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Abstract: This work presents a numerical analysis by zero-
dimensional global model of the influence of electron tem-
perature and concentration on production of OH and NO
for helium plasma jet propagating in the atmosphere of
humid air. The calculations are done for the constant electron
temperatures (1-4 eV) and concentrations (10" cm™ to 10™ cm™).
The mole fractions of air and water vapor vary from 100 to
10,000 ppm. The presented analysis reveals that at low elec-
tron temperature and H,O contents, the dissociative electron
attachment to O, dominates over attachment to H,0 in pro-
duction of OH. At higher amount, H,0 modifies the high-
energy tail of electron distribution function and increases
rate coefficients for electron impact processes. Dissociative
electron attachment to H,0 dominates in the production of
OH at 1eV and remains important at higher energies when
processes with O('D), O('S), 0,(*A) produce OH. Impact disso-
ciation of H,O dominates over the dissociative attachment at 3
and 4 eV. NO comes mainly from air effluent in the plasma
and O + NO, at 100 ppm of H,0. Above 2 eV, the conversion
process between OH and NO dominates in NO production at
higher amount of H,0. Regarding dependencies on electron
concentration, at low electron temperatures, electron distri-
bution function is affected only at 10 cm™. But in the case of
higher temperature, electron concentration and water vapor
have negligible influence. The best agreement with measured
data is obtained for electron concentration 10" cm™ and at
temperature of 2 eV for OH and 10* cm™ and 3 eV for NO.
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1 Introduction

Atmospheric pressure low-temperature (cold) plasmas
(CAPS) in the last few decades have become an innovative
and promising tool for application in biomedicine and agri-
culture, primarily based on reactive oxygen and nitrogen
species (RONS), but also because the fact that CAPS is usually
far from the equilibrium state, with the electron tempera-
ture of a few electron-volts, while the gas temperature does
not exceed much the room temperature [1-10]. RONS is
effectively produced by discharges in noble gases (He or
Ar), which expand in ambient humid air, or in plasmas
generated in gas mixtures which contain air with given
amount of water vapor [11-13]. The composition and quan-
tity of RONS in such plasmas depend on the diverse physical
and technical parameters of the plasma-generating devices
as well as on ambient conditions and contact of plasma with
other media beyond atmospheric air, above all, solid or
liquid phases. Different kinds of applications require spe-
cific sources of plasma (free plasma jet, plasma needle,
dielectric barrier discharge, etc.) operating on favorable
conditions (DC, kHz, MHz or pulse voltages, ideal absorbed
power, flow rate, the preferred mol fraction of air and/or
water vapor) for the reinforced production of required
reactive species. The ability of those plasmas to effectively
produce RONS are not only determined by working gas
composition but also to the great extent by electron concen-
tration and temperature (mean energy). The rate coefficients
of relevant production processes (production rates) are uniquely
related to electron energy distribution function (EEDF) and
set of cross-section data, as well as of power absorbed from
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external voltage supply. A very complex mutual relation
exists among all those parameters, and it is obvious that a
comprehensive analysis of numerous factors is necessary
to clearly establish the most preferred condition for the
RONS production. The brief review of variety of experimental
data for the electron temperature T, and electron density n,
in the literature follows. For the helium atmospheric pressure
plasma jet (APP]) driven by high voltage sinusoidal wave
with 8.9 kV in magnitude and frequency of 17 kHz, with the
assumption of the Maxwellian electron energy distribution
function [14], the electron temperature of 1.87 eV is deduced
by equating the total volume ionization to the surface particle
loss. The electron density value 1.7 x 10" cm ™ is deduced from
the plasma absorbed power, which is assumed equal to the
discharge power. The electron density of helium cold atmo-
spheric plasma jet (CAP]) [15] is measured using the Rayleigh
microwave scattering (RMS) method for different values of
relative humidity (RH) of air effluent. The authors have
reported that an increase in RH from 35% to 80% induces
n. decreasing from 11 x 10" cm™ to 4 x 10"cm™ at low
applied voltage ~ 4.5kV, and from 4 x 10”cm™ to 3.7 x
10 cm™ at higher voltage ~7.0kV. They have related
observed behavior of CAP] to shift of EEDF toward the
low-energy region due to extra electron attachment to H,0
molecules. By using the electron density measured in RMS
and the results of Boltzmann solver BOLSIG+, the authors
calculated the mean electron energy and reported that T,
decreases from 1.8 to 1.1 eV at 4.5kV, and from 3.3 to 2.4 eV at
7kV caused by an RH increase from 35 to 80%. At the same
time, measured optical emission intensities at 308.9 nm (OH
line) and 311.24 nm (NO line) decrease ~26 and ~24% at
45KV, but contrary increase ~20% and ~21% at 7.0kV,
respectively. Measurements of n, in APP]J by Stark broad-
ening reported by Nikiforov et al. [16] give the value up to
10" cm™ for highly ionized atmospheric pressure (AP)
micro-plasma discharges and around 10 cm™ for low-den-
sity, low-temperature discharges suitable for the direct treat-
ment of living tissue.

According to numerical results from our previous
paper [17], the electron concentration drops from 4.5 x
10"°cm™ to 1.0 x 10" cm™ for the increasing amount of
water vapor in plasma from 100 to 10,000 ppm due to
increased electronegativity of the plasma, while the elec-
tron temperature, calculated by the energy balance equa-
tion, increases from 3 to 4.75 eV necessary to sustain the
discharge. Similar results are obtained by the GlobalKIN
code for He/H,0 micro-jet by Schroter et al. [18]. Also, the
electron concentration is more sensitive to changes of air
content in plasma, from 100 to 10,000 ppm, and decreases
two times at lowest H,0 content and around 20% at highest
one. On the other hand, the electron temperature is less
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sensitive to the content of air and changes below 15% for
any content of H,0.

