formed in a stable constricted channel. Whereas, in the liquid-
phase it evolved as a plume-like shape (PLS), as typically
observed in a conventional plasma jet in the gas phase [26].
The question then arises as to whether the PLS structure
sustained in the gas-phase (which results from the gaseous
discharge flowing into the liquid-phase) or in the liquid-
phase. In an attempt to enhance our understanding of these
basic processes, typical images of the discharge, which are
displayed in Figure 2, were analyzed. A computer code rou-
tine was used to measure the dimensions of the discharge
in the liquid-phase (below the opening surface of the quartz

penetration)|
the liquid B

FIGURE 2. Image of the discharge assembly when the discharge is not
excited (a), and images of the discharge as a function of operating time
(b)-(d) recorded with a fixed camera shutter speed of t;p,tter = 100 ms.
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tube). The hole generated as a consequence of gas flowing
in the downstream direction was short in length (~2 mm)
relative to the length of the PLS (~6 mm) in the liquid-
phase (Figure 2(a)). Moreover, with an increase in the Vi g
value, the length of the PLS structure also increased in
both the radial (from ~2 mm to up to ~4 mm) and the
downstream directions (from ~6 mm to up to ~8 mm)
(Figures 2(b) and (c)). In contrast, expansion of the conven-
tional plasma jet plume in the gas phase typically occurs
in the direction of the stream. Visually, it was also noticed
that the structure of the PLS was not stable and it moved
around at the onset value of the applied voltage, although,
to some extent, it still retained the plume shape, as shown
in Figure 2. A distinctive phenomenon of direct-liquid dis-
charges is their unstable nature. Our experiments confirmed
that such direct-liquid discharges were highly unstable and
spread in a chaotic manner in the liquid-phase. Such dis-
charges are also called streamer discharges [27]. Another
interesting phenomenon was the reduction in length of the
PLS, this being observed by recording an image of the dis-
charge at 8 min after initiation. The property associated with
the shortening of the length of the discharge is also a factual
phenomenon observed for direct-liquid discharges whereby
an escalation in liquid conductivity occurs [28]. Thus, in the
present experiments, the evidence for shortening of the length
of the PLS is consistent with the discharge existing in the
liquid-phase. Based on these observations it can be concluded
that the structure of the PLS was not that of a gas-phase
discharge, rather it was a liquid-phase discharge might be
consisting of multiple nonstationary streamers.

Here a short description is given to explain the breakdown
mechanism for a discharge (PLS structure) in the liquid-
phase. Historically, there were two schools of thought related
to the formation of discharge in liquids. The first theory was
based on the electron multiplication, and second theory was
based on the bubble breakdown mechanism. In DIW, free
electrons by and large are not present. Even if they are in DIW,
they are immediately solvated (1 ps time scales) [27]. Thus,
here electron avalanche phenomenon is less probable because
of the utilization of high purity DIW (3 us cm™!). Moreover,
powered electrode is located at a distance of 8.0 mm from the
liquid surface. So, one may assume that electric field at the
liquid surface should be weaker to boost the impact ioniza-
tion, converting it into an electron avalanche, and then further
triggering the multiplication of electron avalanches. Thus,
the propagation of discharge in liquid most probably can be
the result of micro-bubbles formation in the liquid-phase.
According to bubble theory, formation of micro bubbles
requires joule heating (provided by the high gas temperature
of discharge at the liquid surface). These bubbles believed to
serve as a source of local electrical breakdown which further
begin the breakdown process and initiate the streamers.

The increase in length of the PLS with increase in the
applied voltage from Vimsa = 4700 V to Vims.a = 5500 V
(power increases from Pgisin = 72 W to Pgisin = 146 W),
as shown in Figure 2, may be associated with increased
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dissociation processes. This implies that the discharge is
responsible for sustaining an increased dissociation of the
plasma, consequently it gains length at higher applied volt-
ages. In contrast, by keeping the discharge current constant,
when the exposure time of the discharge is extended by up
to 10 min, clearly results in a reduction in the length of the
PLS. At the longer exposure time, the number of ions are
increased as a result of the dissociation and ionization of
water molecules. Furthermore, in the presence of air, gaseous
acidic contamination products such as NO, and NO5 species
are produced. These species may be responsible for the
increased electrical conductivity of the liquid (Figure 2),
resulting in a shorter length of the PLS. At the edge of the
discharge channel, an increasing o. weakens the electric field
in the Maxwellian relaxation time and discontinue the further
process of dissociation [29]. At this stage, extension of the
discharge requires more energy to sustain the discharge in
order to compensate for the reduction in the electric field
near the channel edge. Nevertheless, it is evident that the
discharge power, in this case, has decreased due to a drop
in the discharge voltage after operation for 10 min. Thus,
ultimately a reduction in the electric field is accompanied by
a shortening of the PLS length.

B. VOLTAGE AND CURRENT WAVEFORM

The voltage and current waveforms corresponding to the
discharge images in Figures 2(b) and 2(c) are presented
in Figures 3(a) and 3(b), respectively. Just after initiation
of the discharge, the recorded current waveform indicates a
discharge current pulse (DCP) situated at rising edge of every
half-period (Figure 3). According to the results, a decrease in
the amplitude of the DCP is detected with increasing applied
voltage, and a sinusoidal-like current waveform without a
DCP is witnessed with the further increase in applied voltage,
as shown in Figure 3(b). The current waveforms with the
aforementioned characteristics were also reported and dis-
cussed in our previous studies [17], [30], where focus was
given to the temporal evolution and variation in shapes of the
waveforms (for description of the nature of the discharge).
At that time, minimal consideration was given to explaining
the underlying discharge mechanisms that control the emer-
gence of the DCP.

Herein, an analysis is conducted on the current waveforms
in an attempt to understand the reasons for the appearance
and disappearance of the DCP under different discharge con-
ditions. A characteristics time period (CTP) during which
magnitude of the discharge current maintains at a certain
minimum level whereby the corresponding discharge voltage
rises continuously from zero to a certain value is observed
initially for all the current waveforms, an example of which is
displayed in Figure 3(a). Starting from the current waveform
in Figure 3(a), the discharge current remains at a minimum
for a time period of 5 us. Afterwards, a rise in the discharge
current is seen with further increase in the discharge voltage.
For the case in Figure 3(b), the discharge current remains at a
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FIGURE 3. Typical current vs voltage waveforms of Figures 3(a) and 3(b)
are recorded for the discharge images presented in Figures 2 (b) and 2 (c),
respectively.

minimum with a continuously increasing discharge voltage in
a similar manner to that observed for the case in Figure 3(a).