By fast imaging (ICCD or streak cameras), it was found
that the plasma plume, which appeared continuously to
the naked eye, was in fact made up of fast-moving plasma
structures. So, plasma generated in AP jet is not a contin-
uous medium but rather travels as a train of plasma
volumes or pulses of atmospheric pressure streamers/ioni-
zation fronts, known as plasma bullets. Some specific fea-
tures of plasma bullets moving in a thin jet column differ
from those of streamers in a free space, as discussed in
series of papers [19,20]. These bullets travel through the
surrounding air with velocities in the order of 10*-10°
ms ™" without the existence of an externally applied electric
field in the propagation space. According to this picture, the
electron density and electron mean energy in jet have char-
acteristic space distributions. The production mechanism of
OH radicals in a pulsed DC plasma jet is studied by a two-
dimensional (2D) plasma jet model and a one-dimensional
(1D) discharge model in the study by Liu et al [21]. Liu et al.
[22] present the spatial temporal resolved images character-
izing the behavior of bullets propagating in the pure He
APPJ, He + 0.5% O, APP] and He + 0.5% N, APP] impinging
on water. The differences in bullet propagations are clearly
marked by these three mixtures. In the study by Liu et al
[23], a positive voltage of 5kV with the rising time of 1ns is
applied, and the considered air concentrations are 0.001,
0.01, 0.1, 0.5, 1, and 5%. The calculation reveals that the
peak position of the electric field moves toward the cathode,
and having in mind that the peak position of the electric
field is also the position of the propagating bullet, the eval-
uated bullet velocity is of the order of 10° m/s.

One of the most important reactive species among
RONS are hydroxyl radical (OH) and nitric oxide (NO),
which serve as precursors for other long-lived reactive
species such as H,0, or nitric or nitrous acid. The concen-
trations of OH and NO are measured by LIF measurement
technique for similar plasma mixtures as in our recent
paper [17], and results are presented in previous studies
[24-27]. Brisset et al [28] present measurement and
modeling of OH densities in a radiofrequency-driven
atmospheric pressure plasma in a plane-parallel geo-
metry, operated in helium with small admixtures of oxygen
and water vapor (He + O, + H,0). The density of OH is mea-
sured under a wide range of conditions by absorption spec-
troscopy, using an ultrastable laser-driven broad-band light
source. These measurements are compared with zero-dimen-
sional (0D) plasma chemical kinetics simulations adapted for
high levels of 0, (1%).

Generally, tailoring the plasma chemistry (i.e., achieving
the required composition of RONS) can be done by adjusting
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external parameters. But deep understanding of complex
plasma chemistry is only possible through numerical mod-
eling or simulation of all relevant processes. With this goal,
we used an approach based on zero-dimensional global
models. This spatially averaged models are based on solving
the particle and energy balance equations locally (at one
fixed space point of discharge volume) [29] and thus give
the possibility of following very detailed chemical kinetics in
complex plasma systems such as CAPS without much of
computational burden. The results of global models for var-
ious types of helium CAPS and mixtures have been pre-
sented in several papers: He/O, [30], He/H,0 [31,32], He/O,/
H,0 or He/humid air [17,33-44], and for interaction of
plasma with liquid water [45]. In this article, we use the
model described in detail in our previous work [17] based
on 1,488 reactions and 74 species for the mixture He/humid
air, with goal to investigate the effects of electron tempera-
ture and concentration as the main plasma parameters on
EEDF and production of OH and NO in helium plasma jets,
which propagate in atmosphere of the humid air. The cal-
culations were done for a several measured values of T, and
n. taken from the literature [14-16]. The amount of air in the
plasma was taken as 100, 1,000, and 10,000 ppm, while the
content of water vapor is varied to be 100, 1,000, 5,000, and
10,000 ppm, taken from the literature [24,25,39,46] as a
representative values in the cases when water vapor comes
only from humidity of ambient air (first two values) or it is
included as a feed gas component. Nonequilibrium EEDF
and the rate coefficients for electron impact processes are
calculated by numerical solving of Boltzmann equation (BE)
using the two-term solver BOLSIG+ [47] with cross-sectional
data from Morgan LXCat database [48] and Quantemol-DB
[49]. For plasmas with higher electron density (10" cm™),
an unsteady nonlinear external electric field (NEEF) or the
nonlinear external magnetic field (NEMF) was applied for
studying gas dynamics attention has been focused on the
Bhatnagar-Gross-Krook type of the Boltzmann kinetic equa-
tion [50]. An analytical solution of the model equations was
given using the moment and the traveling wave methods.
The role of the mean velocity, shear stress, viscosity coeffi-
cient, and electromagnetic fields is investigated. The authors
conclude that NEEF made plasma fluctuate and perturbed
strongly compared to the effect of NEMF. So, in the plasma
controlling process, we should use the effect of NEMF
instead of the effect of NEEF to retain the equilibrium state.

The primary aim of this work is to reveal all important
production processes for OH and NO for a very broad range
of basic plasma parameters, n, and T, for different tips of
helium plasma jets free propagating in humid air. The pre-
sented list of references serves to give experimental back-
ground for values of those parameters incorporated in our
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0D model and BOLSIG+ solver of the Boltzmann kinetic
equation. In other words, all values of n, and T, in our
calculation are taken from real plasma sources, as well as
the concentrations of OH and NO used for validation of
results of 0D models. So, we do not compare our and their
results, but we use them as reliable sources of necessary
data. The state-of-the-art numerical models and diagnostic
techniques to describe helium jets along with the bench-
marking of different experimental measurements in lit-
erature and direct comparisons between simulations and
measurements are presented in the topical review [51].
The focus is on the most fundamental physical quantities
determining discharge dynamics (the electric field, the
mean electron energy, and the electron number density).
The physics of plasma jets is described for kHz helium
plasma jet showing the effect of the different components
(tube, electrodes, gas mixing in the plume, target) of the
jet system on discharge dynamics.

Section 2 brings details about the global model and
input parameters. In Section 3.1, we analyze the influence
of electron temperature only on EEDF and rate coefficients
for electron impact processes, at the fixed electron concen-
tration of 10" cm™ and different helium/air/water vapor
mixtures. Through global modeling, we then analyze dif-
ferences in chemical kinetics of OH and NO induced by the
mean electron energy. Calculation was done for 1, 2, 3, and
4 eV, estimated from the literature. While various models
give T, in the interval 2-4 eV [17,18,52], measured values by
spectroscopic methods are 1-1.5 eV, but the authors state
that mainly bulk electrons behind the ionization front con-
tribute to the Thomson scattering signal [26]. In Section 3.2,
we present the influence of electron concentration only on
the main production pathways for OH and NO, through
Maxwellianization of EEDF at various mean energies, again
for different amounts of air and water vapor in the plasma.
Finally, we present all important production and consump-
tion pathways, which determine the chemical kinetics of
NO, and HNO, species for a wide range of varied discharge
parameters in the model. In Section 4, we give the summary
of the results and conclusion.

2 Plasma modeling

2.1 Model description

To obtain the better insight into reaction mechanisms for
the production and consumption of OH and NO, we use
zero-dimensional global model described in detail in our
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previous work [17], based on 1,488 reactions and 74 species
for the mixture He/humid air. The term “zero-dimensional”
model refers to the fact that it calculates chemical compo-
sition and analyzes the chemical production and consump-
tion pathways of each plasma species in one fixed point of
the discharge. A model is based on numerical solving of the
system of coupled particle balance, electron concentration
balance, and electron temperature balance equations as
follows [12]:
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where t, n;, 1 ...
jth ... and fth species, respectively, including electrons.
and kl(rL) denote rate coefficients for two-body reactions
between jth and mth species and between ith and rth spe-
cies. Analogously, kl;sq) and kl(sL) denote rate coefficients for
three-body reactions between lth, pth, gth species, and ith,
sth, fth species. Superscripts (S)” and “(L)” stand for ith
species “source” and “loss” process, respectively. F; repre-
sents the flow of ith species and superscript “fgc” stands for
the “feed gas component,” for which an additional source
term is included in Eq. (1), which describes the flow from
the inlet of the system at starting time of the simulation
(t = 0). The flow term is not included in Eq. (1), only in the
case of electrons. Syps represents the absorbed power from
electric field per unit volume of the plasma system (power
density). The second and the third terms describe electron
energy losses through elastic momentum transfer scat-
tering on heavy particles and through various inelastic
scattering processes. k& and k;" denote rate coefficients
for electron momentum transfer scattering on ith plasma
component and specific inelastic scattering on jth compo-
nent, with concentrations ng and nj respectively. efﬂlr
denotes energy loss (threshold) for a specific inelastic elec-
tron scattering process on the jth plasma component. In
the case of superelastic collisions, the third term on the
right side of Eq. (2) is used with the “+” sign.

Other calculation methods characteristic for fluid or
hybrid models include the analysis of the spatial inhomo-
geneity of the plasma by solving the system of the fluid

ny denote time and number density of ith,
k(s)
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equations, and they are related with much more of com-
putational burden. Solving the system of coupled particle
balance equations in one fixed point of the plasma allows
the insight into chemistry of the very complex chemical
composition, which is characteristic for plasmas formed
by mixing of He/Ar discharges with open air, with much
less computational burden and time. To describe the changes
in plasma characteristics and chemical composition along the
symmetry axis of the plasma jet, one should use a “plug-flow”
approach based on models for the power density, gas tem-
perature, flow velocity, and air fraction obtained by fitting
the experimental results, as presented by Van Gaens and
Bogaerts [12]. The main goal of this work was not to analyze
how the plasma properties change along the axis of the jet but
to calculate the concentration of the OH radical and NO at
fixed positions and to analyze the influence of electron tem-
perature and concentration inside plasma bullet on produc-
tion mechanisms for these important precursors for other
reactive species.

With the intention of using the various measured
values of electron temperature and concentration from
the literature [14-16], in this work, we use the global model
in the reduced form, and only the equations describing the
balance of particle number density for each plasma species
are included in calculation. The system of coupled particle
balance equations is now expressed as follows:

dn,- Fifgc
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where t and n; denote time and number density of ith
species, respectively. S; z and L; z denote the total rates of
source (S) and loss (L) of ith species through specific volu-
metric chemical reactions (R), including two-body and
three-body processes. F; represents the volume (V) aver-
aged flow-in and flow-out term of ith species as in the study
by Mladenovi¢ and Goci¢ [17] in units [cm3/s]. Outlet flow
term is included in particle balance equations for all spe-
cies, while the inlet flow term at starting time of the simu-
lation is included only for feed gas components (fgc).
Model includes only gas phase processes due to the lack
of data for particle-surface reaction probabilities in atmo-
spheric pressure plasmas, and most of them are measured
in low-pressure systems. They are also dependent on experi-
mental conditions such as gas temperature and pressure,
mixture, wall material, and surface conditions [53]. In this
work, we analyze the production of OH and NO only in the
gas phase inside the plasma channel of the jet in which
plasma bullets propagate.

We analyze the chemical kinetics of OH and NO for the
case of helium jet which propagates in open air, without
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any contact with metallic or dielectric surfaces. Also, as
stated by Schroter et al [53], an important fact is that
probabilities of particle-surface reactions for atmospheric
pressure plasmas are rare, most of them measured in low-
pressure systems. They are also dependent on experi-
mental conditions such as gas pressure, temperature or
mixture, wall material, and surface conditions. Since we
analyze the chemical kinetics of OH and NO only in gas
phase, and due to the lack of data for probabilities and
rates of particle-surface processes for atmospheric pres-
sure plasmas, our global model excludes surface reactions.
One should bear in mind that they could be important when
modeling some plasma system in contact with metallic or
dielectric surfaces.

During simulation, we calculate the percent of contri-
bution for each process in generation and loss for all spe-
cific species by dividing the rate of the process S; z and L;
with total, summarized rate  ;S; g and  zL; . According to
these statistics, we have extracted the main processes for the
production of OH and NO at different conditions depending
on electron temperature and electron density at different air
and water vapor contents. The values of these parameters
are estimated from the literature [14-16,24,25,39,46].