In contrast, in this case, the CTP is much shorter as the
discharge current starts increasing after 2 ps. This is due to
the fact that Pgjs in is raised to 146 W, implying that more
power is absorbed into the discharge compared to the case
for 72 W in Figure 3(a). This clearly indicates that Pgjs in is an
important parameter that may reduce the CTP followed by the
extinction of the DCP on the current waveform. To validate
this assumption in Figure 3(a), the instantaneous power of
the discharge (Pgis,ins) Was measured within the CTP and
compared with the Py ins for the case in Figure 3(b). It may
be seen that Pg;s ins Within the CTP in Figure 3(a) is 14 W,
a value which is much less than 110 W, as measured for
the case in Figure 3(b). This shows that for the discharge
of Figure 3(a), the conductivity is much weaker during the
CTP, and continuously increasing the discharge voltage may
trigger an electron avalanche (to sustain the discharge before
it dies out), which abruptly elevates the discharge current.
In Figure 3(b), in contrast, the conductivity of the discharge
during the CTP is much higher, so a smoother current wave-
form is obtained. Therefore, it is clear that the discharge
power during the CTP is crucial for the appearance and
disappearance of the DCP on the current waveform. A rela-
tionship between the CTP and DCP can also be inferred from
inspection of the current waveform, namely, that a larger CTP
is followed by the DCP. For example, in the present case, a
CTP of 5 pus results in the emergence of the DCP and no DCP
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is observed on the current waveform for a relatively smaller
CTP of 2 us. Here the two-phase discharge in the reactor
based on the appearance of DCP on the current waveform is
considered to be in a streamer-like mode [10].

C. COMPARISON OF THE OPTICAL EMISSION SPECTRA
OF THE DISCHARGE REGIONS IN THE GAS- AND
LIQUID-PHASES

The two-phase discharge is further characterized by recording
the spatially resolved emission spectra for two distinct loca-
tions in the discharge, that is, (1) in the gas-phase (1.0 mm
from the tip of the CSS electrode) and (2) in the liquid-phase
(4.0 mm from the inlet of the quartz tube), as illustrated
in the inserts of Figure 4. The discharge region inside the
quartz tube remains in the gas-phase due to the high flow rate
(1.2 slpm) of the plasma gas, whereas the discharge region
below the inlet to the quartz tube corresponds to the liquid-
phase (wet environment). The purpose of recording spectra at
these two distinct locations in the discharge is to identify the
prevailing production mechanisms for the molecular species
of interest. In the spectral range from 200 to 415 nm, the emis-
sion spectra for both locations are dominated by OH (A-X)
and the SPS Nj (C-B). In the spectral range from 650 to
815 nm, argon atomic lines are clearly dominant. In addition,
the prominent atomic hydrogen Balmer alpha line (656 nm)
and the atomic oxygen line (777 nm) are detected in both
emission spectra. It is noted that the SPS N> (C-B) emission
bands are more intense in the case of the spectra recorded
in the gas-phase; in contrast, the OH (A—X) emission band
is more intense in the liquid-phase (Figure 4). The important
chemical reactions governing the discharge chemistries are
described below.

The -OH is one of the most active radicals with the highest
oxidation potential, 2.85 V, and thus considered crucial in
advanced oxidation processes. The emission intensity of OH
(A-X) is much higher in the liquid-phase discharge region
compared to that in the gas-phase, as revealed in Figure 4.
Several possible reactions have been reported concerning the
production of OH (A—X), and one of the important excitation
mechanisms is the electron—impact dissociative excitation of
a HyO molecule:

e +H,O—- OHA)+H+e,
[k ~2 x 10719 -1 x 10710 m3s*],
(Te = (1 —3eV)]. [31] (R1)
A large amount of energy (12.6 eV) is required to ionize
the water molecule, thus this reaction R1 would be feasible
for directly yielding the -OH production. Electron—impact
dissociation of a water molecule proceeds to OH (X) via
e +H)O—->O0OHX)+H+e,
[k ~2x107% -9 x 10710 m3s~!,
(Te = (1 —3eV)]. [31] (R2)

The rate coefficients for the electron impact disso-
ciation processes are calculated from the cross-sections

143320

(2) Recorded immidiately after discharge ignition

Gas-phase |
. 1.6} Iims, =30 MA ]-
L 14 Vi 5500V
; 1.2k Pyis,in=146 W
S1.0f Water surface
>
= 0.8
S SPS N, (C-B)
2 [ OH (A-X 2
E °® ( Ve Arllines
o4t FNS N} (B-X)
0.2} l o
0.0 M| | I L “I
2.0
18 (b)Recorded immidiately after discharge iginition
1.6} OH(A-X)
a ) Water surface |
5 e
G
12}
%L Liquid-phase
= lrms, =30 MA
3‘ rms, d
w LET Ve, 4=5500 V
s 06l Pais,in=146 W
T 04 Arl lines
02l SPS N, (C-B) |_|_|_|__H—n_|
H, o
0.0

250.0 300.0 350.0 650.0 700.0 750.0 800.0
Wavelength (nm)

FIGURE 4. Overview of the spatially resolved emission spectra, collected
for the discharge region in the gas-phase (a), and for the discharge region
in the liquid-phase (b).