As presented in the studies by Mladenovi¢ and Gocic¢
[17], we use BOLSIG+ for the calculation of EEDFs and rate
coefficients for electron impact processes separately from
the global model. As an effort to realize the coupling
between BOLSIG+ and MATLAB calculation, in the first
step, we calculate rate coefficients with the mole fractions
estimated from the initial gas mixture, for each case of
varied air and water vapor contents and run a global model.
In the second step, we use the new mole fractions in BOLSIG+
obtained by a global model after 15 ms when our calculation
reaches the steady-state conditions and the concentration
of the most abundant plasma species, helium, nitrogen,
oxygen, and water vapor, with the most pronounced influ-
ence on EEDF, remain constant during calculation, same as
initial, for each case of varied air and water vapor contents.
In numerical solving of BE in BOLSIG+ input cross-sectional
data for electron — neutral scattering processes are multi-
plied by mole fractions for each of the included species [47].
In the next step, we use the new calculated rate coefficients
and run the global model to check plasma composition and
mole fractions of included species. We have done a few such
iterations until reaching the good agreement, meaning that
differences in mole fractions obtained by global model and
used in BOLSIG+ calculations are at second decimal places
or less.

The parameter for calculation of EEDF in BOLSIG+ is
the reduced electric field E/N or the corresponding mean
electron energy (represented by the electron temperature,
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although cold atmospheric pressure plasma is not in the
equilibrium state). The rate coefficients for electron-neu-
tral scattering processes can be represented as a function
of E/N or mean electron energy. We use the second case
because one of the important parameters that we vary in
this work is electron temperature.

In some cases [14], rate coefficients for electron impact
processes are taken in the Arrhenius form with the assump-
tion that electrons have a Maxwell-Boltzmann (MB) distri-
bution at the corresponding temperature. According to our
recently presented results [42], when running the global
model with rate coefficients obtained from MB EEDF differ-
ences of a few orders in magnitude can emerge for concen-
tration of plasma species in comparison to those calculated
with rate coefficients obtained from BE EEDF. Differences in
EEDF, the most importantly in the high energy tail, strongly
affect the rate of high threshold processes such as excita-
tions, dissociations, and ionizations.

The system of Eq. (3) is solved by MATLAB odel5s
solver, with relative and absolute tolerances equal to
107" and 107°, respectively. A similar calculation proce-
dure was used in our previous works [17,44], In our model,
calculations are made with time step of 50 ns up to 15 ms as
the final time during which our calculation reaches the
steady state. The gas temperature during calculation was
296 K and the flow rate was 5 slm.

3 Results and discussion

In this section, we first calculate the specific nonequili-
brium electron energy distribution function by solving the
Boltzmann equation f;;(¢) for a broad interval of electron
temperature and concentration, also varying the amount of
air and water vapor in the plasma. All chosen values are
taken from the measurements presented in the literature
[14-16]. The shape of a specific nonequilibrium EEDF and
the most important of its high energy tail is significant for
the rate coefficients of the electron impact processes, which
are obtained by the numerical integration using the fol-
lowing formula [17]:

ke = \2Ime [ a(e)VEf(e)de, @

Ethr

for the specific set of cross section data g(g), where m,
stands of the electron mass and &, the energy threshold
of the specific scattering processs. As presented in our pre-
vious works [17,42], the results of a system of coupled par-
ticle balance equations in 0D global model calculation are
mostly dependent on the variation of rate coefficients with
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electron temperature, reflecting the indirect influence of
EEDF and specific cross-sectional data on chemical kinetics
of reactive species on fundamental physical basis.

As it is previously mentioned, zero-dimensional global
model is spatially homogenized and constructed to study
the chemical kinetics of all plasma species locally, in one
specific point of a discharge. Thus, it is very unreliable to
compare its results with the results of other calculation
methods characteristic for fluid (1D or 2D) or hybrid
models, which include the analysis of the spatial inhomo-
geneity. Comparing with the results obtained by global
models from the literature [12,18,39,40], we reach the
good agreement on higher mean electron energies above
3eV and electron concentration of 10'° cm™. Our calcula-
tion for OH and NO production is made for a free plasma
jet that travels in open air without any actual plasma oscil-
lations or waves that can be generated by various effects,
for example, the variation of the gas flow rate in time.
Results presented in this article give the insight into che-
mical kinetics of OH and NO in the helium-free jet with the
laminar and time constant gas flow. We present the influ-
ence of electron temperature and concentration on the
kinetics of these important precursors for other reactive
species, as the basic plasma parameters that have the spe-
cific space distributions in plasma bullets and depend on
specific plasma discharge, starting with the calculation of
EEDF as the fundamental physical basis.

3.1 Effect of electron temperature on
production of OH and NO

Figure la and b present BE EEDF calculated for the con-
stant electron concentration 10'° cm ™ and two values for T,

10° & | EEDF 1.0eV, n=10"cm’ | ]
1 solid 100 ppm H,O 3
1072 dashed 5000 ppm H,O 1
& 1 dotted 10000 ppm H,0 ]
% 107 ] _ 10000ppm air 4
% -6 ; 100ppm air . 3Td 3
0107 3.6Td ]
w ] /4.2Td ]
. 1.9Td

1078 i
1 0_10" (a) : 1

0 15

e[eV]
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1and 4 eV, respectively. Different amounts of air and water
vapor in helium plasma dramatically change the shape of
EEDF at 1eV and its high-energy tail. For 100 ppm of air in
mixture, the population of high energy part of EEDF
strongly increases with the increase of HO amount from
100 to 10,000 ppm. Presented results show that a higher
amount of air rises the energy tail of EEDF for the same
mean electron energy, requiring higher electric field due to
more pronounced electron energy loss in scattering pro-
cesses. Water vapor has an analogous effect on EEDF,
which is more pronounced at lower mean energies as pre-
sented in Figure 1a for 1eV than for 4 eV in Figure 1b.