provided elsewhere [31]. Calculations are carried out
based on the assumption that electron distribution is
Maxwellian. The resultant OH (X) via electron—impact reac-
tion [R2] in the plasma:
e~ +OH(X) > OH (A) +e~,
[k ~3x 1074 -8 x 10713 m3s~!,
(Te = (1 —=3eV)]. [32] (R3)
Electron—ion recombination reactions have also been pro-
posed as a possible route for OH (A) production:
e~ +H,O" — OH (A/X) + H,
[k ~ 5 x 10747795 m3s™1], [33] (R4)
e~ +H30" — OH (A/X) + Ha,
[k~ 1 x 10737795 m3s™1). [34) (R5)
Last but not least, a dissociative excitation reaction of
H,0 with the Ar.,, (*Py) stable state is also crucial for the
production of OH (A):
Ar;knm(3P2) + HO — OH (A) + H + Ar,
[k ~ 8 x 10710 m3s™! Ty = 300 K], [36], [37] (R6)

and is frequently proposed in several studies [35], [38], [39].
The Ar* .. (3P») stable state is resonant with the Rydberg

meta
levels of a water molecule, and thus, in a wet environment,

reaction R6, in particular, seems critical for the formation of
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OH (A). The emission bands for the SPS N, (C-B) transition
are dominant for the discharge spectrum in the gas phase
[Figure 4(a)]. Lower emission intensities for SPS N; (C-B)
in the liquid-phase discharge spectrum may be the result of
less exposure to air, as the spectrum is recorded well below
from the water surface (D- = 14.0 mm). The SPS N, (C-B)
can be generated from the highly localized electron—impact
reactions with N (X) or Nj (A):

e” 4+ No(X) > No(C) + e,
k~1x107"2 =3 x 10710 m3s7 !,

(Te = (1 —3eV)], [40] (R7)
e +NzA) > No(C) + e,
k~6x1071° -3 x 1074 m¥s!,

(Te = (1 — 3 eV)]. [40] (R8)

Moreover, the contribution of the Pooling reaction may
also be considered in major reactions to lead to the production
of Ny (C-B) via the N; (A) metastable states:

N2(A) + N2(A) — N2(C) + Na(X),
[k ~2x 107" m?s™1]. [41] (R9)

According to a simulation-based study conducted on
describing the chemical kinetics of humid argon discharges,
the excitation to Ny (A) state was suggested through the
following reaction:

Ar . CPy) + Na(X) — Ar + Ny(A),

k~2x 1077 m’s™1. [42] (R10)

Besides, the occurrence of the Ar¥,,, (*P») states is most
probably the origin of N; (C) through the Penning reaction
with N2 (X):

At CP2) + No(X) — Ar + No(O),

[k ~4x 1077 m3s™1]. [43] (R11)

The SPS N, (C-B) transitions are relatively much weaker
for the liquid-phase discharge region, as shown in Figure 4(b).
Also, the first negative system of nitrogen FNS N EL B 21'[,‘4* —
X 21-[;) in ambient atmospheric air discharges was not wit-
nessed for the discharge in the wet region. In contrast, its
presence was confirmed for the discharge region in the gas-
phase. The required threshold energy to produce FNS Ng‘
(B—X) via a molecule in the N; (X) state is about 18.8 eV,
a level which is less probable through electron-impact pro-
cesses due to a shift in the electron energy distribution func-
tion (EEDF) to the lower energy region in a relatively higher
humidity [44]. Apart from these, frequently proposed reac-
tion pathways for the production of atomic O are

e +H,O— H,+0-+e, [35]
e + 0y — 20 +e™. [45], [46]

(R12)
(R13)

In an argon discharge, atomic O- can also be produced from
Ar¥ .. states through the following reaction:

meta
Art 4+ 0y — Ar+20-

meta
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[k =2 x 107" m3s71]. [35] (R14)

The discussion concerning the chemical reaction pathways
indicates that the discharge chemistries operating in the gas
and liquid discharge locations are different according to the
relative humidity and the availability of contaminant impuri-
ties (e.g., No, Op) arising due to diffusion from the ambient
air. These impurities are responsible for the production of
various atomic and molecular species (e.g., OH, Na (A),
N> (C), O, and H) and hence there is a degree of versatility
in the discharge chemistry of the plasma discharge depending
on the measurement location in the discharge. In connection
with the production of these species, the roles of Ar}; ., and
N> (A) metastable states are important through reactions R6,
R9-R11, and R14.

D. SPECTROSCOPIC METHODS FOR DETERMINATION OF
THE ROTATIONAL TEMPERATURE (T,4t)

In the present work, the extracted Tro from OH (A-X),
NO-y (A-X), and SPS N; (C-B) bands in a discharge region
situated in the gas-phase are compared with region of the
discharge in the liquid-phase. Disparate spectroscopic diag-
nostics methods (e.g., the Boltzmann plot, LIFBASE soft-
ware, and SPECAIR software) are exploited for derivation of
the T;ot from rotational structure of the considered diatomic
molecules. The production processes for the discharge are
predicted qualitatively by investigating the recorded spatially
resolved emission spectra, and the fractional population his-
tograms are calculated through the LIFBASE simulation.
It is important to point out that the Ty for the OH (A-X),
NO-y (A-X), and SPS N, (C-B) bands are measured simul-
taneously from a single spatially resolved emission spectrum
(recorded in the spectral range of 200 to 415 nm according
to the optical setup of Figure 1 (b)) recorded either for the
discharge region in the gas- or the liquid-phase. The optical
emission spectra are measured right after initiation of the
two-phase discharge under the same conditions as mentioned
in Figure 2(c). Two distinct discharge locations are selected
for gathering of the respective optical emissions: (i) for the
gas-phase at a location 1.0 mm apart from the CSS electrode
tip, and (ii) for the liquid-phase at a location 4.0 mm away
from the opening surface of the fused quartz tube. Note that
for measurement of the liquid-phase, the recorded molecular
spectrum for SPS Nj (C-B) is weak, and evidence for NO-y
(A-X) is completely absent in both the gas- and liquid-phases
discharge regions; therefore, in this experiment, argon as a
feed gas is mixed with 0.5% nitrogen to facilitate the record-
ing of prominent emission signals for the SPS N, (C-B) and
NO-y (A-X) bands.