As a consequence, rate coefficients for the electron
impact processes are increased at higher content of air
and water vapor, and the effect is more pronounced at
lower mean electron energies, as presented in Figure 2
for dissociative electron attachment to H,O (a), dissociative
attachment to O, (b), electron impact dissociation of H,0 (c),
0, (d), N, (e), and ionization of O, (f). These processes are
important for chemical kinetics of reactive species since
dissociative attachment to H,0 and O, can be regarded as
a first step of reaction chain for producing OH (Section 3.1),
electron impact dissociation of O, and N, initially produce O
and N as a precursor for the production of OH and NO,
respectively, while the ionization processes are important
for production of hydrate-cluster ions, which also play a
significant role in OH production after few milliseconds
when plasma chemistry becomes very complex. In the pre-
vious work [17], we have shown that water vapor pro-
foundly increases plasma electronegativity, while in this
work, we show that dissociative attachment to H,O mole-
cules can be also very important for the production of OH
radicals at lower mean electron energies.

Figure 3 presents the concentrations of OH calculated
by global model at constant electron temperatures 1, 2, 3,

10° 1 | EEDF 4.0eV, n=10"n’ | ]
1 solid 100 ppm H,0O 1
1024 dashed 5000 ppm H,O 4
& ] dotted 10000 ppm H,0 }
b -4
> 10774 .
o, 10000ppm air
L
6 11.6Td
a 1074 100ppm air ~
w 1 Y 12.8Td 1
10-8 ] 5 —\ ]
; 7.4Td ]
10710 ®) . . . icalln
0 5 10 15 20 25 30 35
eleV]

Figure 1: EEDF calculated by BOLSIG+ for (a) mean electron energy 1eV and (b) 4 eV, for a different amount of air and water vapor in helium plasma

and ne =10 cm™>,
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Figure 2: Rate coefficients calculated by BOLSIG+ for (a) electron attachment to H,O, (b) electron attachment to O,, (c) dissociation of H,0, (d)
dissociation of O,, (e) dissociation of N, and ionization od O,, and (f) for a different amount of air and water vapor in helium plasma and n = 10" em™3,

and 4 eV and at different amounts of air and water vapor.
The electron concentration is kept constant at 10 cm™
during calculation to analyze the influence of electron tem-
perature on the production of OH. The optimal values of
air concentration are chosen from the results of LIF mea-
surement presented in the literature [24] depending on the
axial position in the plasma jet. Also, two different concen-
trations of water vapor are chosen as a representative for
the cases when H,O comes only from the humidity of
ambient air (100 ppm of H,0), or it is included as feed

gas component for reinforced production of OH (5,000
ppm of H,0).

As presented in Figure 3, for a low amount of air in
plasma (dashed lines with scatter), the concentration of OH
radical is increased with mean electron energy despite the
amount of water vapor. At low energies, OH concentrations
for 100 and 5,000 ppm of H,0 differ more than for high
energies since the rate coefficient for electron impact dis-
sociation of H,0 is not influenced by water vapor above
3 eV (Figure 2b). For higher amount of air (solid lines with
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Figure 3: Concentration of OH in plasma as a function of electron tem-
perature for different amounts of air and water vapor in helium plasma
and n, = 10" cm™3 after 15 ms.

scatter), chemical kinetics of OH radical is more complex,
and there are more important production processes besides
electron impact dissociation of H,O, also depending on
mean energy, as presented in Figure 4.

The production of OH radical is initially determined
by dissociative electron attachment at 1eV. In the case of
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100 ppm of water vapor, the attachment to O, (Figure 4a) is
dominant over attachment to H,O through process O™ +
H,0 » OH + OH and the pathway that includes H,0,
ions produced by the process O~ + H,0 + He = H,0; +
He. After 15 ms, the composition of the plasma becomes
more complex, and chemical reactions of 0,(*A) and O with
HO,, produced by process H + O, + He = HO, + He, become
important in the production of OH. At higher mean elec-
tron energies and 100 ppm of H,0, the important pathways
are reactions of excited oxygen species O('D) and O('S) with
H,0 molecules due to the increased total rate for electron
impact dissociation of 0,. Ion conversion H,0" + H,0 —
H3;0" + OH and process involving hydrate H;0" - OH, pro-
duced in 03 - H,0 + H,0 = H30" - OH + O,, are important to
produce OH only at high energies (4 eV) when the total rate
for electron impact ionization of O, and H,O is high
enough. The same is valid for the process 0 - H,0 + H,0
- 0, + OH + H;0*, which is, beside NO; + H—~ NO, + OH and
NO; + HO, = O, + NO, + OH, included in the pattern part of
bars in Figure 4a). When the water vapor is included as a
feed gas component (5,000 ppm), the chemical kinetics of
OH radical is determined with the same processes (Figure 4b)
but percents of contribution in the total OH production
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| 1.5%| saor | 3.3%|4m 30 il T
23% 15.8% 29%| 9%
60 62% 10% | 3:5% 10% - b
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0,('A)+ HO, > O + O, + OH

H + HO, -> OH + OH

e +H,0>OH+H

O™ + Hy0 -> OH + OH"

H,0," + H,0 -> H,0 + OH + OH"
HzO*+OH + H,0 > OH + Hz0*-H,0
other (see text)

Figure 4: The main production processes of OH radical as a function of mean electron energy for 10,000 ppm of air with 100 ppm H,0 (a) and 5,000
ppm of H,0 (b). Electron concentration is kept constant n, = 10'° cm™ during calculation for 15 ms.
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differ than at 100 ppm of H,O for a several important rea-
sons, apart from different plasma composition. As the first,
rate coefficients for electron impact dissociation producing
OH, 0, 0('D), and 0(*$) are influenced by H,0 concentration
through modification of EEDF energy tail, as indicated in
Figure 1. These effects are even more enhanced in the
case of processes with a higher energy threshold such as
the ionization of H,0 and O,, producing ions and hydrates.
Second, the influence of water vapor on EEDF and rate
coefficients is more pronounced at lower mean electron
energies (Figures 1 and 2). As a consequence, dissociative
electron attachment to H,O molecules has the dominant
role in the production of OH at 1eV with more than 60%
of contribution and remains important even at higher ener-
gies when processes involving excited states O('D), O('S),
and O,('A) produce OH. Electron impact dissociation of
H,0 becomes important above 2eV, and dominant over
the dissociative attachment at 3 and 4 eV. In our model, pro-
cesses that are included in the pattern part of bars at these
energies involve negative ion hydrates: H,0" + OH™ - H,0 + He
= H,0 + OH + H,0 + He and O} - H,0 + OH - H,0 + He = 2H,0
+ He + O, + OH. This also indicates the importance of dissocia-
tive attachment to H,O for the production of OH since these
hydrates are mainly produced in the convolution of processes,
first H,0 + e = H + OH, second H™ + H,0 > OH + H,, and third
OH + H,0 + He = OH™ -H,0 + He, with the total rate propor-
tional to the third power of water vapor concentration in plasma.
Finally, according to results presented in Figure 3, concentration
of OH at 10,000 ppm of air almost reaches saturation above
3eV in the interval 10"°-10" cm™3, depending on the
water vapor mole fraction, due to the increased rate of
electron impact dissociation of N, molecules and process
that convert OH radical into nitric oxide OH+ N~ NO + H.
Concentration of this reactive species is presented in
Figure 5, for n, = 10" cm™ after 15 ms of calculation.

In our model, nitric oxide is taken as a component of
ambient air (107%%) [17]. For the low amount of air effluent
in plasma (dashed lines with scatter symbols), the concen-
tration of NO profoundly rises with the mean electron
energy, and it is more influenced by water vapor, as pre-
sented in Figure 5, than for 10,000 ppm of air (solid lines
with scatter), when similar saturation occurs like in the OH
case due to the conversion process OH + N = NO + H, which
couples kinetics of OH and NO. For the purpose of biome-
dical applications, it is important to reinforce the produc-
tion of NO, and the discharges with higher amounts of air
are used [54]. Having this fact in mind, we have chosen to
analyze the main production pathways for NO at 10,000
ppm of air, as presented in Figure 6.

At low amount of water vapor (Figure 6a) and low
energies around 1eV, electron impact dissociation of N,
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Figure 5: Concentration of NO in plasma as a function of mean electron
energy for different amounts of air and water vapor in helium plasma
and ne =10 cm™.

(9.7 eV) and conversion process OH + N = NO + H do not
play an important role in the production of NO, which
is then initially generated mainly through the effluent
of air in plasma. After 15 ms of global model calculation,
the composition of plasma becomes more complex, and
we recognize new important generation pathways, which
include oxygen atoms O + NO, 2 NO + O, and O + NO; ~
NO + O;. The first is a part of a loop of processes since NO
generates NO, through two-body and three-body association
with O, and the second implicates the importance of elec-
tron attachment at low energies since NO3 ions are mainly
generated through charge transfer O + NO; > NO3 + O and
three-body ion conversion O™ + NO, + He = NOj; + He. Beside
chemical complicity, these processes become important for
creation of NO also because the rate coefficient for dissocia-
tion of O, (4.5 eV) is a few orders of magnitude higher at1eV
than for dissociation of N, as presented in Figure 2c—d. For
mean electron energies of 2 eV or higher, dissociation of H,0
(7.6 eV) takes place in kinetics of NO through processes OH +
N~ NO + H and dissociation of O, through channel O + NO,
— NO + 0,. At 4 eV, dissociation of N, is reinforced enough so
that chemical reactions of excited species N(*D) and N(*P)
with O, molecules also occur as important NO production
channels.

If water vapor is included as a feed gas component, the
most important pathway for the generation of NO is con-
version OH + N - NO + H for 2 eV and higher energies, as
presented in Figure 6b. Only at 1eV, this process is compe-
titive with the flow of NO from ambient air. Processes that
are included in the pattern part of bars in Figure 6 are O, +
NCD)~ 0 +NO, 0, + N(P) ~ O('D) + NO, 0, + N(P) = 0('S) +
NO, and N + NO3 > NO + NO,, with a few percent of con-
tribution in generation of NO for each, and are excluded
from Figure 6 for the purpose of simplicity of presentation.
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Figure 6: The main production processes of NO as a function of the mean electron energy for 10,000 ppm of air with 100 ppm H,0 (a) and 5,000 ppm
of H,0 (b). Electron concentration is kept constant n, = 100 cm™ during calculation for 15 ms.

3.2 Effect of electron concentration on
production of OH and NO

In Figure 7, we present the calculated EEDFs for 1% of air in
helium plasma and for a different amount of water vapor
and electron concentration. These values are taken as
optimal from experimental data in the literature [24], based
on LIF measurements for free plasma jet in open air and
measurement of electron concentration and temperature
for plasma bullets, which propagates in the plasma channel
of the jet [14-16,55]. Distributions are also compared with
the Maxwell-Boltzmann distribution for the same mean
electron energy 1eV (Figures 7a) and 4 eV (Figure 7b). For
electrons behind the ionization front, Maxwellianization
effects of EEDF are observable only at electron concentra-
tion 10" cm™>, while for 10" cm™ and even 10" cm™, high
energy tail of nonequilibrium EEDF differs from MB tail for
a few orders of magnitude. In the case of higher mean
electron energies (Figure 7b), water vapor has a negligible
influence on EEDF, and the effect of Maxwellianization is not
observable even at electron concentration 10" cm™, which is
measured as the highest in cold atmospheric pressure pulsed
discharges [16]. As a consequence, rate coefficients for electron
impact dissociation of O,, N,, and H,0 and other inelastic pro-
cesses are increased by electron concentration at lower mean

electron energies, but not influenced above 3 eV neither by
electron concentration nor by water vapor. Similar results
are presented in our previous work [42] for a micro-jet with
a much lower and constant concentration of air and H,0. In
this work, we present the results of a more complex study for
a wide range of discharge conditions based on experimental
data presented in the literature.

As it is presented in our previous work [42], the results
of a system of coupled particle balance equations in 0D
global model calculation are mostly dependent on the var-
iation of rate coefficients with the mean electron energy
(electron temperature), reflecting the influence of EEDF.
Since the electron temperature has the specific space distri-
butions in plasma bullets and depends on specific plasma
discharge, according to the results presented in Figure 7, it
can be expected that Maxwellianization effects on EEDF can
introduce important differences in the production of OH
radical and nitric oxide NO.