The OH molecular structure in the spectral range
306-310 nm comprises mainly three branches [Q1, R, and
P1]. In this work, the Q; branch is selected to construct
the Boltzmann plot. The line details of the Q; branch are
provided in the inset of Figure 5. There are various advantages
to be gained by selecting the Q1 branch, namely, (i) the band
is situated in a relatively less dense region of the OH (A-X)
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FIGURE 5. Identification of the Q; branch of the OH (A-X) emission
spectrum collected for the discharge region in the gas-phase.

spectrum, so lines in this branch from Qq(1) to Q1(6) are
well isolated; (ii) self-absorption of lines that appear in the
wavelength range for this branch is not strong compared with
the other lines except for Q1(3). Lines that undergo strong
self-absorption result in a dip in the plot, and thus there is
an alteration in the slope of the Boltzmann plot, which leads
to an inaccurate estimation of the temperature. Therefore,
the Q1(3) line that undergoes a strong self-absorption together
with the neighboring line Q> (3) is eliminated from the Boltz-
mann plot calculation [23]; (iii) the lower rotational numbers
of the Q; branch from (N’ = 1,J' =3/2)to(N' = 6,J" =
13/2), corresponding to lines Q;(1) to Q;(6), are feasible
for minimizing the phenomenon of overpopulation. Thus,
the Q1 branch seems suitable for determining the Ty from
the OH (A-X) rotational-vibrational system (A2 Z+, v o=
0 — X2I1; /2, " = 0). The distribution of intensities for the
rotational population is given by the following formula [47]

4
ema /J//

C
Iy = T(ZJ/ + 1)exp<

T

B,J'(J + 1)hc> 0
kBTrot

with factor By,J'(J’ + 1) the rotational energy F(J'), B, the
rotational constant, & the Plank’s constant, kg the Boltzmann
constant, o;/;» the wavenumber for the rotational transition
J' — J”, Cem the emission coefficient, and Q; the rotational
partition function.

The LIFBASE software offers spectral simulation of var-
ious molecular bands including NO-y (A-X), OH (A-X),
CH (A-X), etc. [14]. This program is based on the most fre-
quently used assumption attributed to the supposition that the
rotational and vibrational levels populations are distributed
in accord with the Boltzmann law. Using the LIFBASE soft-
ware, the OH (A—X) spectral range from 306 to 310 nm is
fitted according to the simulation. In the fitting process, Ty
is fixed at first to a certain value so that the smallest residual
is compensated by varying the vibrational temperature (7yip)
to obtain a best correspondence of the experimental spectrum
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with the calculated one. Note that the fitting process requires
the measurement of a slit function (spectral line broadening
due to instrumental broadening). In the gas temperature range
from 300 to 6000 K, spectral lines broadening results primar-
ily outcome in convolution of the optical emission spectrum,
generating the slit function considered to be a Gaussian, with
a full width at half maximum (FWHM). The slit function
is determined by measuring the emission from a Hg lamp
which emits a well-defined atomic line at 404 nm and is
deemed to be almost a Gaussian distribution (FWHM =
0.0656 nm). The UV spectral range from 241 to 249 nm of
the gamma-band system of NO was selected for analysis and
compared with the calculated simulated spectrum. Besides,
spectral simulation of the SPECAIR software also offers the
facility of manipulating and fitting spectra [19]. Similar to
the LIFBASE, SPECAIR also assumes that rotational popu-
lations of molecules in certain energy states are Boltzmann
distributed. Unlike the LIFBASE, SPECAIR facilitates the
spectral fitting of SPS Nj (C-B). That is why, it is often used
for approximation of the Ty, of SPS N (C-B). In the present
case, the SPS N, (C-B) bands at 353 and 357 nm were chosen
for comparison with the simulated spectrum calculated by the
SPECAIR.

E. ROTATIONAL TEMPERATURE (T,,t) OF THE DISCHARGE
IN THE GAS-PHASE REGION

The Tiox and Tyjp, values obtained from the gas- and
liquid-phases of the discharge are provided in Table 1. In the
gas-phase, the Boltzmann plot shows a good linear fitting
(Figure 6), and thus, the acquired Tro; of 1078 £ 40 K has a
good accuracy, and the Tyot can be assumed to equal the Tg,s.

TABLE 1. Derived T,y and T, values for NO-y (A-X), OH (A-X), and SPS
N, (C-B) by the various spectroscopic methods.

NO. Method Band Tt (K) Tvib (K)

1 Boltzmann plot OH 1078140
(gas-phase) (A-X) Tro=Tgas

2 LIFBASE OH 1120+70 36001210
(Gas-phase) (A-X) Tro=T gas

3 LIFBASE NO-y 1600+£110 4000+240
(Gas-phase) (A—X) Trot> Teas

4 SPECAIR N2 1100+65 3500+200
(Gas-phase) (C-B) Tro=Tgas

5 Boltzmann plot OH 1474+80
(gas-phase) (A-X) Trot> Tgas

6 LIFBASE OH 3400+170 52004280
(Gas-phase) (A—X) Trot > Teas

7 LIFBASE NO-y 3900+180 56001310
(Gas-phase) (A-X) Trot> Tas

8 SPECAIR N2 2700+130 5100+260
(Gas-phase) (C-B) Trot > Teas

The Tyo values for OH (A—X) and SPS N, (C-B) acquired
using the LIFBASE and SPECAIR software are 1120 & 70 K
and 1100 £ 65 K, respectively. These methods generated fits
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FIGURE 6. Boltzmann plot of the rotational population distribution (fitted
with a single Boltzmann distribution) for the Q; branch of OH (A) as
collected from the OH (A-X) emission spectrum recorded for a discharge
region in the gas-phase.
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FIGURE 7. Fitting of the OH (A-X) emission spectrum by using the
LIFBASE spectral simulation to measure T, and Ty;p, for the case of a
discharge region in the gas-phase. The fitting of the spectra is achieved
by assuming a Boltzmann distribution for vibrational level (0-0). The
insert displays the histogram for the fractional population calculated by
the simulation.

which are concordant with the experimental measurements
(Figures 7 and 8), suggesting the thermalized behavior for
the rotational population distribution. Consequently, the pre-
dicted Tro¢ values can also be approximated as Tgys for the
gas-phase. This is due to the fact that quenching collisions are
less dominant with water molecules. That is, the translational-
rotational energy exchange remains faster than the electron-
ically excited state quenching. Under such conditions, the
diatomic molecular rotational distribution is equilibrated with
the translational distribution and the assumption of Ty, being
equivalent to Ty is validated.