With rate coefficients obtained by BOLSIG+ for each
set of conditions (water vapor and electron concentration),
we have calculated plasma composition after 15 ms and
made the analysis of all important chemical pathways for
producing OH radical and NO. In Figures 8 and 9, we pre-
sent the concentration of these reactive species for three
different electron concentrations, 10*°, 10'2, and 10" cm™,
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Figure 7: EEDF calculated by BOLSIG + for 1% of air and (a) mean electron energy 1eV and (b) 4 eV, with 100 ppm (blue lines) and 1,000 ppm H,0 (red
lines) and for electron concentration 10" cm™ (solid lines), 10" cm™ (dashed lines), and 10™ cm™ (dotted lines). Solid black lines represent
Maxwell-Boltzmann EEDF. (b) Calculated EEDFs overlap for a wide range of varied amounts of H,0 and ne.

and two different amounts of water vapor, 100 ppm and
1,000 ppm, which represent the order of magnitude when
water vapor comes only from humidity of ambient air or it
is included as feed gas component. Figures also present
estimated interval for measured concentrations of OH
and NO from the literature [25-27].

To verify our model, we have made the comparison of
our calculated results for OH and NO concentration with
experimental data from the literature, for the range of
electron temperature 1-4 eV and electron concentration
10'°-10" cm™ in Figures 8 and 9. Model reaches the good
agreement with measured values of OH concentration with
those presented by Yonemory et al [24] at all electron
temperatures for electron concentration below 10" cm3,
which was also reported by Yonemory et al [24]. Con-
cerning NO, above 1eV, we reach good agreement with

1000 ppm H,O

—m—n, =10"cn®

OH concentration [cm?]
@

—e—n_=10"%cni’|3
—a—n_=10"cm®
10 T T T T
1 2 3 4
T, [eV]

Figure 8: Calculated OH concentration for 1% air in plasma and different
concentrations of electrons and water vapor amounts. The estimated
interval of measured OH concentration from the literature [24] is also
marked.

the experimental data in previous studies [25-27] for elec-
tron concentration above 10" cm ™, characteristic of pulsed
discharges.

As presented in Figure 8, the calculated OH concentra-
tion rises with the electron temperature for all values of
electron concentrations. At 1 eV, an increase in electron con-
centration from 10" to 10™ cm™ leads to an increase in OH
concentration from around 5 x 10" to 3 x 10™ cm™ (for 100
ppm H,0) or 1 x 10" to 5 x 10" cm™ (for 1,000 ppm H,0). At
high energies (4 eV), an increase in electron concentration
increases OH concentration from around 3 x 10* to 3 x
10" cm™ (for 100 ppm H,0) or 5 x 10" to near 1 x 10 cm™
(for 1,000 ppm H,0). These effects of n, and T, resemble the
Maxwellianization effects on EEDF through the values of rate
coefficients and thus total rates of OH production pathways
as presented in Figure 4.
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Figure 9: Calculated NO concentration for 1% of air in plasma and dif-
ferent concentrations of electrons and water vapor amounts. The esti-

mated interval of measured NO concentration from the literature [25-27]
is also marked.
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Figure 10: The main production and consumption mechanisms for species NO, and HNO,, determined by a 0D global model after 15 ms of calculation.

Having in mind that for biomedical applications the
temperature of active medium should be near to body
temperature, plasmas with lower mean electron energy
are preferable. According to Eq. (2), it is hard to obtain
the low electron temperature at high E/N obtained by
high absorbed power. According to the results presented
in Figure 8, the best agreement between our model
results and experimental data is obtained for lower elec-
tron temperatures 1-2 eV and electron concentration of
10'°-10" cm™3, also reported in the literature as a char-
acteristic for many types of CAPS. So, one can conclude
that dissociative attachment to H,0 molecules is very
important to produce OH radicals in plasmas at lower
mean electron energies.

In both cases, electron concentration and water vapor
increase the concentrations of OH and NO, but the best
agreement between global model results and measured
data is obtained for electron concentration 10'° and tem-
perature 2eV for OH (Figure 8), and some higher values
10" cm™ and 3 eV for NO (Figure 9), due to higher threshold
for electron impact dissociation of N,. These values are also
in good agreement with measured electron concentration
and temperature for free jet, which propagates in open air
from the literature [14-16]. We chose to make an analysis of

all important chemical pathways for the production of OH
and NO at given conditions.

In the case of OH important production channels for
100 ppm H,0, n. = 10" cm™ and T, = 2 eV are presented in
Figure 4a), while at 1,000 ppm H,0, the most important
processes are O('D) + H,0 = OH + OH (15.3%), 0('S) +
H,0 — OH + OH (22.2%), O + HO, ~ 0, + OH (13.3%), and
0,('D) + HO, = O + 0, + OH (32.3%). Dissociative electron
attachment and dissociation of H,O molecules contribute
to OH production summary with only 6%.

In the case of NO, at 3eV and electron concentration
10" cm™3, the most important production channels are O +
NO, = 0, + NO (22%/11.7%), N + OH — NO + H (22.2%/29.4%),
and NO, + H = NO + OH (33%/49%) (percents of contribu-
tion are related to 100 and 1,000 ppm of H,0, respectively).

At the same mean energy but higher electron concen-
tration 10 cm™3, concentration of NO reaches the order of
magnitude 10”° cm™ (Figure 9), and these processes contri-
bute to total NO production with O + NO, = O, + NO (18%/
14%), N + OH = NO + H (7%/7.4%), and NO, + H =~ NO + OH
(46%/48%) at 100 ppm and 1,000 ppm of H,0, respectively.
Moreover, new processes including excited species are
recognized as important for the production of NO: 0('D)
+ NO, = 0, + NO (11.9%/7.7%), and O(*D) + N,0 = NO + NO
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(3.5%/8.5%), since the main O(*D) production channel is the
electron impact dissociation e” + 0, = 0 + O('D) + e~ with
the total rate profoundly increased with electron concen-
tration and also due to Maxwellianization of EEDF. One
should have in mind that these processes occur as important
after 15 ms of calculation and are the part of a complex che-
mical loop, while the initial production of NO is mainly carried
by OH conversion with N and flow in from ambient air.

We have made the analysis of all important production
and consumption processes for reactive species NO, and
HNO, for a wide range of discharge conditions, which are
presented schematically in Figure 10. The percent of con-
tribution for each process depends on the chemical com-
position of plasma/humid air mixture and also electron
temperature and concentration. As presented, nitric oxide
initially comes from flow of air in the plasma and conver-
sion of OH with nitrogen atoms, produced by electron
impact dissociation of N,, and then becomes an important
precursor for other reactive nitrogen-oxygen compounds.
After a few milliseconds of calculation, chemical composi-
tion of the plasma becomes more complex and new che-
mical pathways, and NO, becomes important for not only
the production of NO but also for the enhanced production
of acids HNO, through three-body association with H and
OH, which are then carried out from the system through
flow. An analogous scheme representing the chemical
kinetics of OH radical with all important pathways is pre-
sented in in our paper [17].

4 Conclusion

In this work, we have presented numerical analysis based
on the 0D global model, of important production pathways
for OH radical and nitric oxide NO for the case of atmospheric
pressure low-temperature helium plasma jets, which propa-
gate in open air. The model is based on reaction scheme that
comprises 1,488 reactions among 74 species [17]. During cal-
culation, a parametric study was performed with the varia-
tion of electron temperature and electron concentration at
different amounts of air and water vapor in plasma, with the
goal to examine the influence of these important parameters
on EEDF and chemical kinetics of OH and NO as precursors
for production oxygen and nitrogen reactive species. We have
identified the main processes for the production of OH, NO,
and NO, species, for the wide range of conditions based on
experimental data given in the literature. Rate coefficients for
all electron impact processes included in the model are cal-
culated using the two-term Boltzmann solver BOLSIG+, with
cross-sectional data taken mostly from Quantemol-DB and
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LXCat databases. On the basis of the swarm analysis obtained
by BOLSIG+ for the constant electron concentration of
10" cm™3, we found analogously as in our previous work
that higher amount of air and water vapor require higher
values of reduced electric field to achieve the same mean
electron energy, which rises the energy tail of EEDF and
consequently more or less increases the values of rate coef-
ficients for electron impact processes, depending on the
mean electron energy of EEDF and energy threshold. More
important, in this work, we have found that Maxwellization
effects of EEDF for lower mean energies are observable only
at electron concentration 10* cm™3, while for 10'° cm™ and
even 10" cm™, high energy tail of nonequilibrium EEDF
differ from MB tail for a few orders of magnitude. In the
case of higher mean energies, the effect of Maxwellization is
not observable even at electron concentration 10™cm™,
which is presented in the literature as the highest measured
value in cold atmospheric pressure pulsed discharges.

In this work, we have also shown that dissociative
attachment has the important role in the production of
OH. When water vapor comes only from the humidity of
ambient air, the main role in the OH production takes
attachment to O, through process O~ + H,0 > OH + OH™
and the pathway that include H,0; ions produced in ana-
logous 3-body association with He as a third body. Also, at
higher mean energies, we found that important pathways
are reactions of species O('D) and O('S) with H,0 and also
process involving hydrate H;0" - OH, produced in 0j - H,0
+ H,0 > Hs0"-OH + O, and process involving hydrate
H;0" - OH, produced in Oj-H,0 + H,0 = H30"-OH + O,.
If water vapor is included as a feed gas component, dis-
sociative attachment to H,O molecules has the dominant
role in the production of OH with more than 60% of con-
tribution at lower mean electron energies (for electrons
behind the ionization front), with observable contribution
even at higher energies when processes involving excited
states O('D), O(*S), and 0,(*A) produce OH. Electron impact
dissociation of H,O becomes important above 2eV, and
more pronounced than dissociative attachment at 3 and
4 eV. In our model at higher mean energies, we recognize
the processes that involve negative ion hydrates, H,0" +
OH™-H,0 + He = H,0 + OH +- H,0 + He and O; H,0 + OH~
H,0 + He = 2H,0 + He + O, + OH. This result also indicates
the importance of dissociative attachment to H,O for the
production of OH, since these hydrates are mainly pro-
duced in the convolution of processes, the first H,O + e~
— H™ + OH, the second H™ + H,0 > OH™ + H,, and the third
OH + H,0 + He ~ OH™ - H,0 + He.

Concerning NO, results of our model show that the
conversion process OH + N = NO + H does not play an
important role in the production of this species at low
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mean electron energies when water vapor comes only
from the humidity of ambient air, due to low amount of
H,0 in plasma but also to the low rate of electron impact
dissociation of N,. For these conditions, NO is initially gen-
erated mainly through the effluent of air in plasma. We recog-
nize new important generation pathways which include
oxygen atoms O + NO, = NO + 0, and O + NO; = NO + O;.
The second implicates again the importance of electron dis-
sociative attachment at low energies since NO; ions,
according to the results of our model, are mainly generated
through charge transfer O™ + NO; = NO3 + O and three body
ion conversion O~ + NO, + He = NOj3 + He. For higher mean
energies above 2 eV, dissociation of H,O takes place in the
production of NO through OH + N = NO + H and dissociation
of 0, through production channel O + NO, = NO + O,. At
4 eV, dissociation of N, is reinforced enough so that excited
species N(*D) and N(*P) reacting with O, molecules take a
role in the production of NO. If water vapor is included as a
feed gas component, the most important pathway for gen-
eration of NO is conversion of OH + N - NO + H for a wide
range of conditions, while only at 1eV, this process is a
competitive with the flow of NO from ambient air. Finally,
we have schematically presented all important processes
recognized by our model, which determine the chemical
kinetics of NO, and HNO, species for a wide range of varied
conditions, concerning electron temperature, concentration,
and amount of air and water vapor in a plasma.
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