For the case of NO-y (A—X), the same fitting procedure
is applied using LIFBASE. In spite of the fact that fitting of
the spectra in Figure 9 is quite reasonable and thermalized
distribution can be expected, it is known, however, that the
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FIGURE 8. Fitting of the SPS N, (C-B) emission spectrum by using the
SPECAIR calculation to measure T,y and T, for the case of a discharge
region in the gas-phase. The fitting of the spectra is achieved by
considering a Boltzmann distribution for vibrational levels (1-2) and
(0-1).
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FIGURE 9. Fitting of the NO-y (A-X) emission spectrum by using the
LIFBASE spectral simulation to measure T, and Ty;p, for the case of a
discharge region in the gas-phase. The fitting of the spectra is achieved
by considering a Boltzmann distribution for vibrational level (0-2). The
insert shows the histogram of the fractional population calculated by the
simulation.

obtained Ty, value is higher than the predicted temperatures
based on using other methods applied to OH (A-X) and
SPS Ny (C-B), and thus, the Tio¢ manifestation for Tgus
will overestimate the Ty in the gas-phase. In this scenario,
presumably thermalization is not achieved completely even
though the fitting does indicate the Boltzmann distribution
is realized. The fractional population histogram of NO-y
(A-X) calculated by the LIFBASE software predicts a max-
imum rotational population for N = 16 (Figure 9), which
means that the NO-y (A-X) excited rotational levels are
overpopulated for higher N’ numbers. This phenomenon
can be interpreted as an indication of there being residual
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chemical energy through the production mechanisms of the
molecules [16]. For these molecules at atmospheric pressure,
electronically excited state quenching becomes faster than
translational-rotational energy exchange, and thus, leads to
a non-Boltzmann distribution. To elaborate further on this
phenomenon, detailed discussion of the formation processes
will be presented later in Section III (F).

F. ROTATIONAL TEMPERATURE (T,,t) OF THE DISCHARGE
IN THE LIQUID-PHASE REGION

The T;o value from the Boltzmann plot increases to 1474 +
80 K for a discharge region in the liquid-phase, indicating
non-Boltzmann behavior (Figure 10). Similarly, using the
LIFBASE and SPECAIR methodologies, an increase in Ty
is also observed (Table 1). However, using the latter meth-
ods, a substantial increase in Ty is witnessed. For example,
when the LIFBASE method was applied to the NO-y (A-X)
spectrum recorded for a discharge region in the liquid-phase,
the Tyo: value obtained was 3900 & 180 K.
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25l Ims, ¢=30 MA
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FIGURE 10. Boltzmann plots of the rotational population distribution
(fitted with a single Boltzmann distribution) of the Q; branch of OH (A) as
collected from the OH (A-X) emission spectrum recorded for a discharge
region in the liquid-phase.

The Tyip values measured from the spectra of OH (A-X),
NO-y (A-X) and N, (C-B) are more than twice those of the
corresponding Ty values (Table 1). This may be explained
by the way the vibrational energy transfer occurs, mostly as a
consequence of electron collisions. The electron temperature
(T¢) typically falls in the range 1-2 eV, which is a much higher
temperature compared to that for a heavy particle.

The lower value of Ty (1474 + 80 K) is the consequence
of using the Q; branch with low rotational numbers from
N = 1,J) = 3/2)to (N = 6,J' = 13/2). Though
the estimated Ty from selected rotational lines in the liquid-
phase is still higher than the temperature of the discharge in
the gas-phase, it is not related to the actual Tg,s. This phe-
nomenon is evaluated further by means of examples. In the
first case, the Q1(6) line of the Q1 branch is excluded, and
thus, lines from Qp to Qs corresponding to the rotational
numbers from (N = 1,J" = 3/2)to (N = 5,7 = 11/2)
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are employed for constructing the Boltzmann plot. Exclusion
of the Q1(6) line from the calculation results in a noticeable
drop in Tyo; from 1474 £ 80 K to 1265 £ 50 K; nevertheless,
Trot 1s still higher compared to the gas discharge region [see
Figure 11(a)]. Thus in the second case, only lines from Q1 (1)
to Q1(4) corresponding to the rotational numbers from (N/ =
1,J/ = 3/2)to (N = 4,J" = 9/2) of the Q; branch, are
accounted by constructing the Boltzmann plot [Figure 11(b)].
Using these lines, a linear fitting is quite reasonable, and
the thermalized distribution is represented by a straight line,
of which the slope is dependent on the Ty In this case the
derived Ty (1070 & 35 K) is in good agreement with the
Trot value predicted by the Boltzmann plot in the gas-phase,
and, in addition, also with those values inferred theoretically
using the LIFBASE OH (A-X) and SPECAIR SPS N, (C-B)
calculations as applied to the spectra of the discharge region
in the gas-phase, as can be seen in Table 1.
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FIGURE 11. Boltzmann plots of the rotational population distribution of
the Q; branch of OH (A) as collected from the OH (A-X) emission
spectrum recorded for a discharge region in the liquid-phase; for the case
with (N’ =1,J' =3/2) to (N' =5,J’ = 11/2)presented in (a), and for the
case with (N’ =1,J' =3/2) to (N’ = 4,J' = 9/2) presented in (b). The
rotational distribution is fitted with a single Boltzmann distribution and
the estimated T, values for the cases in (a) and (b) are 1265 + 50 K and
1070 =+ 35 K, respectively.

The transition probability of any given rotational struc-
ture is roughly proportional to the rotational number.
With increasing rotational number the population term
exp [—BuJ'(J’ + 1)hc/kTyo ] declines rapidly since the rota-
tional energy F(J’) varies roughly as the square of the rota-
tional number [48]. Therefore, moving along the optical
branch with increasing rotational number, the intensity of the
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lines is boosted at first, and acquires a maximum value, but
thereafter the intensity decreases. This type of emission inten-
sity distribution shows a good linear fitting, as also observed
for the case of the Q; branch in Figure 6. However, the spec-
trum recorded for the discharge region in the liquid-phase
reveals an increase in emission intensity at first with increas-
ing rotational number and reaches a maximum at the Q1(3)
line; nevertheless, the intensity starts to increase again after
the Q1(4) line, unlike the emission intensity distribution of
the Q) branch (Figures 6 and 10). This means for the case
of the discharge spectrum in the liquid-phase with increasing
rotational number, the aforementioned condition does not
remain valid. Thus, the linear fittings carried out based on
including the Q1(5) and Q1(6) lines will deviate from the
Boltzmann distribution, as shown in Figures 10 and 11(a).

In a vapor bubble discharge at atmospheric pressure,
the Boltzmann plot of OH (A—X) shows that the rotational
states with a number larger than >10 clearly overpopu-
lated [20]. Consequently, the rotational states with only lower
numbers are thermalized. The Boltzmann plot constructed for
the emission spectrum of OH (A) collected for a plasma jet
in argon—water also has rotational population distributions
acquired based on two linear fits; namely, the temperature
from the rotational distribution with lower numbers (N’ <
13) is 625 K, and the attained temperature for rotational dis-
tribution with higher numbers 13 < N’ < 25 is 5000 K [49].
A substantial difference between the Ty is clear for rotational
distributions having different N’ numbers, and clearly the dis-
tribution belonging to higher N’ numbers is not representative
Of Tgas.

It must be appreciated that the construction of Boltzmann
plots in the aforementioned studies by employing two lin-
ear fittings to the rotational population distribution requires
sophisticated spectrometers to record the spectra at high
resolution. In contrast, a well-resolved Q; branch spectrum
(utilized for Boltzmann fitting in our case) can be recorded
even with a spectrometer with a grating of 1800 grooves/mm.
More than that, using the Q; branch for construction of the
Boltzmannn plot undoubtedly has technical merit in terms
of ease of calculation by employing only a single fit to the
population distribution. However, it is suggested that before
applying the linear fit, the emission intensity distribution of
lines from Q1 (1) to Q1(6) of the Q1 branch should be carefully
examined, such that the line intensities in the branch are
increasing at first and then decreasing, and later, the obtained
fitting should also be inspected carefully to clarify whether
the rotational distribution concurs with Boltzmann or not.

In a humid environment, fitting of NO-y (A-X) and OH
(A-X) using LIFBASE and fitting of SPS N, (C-B) using
SPECAIR results in much higher calculated values of Tyo
(Table 1). This means that non-Boltzmann behavior occurs
for the higher rotational states of the employed bands. It is
worth mentioning that the temperature parameter attributed
to the overpopulation of the higher rotational states (for the
cases of OH (A-X), NO-y (A-X), and SPS N, (C-B)) falls
in the range 2800 to 3900 K and this would seem to be

VOLUME 9, 2021

independent of the nature of the discharge (such as glow
or streamer type), the discharge current (/ims,a = 30 mA),
the pressure (ambient air), and the discharge feed gas (argon).
This is considered a straightforward scenario whereby the
rotational populations are a consequence of the formation
processes, and thus, evaluation of the higher rotational pop-
ulations can be performed by predicting possible production
mechanisms based on analysis of the emission spectra of the
discharge regions in the gaseous and wet environments.

In non-equilibrium plasmas, various essential reac-
tions associated with OH (A) excitation are outlined in
Section III (C). For the electron-impact excitation, a larger
rate coefficient in comparison to the dissociative excitation
of water suggests that direct excitation from OH (X) to
OH (A) may be the governing reaction (reactions R1 and
R3). Electron-ion recombination reactions (R4 and R5) may
also produce overpopulation of higher rotational levels of
OH (A). Apart from these processes, it has already been
discussed in Section III (C) that Ar,,, (°P2) stable state and
the Rydberg levels of the water molecule are resonant with
each other [35], [38], [39], and thus, OH (A—X) production is
stimulated in a wet environment via reaction R6. As shown
in Figure 4, with the identical discharge conditions, the abso-
lute intensity for OH (A—X) increases more than two orders
of magnitude in the discharge region in the liquid-phase
compared to the location in the gas-phase. This phenomenon
confirms in a qualitative way the increased formation of
OH (A-X) in a wet environment and also implies that the
At} (®P,) stable state induce dissociative excitation of
water molecules through R6 such that this pathway could be
responsible for large excitations to higher rotational levels
of the produced OH (A) state. These results imply that
the OH (A—X) rotational levels population is populated via
the formation process, and therefore, the deduced Ty is
overestimated because the rotational population distribution
is non-Boltzmann. This hypothesis can be validated by the
fractional population histogram that predicts the highest
population for N’ = 8, comparatively higher than N’ = 4 as
predicted for a gas-phase discharge spectrum of OH (A-X)
(Figures 7 and 12). Due to this phenomenon, the fitted OH
(A-X) spectrum (assuming the Boltzmann distribution using
LIFBASE) for a discharge region in the liquid-phase yields a
Trot (3400 % 170 K) much higher than Ty (1120 £ 70 K) of
a discharge region in the gas-phase.

The OH spectrum recorded for a pulsed discharges oper-
ated in helium or argon bubbles in tap water was compared
with a reference spectrum calculated by using LIFBASE
to obtain the Tgas [50]. It was shown that, the OH (A-X)
rotational population is sensitive to the formation process,
especially situating at higher numbers, and these are better to
be characterized with a two-temperature fitting distribution.
A discharge sustained between metallic and liquid electrodes
characterized by conducting spatial measurements of the T
of OH (A-X) shown that, the deduced values of Ty using
LIFBASE are drastically higher near the liquid electrode
region (reaches to 3100 K at the liquid surface) compared to
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FIGURE 12. Fitting of the OH (A-X) emission spectrum by using the
LIFBASE spectral simulation to measure T, and T;p, for the case of a
discharge region in the liquid-phase. The fitting of the spectra is achieved
by assuming a Boltzmann distribution for vibrational level (0-0). The
insert indicates the histogram of the fractional population calculated by
the simulation.

a region near the metallic electrode (1050 K), and explicitly
indicates the non-thermalization of the considered rotational
levels population, populated by the formation process [17].
This means that, regardless of the spectroscopic technique
employed, to represent the kinetic temperature, the rotational
population (occurring at low or high N’ numbers) must be
thermalized for kinetic temperature representation.

In our previous work on an atmospheric discharge in argon
sustained between liquid and metal electrodes using spatial
measurements, it was shown that the absolute emission inten-
sity of NO-y (A—X) increases in a wet environment nearby
region of the liquid electrode surface [17]. A similar case is
observed in the present work, where an increased emission
of NO-y (A-X) is observed for the spectrum recorded (with
argon as a feed gas mixed with 0.5% nitrogen) for a wet
discharge region. In the case of argon as the plasma-forming
gas, a reaction involving -OH and N

N+ -OH — NO -

[k ~ 4exp <§) x 1077 m3s711. [35] (R15)
Ty

is commonly proposed for the formation of the NO- radical,
especially in humid environments. As has been seen, genera-
tion of -OH is efficient in humid environments and this clearly
increases one of the reactants of R15. A study conducted to
understand the chemistry of an atmospheric pressure plasma
in argon using kinetic modeling shown that, N is exclusively
generated from the Ar} ., (3P,) stable state [35], and con-
sequently, R15 is promoted to increase the yielding of NO-.
However, here to explain the overpopulation phenomenon,
it is also important to take into account the possible excitation
mechanisms where, for example, NO (A) generation is most
often the result of direct excitation instead of involving dis-
sociation processes. For a plasma in He-N, mixtures and for
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FIGURE 13. Fitting of the NO-y (A-X) emission spectrum by using the
LIFBASE spectral simulation to measure T, and T;p, for the case of a
discharge region in the liquid-phase. The fitting of the spectra is achieved
by assuming a Boltzmann distribution for the vibrational level (0-2). The
insert shows histogram of the fractional population calculated by the
simulation.

a plasma in N> or N»—O> or N»>—NO mixtures, respectively,
driven by a pulsed RF and by a high-voltage pulse, a reaction
involving NO (X) and N» (A)

NO(X) + N2(A) — NO(A) + Nao(X),
k~7x107"7 =8 x 1077 m3s™1]. [51], [52] (R16)

was proposed as the dominant excitation mechanism for
the production of the NO (A) excited state [51], [52]. In a
N,-0; discharge excited by means of a pulsed RF, the exci-
tation mechanism to NO (A) with comparatively large excita-
tion of higher rotational levels (N” > 20) was also attributed
to R16 [53]. Large deviations were witnessed for the T
from the Tg,s. As illustrated, the chemical generation of
NO- is stimulated in a wet environment through R15, and,
therefore, one of the reactants in R16 is increased. In a
study on a humid argon discharge where the yielding of N»
(A) by the Arje, (3P2) stable state reaction (R10) with N,
(X) was proposed [35], the subsequent excitation mechanism
R16 becomes crucial in the wet environment for the excitation
of NO from the ground state (X) to the excited-state (A), and
this thus leads to a rotational population of rotational levels
which is overpopulated in the higher N’ numbers. For the case
of a discharge in a wet environment, the LIFBASE simulation
predicts highest population for N’ = 25 in comparison with
N’ = 16, as estimated for the gas-phase discharge spectrum
(Figures 9 and 13). Thus, the predicted T;o (3900 &+ 180 K)
of NO-y (A-X) is perceptibly higher for a humid discharge
compared to the Tyo¢ (1600 = 110 K) for a discharge in the
gas-phase.

The Tyt of OH (A-X), NO-y (A-X), Np (C-B), and
0, (B-X) were compared for a discharge ignited between
liquid electrodes (tap water) in air at atmospheric pressure
were compared with their estimated T of 2600 K, 3800 K,
2200 K, and 2200 K, respectively [22]. The Tro; of OH (A-X)
and NO-y (A-X) were substantially higher compared to other
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molecular transitions in the humid discharge. The differences
in the various Ty are associated with a differences in the
production mechanisms operating in the discharge, as well
as with the decay processes of the excited states. If the results
reported elsewhere [22] are compared with those found in the
present study based on using argon as a fill gas mixed with
0.5% nitrogen, the reaction mechanisms involving the exci-
tation to higher rotational levels of the monitored molecules
should be different. This is because generation of OH
(A-X), NO-y (A-X), and N, (C-B) is critically influenced
both directly and indirectly by the presence of the Arj..,
(3P,) stable states (via R6, R9-R11, R15, and R16), which
are absent in the previously referenced study [22]. This is the
reason why the results for the estimated T} [22] are different
from those of the present study. For example, the attained
value of Ty, from the Ny (C-B) is much higher than the
expected Ty, while in [22] the estimated 7o for N2 (C-B)
denotes the actual Tgys.

The SPS N, (C-B) is commonly used for estimating
Trot using SPECAIR, and a particular focus is the case of
atmospheric discharges with air as the main plasma-forming
gas [18]. Typically, intense emission of SPS N, (C-B) is
witnessed in the spectra of an atmospheric DBD plasma
generated for argon—water vapor mixtures [49]. Spatially
resolved measurements performed on an argon discharge in
a gas-liquid environment have shown increased emission of
SPS N, (C-B) near the liquid surface [17]. A similar phe-
nomenon was observed in the present experiments, where an
increased emission of SPS N; (C-B) was repeatedly observed
in the spectrum for the liquid discharge region while compar-
ing the spectra (recorded with argon as a feed gas mixed with
0.5% nitrogen) for discharge locations in the gas-phase and
liquid-phase environments.

A nitrogen discharge excited with pulsed RF in the pressure
range 2.4 mTorr—1.5 Torr was investigated in an attempt
to understand the production mechanism of N, (C) [54].
It was found that the formation of N, (C) was predominantly
the consequence of Ny (X) excitation [54]. In the afterglow
region where there is a drop in the T¢, the Pooling reaction
R9 involving N; (A) and N (A) metastable states interac-
tion becomes the dominant excitation mechanism. Another
study conducted on a corona discharge has shown that the
T. quickly decreases as a result of higher pressure (atmo-
spheric pressure), and the afterglow production mechanism
of Ny (C) is govern by the Pooling reaction (R9) [51]. For
direct-liquid discharges excited with DC, Ny (C) excita-
tion was also considered the result of the Pooling reaction
(R9) [20].

The predominant excitation of N (C) via the Pooling
reaction requires a N» (A) metastable state density much
higher than that in the ground state N, (X), and in several
cases, this condition might not be achieved. To investigate
the influence of filling gases (such as Ar, Np, N»O, air,
etc.) particularly focusing on the rotational distribution of
OH (A-X), higher rotational excitation of N, (C) was also
reported for discharges in bubbles in water and atmospheric
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glow discharges sustained with liquid electrodes [12]. In a
N> O discharge excited with DC, the measured Tyo; (2400 +
200 K) of Np (C-B) was substantially exceeded than those
measured in Air (1850 £ 150 K) and N; (1850 £ 150 K)
discharges [12]. The high value of Ty, was ascribed as the
result of Ny (C) excitation through the production mecha-
nisms such as electron and ion (N,O™T) recombination and
excitation through electron dissociation in a N,O discharge.
The rotational temperatures as predicted from the SPS N
(C-B) (captured from an atmospheric pressure plasma jet)
were 1000 K and 1500 K, respectively, for the case of pure
argon and argon water (0.76%) mixtures [49]. The rise in the
derived value of the Ty, was connected to the excitation of
N» (X) through (reaction R11). In fact, the presence of the
(®P,) state in the discharge leads to their interaction with other
species (e.g., N2, HyO, O3, etc.), thus, causing a large range
of nitrogen and oxygen species. As regard to the excitation
of N> (C), the Penning excitation of Nj (X) via the stable
state could be important. This is because this process is
a near resonance and is often proposed for the production
of the N, (C) state, especially, for the case of discharges
involving argon or argon mixed with small fractions of nitro-
gen as plasma-forming gases. Also, the density of produced
molecules in the N, (C) state indicates a certain distribution
that relies on the electronic state of Ar? .., (*P2 or 3Pp).
Based on what has already been discussed, it seems likely
that both reactions R9 and R11 are important with regard
to the formation of N, (C). However, one should be aware
that reaction R16 involving Ny (A) metastable as reactant to
excite NO (X) to NO (A) has been extensively proposed as
a means to populate the rotational levels to higher numbers
even greater than N’ > 20 [53]. In the existing case, similar
results are witnessed for the case of NO (A) whereby the
highest population is perceived for N’ = 25 (Figure 13).
This implies that the density of the N, (A) metastable state is
sufficient in the wet discharge region. Based on this and on the
larger rate coefficient (k ~ 2 x 10716 m3s~!) for the Pooling
reaction (R9) compared to the Penning reaction (R11) (k =~
4 x 10717 m3s71), it is suggested that the Pooling reaction
is the mechanism that could potentially excite NO (A) to
a much larger rotational excitation in the wet environment.
Irrespective of the rate constants, an alternative explanation
relates to the fact that the energies of the Ar}, ., stable states
for 3Pyand 3Py are 11.5 eV and 11.7 eV [55], respectively,
while the threshold energy requirement for excitation of Nj
(X) toNp (C)isonly 11.1 eV [56]. Comparing the respective
energies, the excitation of N; (X) to Nz (C) by Arj., (P,
stable state may be proposed. However, generation of the N»
(A) metastable species via Arf,, (°Py) stable species could
be more favorable through reactions R10 and R11 given that
the species lies at 6.2 eV above the ground state [55]. N»
(A) are the sole input species that result in the occurrence
of the Pooling reaction, and thus, may boost the Pooling
reaction R9 to produce the Ny (C) state. In such a case
as mentioned above, the rotational population is thus popu-
lated by the formation process that, by and large, excite the
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FIGURE 14. Fitting of the SPS N, (C-B) emission spectrum using the
SPECAIR calculation to measure T, and T,;p,, for the case of a discharge
region in the liquid-phase. The fitting of the spectra is achieved by
assuming a Boltzmann distribution for vibrational levels (1-2) and (0-1).

N> (C) to higher rotational levels, and as a result, the obtained
populated rotational states are non-thermalized. This is the
reason that the Ty (2700 £ 130 K) predicted using the N»
(C-B) is appreciably overestimated in the discharge region
in the liquid-phase compared to the Ty (1100 £ 65 K) for a
discharge region in the gas-phase (Figures 8 and 14).

IV. CONCLUSION

This research has concerned studies on the experimental
diagnostics of the argon gas-liquid-phase (two-phase) plasma
discharge. From the recorded electrical signals, the pulses
on the current waveforms were identified as the typical
streamer-like behavior of the argon two-phase discharge.
Image analysis indicated that discharge propagation through
the liquid-phase (after the gas-phase discharge) depends on
liquid properties and on discharge power input.

Several spectroscopic diagnostics techniques (e.g., Boltz-
mann plot, LIFBASE, and SPECAIR simulation methods)
were used to extract the Ty, and Tyip from the simulta-
neously recorded OH (A-X), NO-y (A-X), and SPS Nj
(C-B) diatomic molecular spectra either attained from dis-
charge region in the gas- or in liquid-phase. The variations
in temperatures in the gas- and liquid-phases of the dis-
charge were inspected based on the metastable species and
rotational quantum numbers. In the gas-phase, the Ty, mea-
surements for the considered diatomic molecules were in
good agreement, except for that estimated by NO-y (A-X).
Furthermore, the Ty, were found to be substantially higher
in the humid environment for all the considered diatomic
molecules.

In a humid environment, the calculated 7o (1070 % 35 K)
via the Boltzmann plot and attained with a unique single
fitting model (in comparison with that of a conventional
two linear fittings models adopted for liquid discharges,
as reported in the literature) only involving the rotational
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distribution of the lower rotational quantum numbers (from
(N' =1,/ =3/2)to (N' = 4,J" =9/2)) of the Q; branch
of OH (A—X) provided a T} value that was found in excellent
agreement with Tg,s predicted by other methods (e.g., LIF-
BASE and SPECAIR simulation methods) in the gas-phase
region. The overestimation of Ty, from various diatomic
molecules come from the excitation of rotational population
to higher N’ numbers: for example this phenomenon was
more pronounced for the case of NO (A) in the humid envi-
ronment, where the maximum population occurred at N/ =
25, resulted in the highest Tio; (3900 + 180 K) compared
to the estimated Ty values for other molecular bands. This
result provides evidence supporting the hypothesis of a strong
Trot dependence on the N’ numbers. Accordingly, excitation
to higher N’ numbers was elucidated as the aftermath of the
production processes, whereby the Boltzmann distribution
for the considered rotational states was inhibited, and not
related to the kinetic temperature. As for the totality of the
production processes occurring in the aforementioned exper-
iments in the argon discharge, these were Ar? ... (*P2) and N,
(A) metastable based-processes that prevail practically exclu-
sively in the liquid-phase region and favor the formation of
various nitrogen and oxygen species (e.g., OH (A), NO (A),
N> (A), and SPS N; (C)). This also gave support to the
hypothesis proposed regarding the involvement of metastable
species governing the chemistry of the argon discharge.

The Boltzmann method involving only a single fitting
over the low numbers of the Q; branch of OH (A-X) has
advantageous over the double Boltzmann plot model in a
way that Q; branch rotational structure acquisition does not
require sophisticated spectrometers compulsory for double
fittings models to acquire highly resolved rotational structure.
More than that, the attained fitting having the capability of
detecting the deviation from the Boltzmann distribution com-
pared to the simulation fitting methods (such as LIFBASE
and SPECAIR). Besides, considering the case of simulation
techniques, even with satisfactory fitting, and expecting them
to be of the Boltzmann form by shape, the predicted Ty
values were significantly higher than the actual Tg,s.
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