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Abstract
A Direct current (DC) nanosecond (ns)-pulsed plasma jet fed with N2 at near atmospheric
pressure (20 000 Pa) is studied using a transient zero-dimensional (0-D) model coupled with a
two-term Boltzmann equation solver. Good agreement is observed between the simulated and
measured plasma properties: including the electron density and the ratios of the
N2(v= 1,2,3,4) densities to the gas density. A variety of theoretical approaches are considered
to determine the Vibrational-Vibrational (V-V) and Vibrational-Translational (V-T) rate
coefficients. For the V-V kinetics, the simple form of an Harmonic Oscillator (sfHO), the
Schwartz-Slawsky-Herzfeld (SSH) and the Forced Harmonic Oscillator (FHO) approaches are
used. The SSH approach used in this study is an improved version based on the pure SSH
approach. For the V-T kinetics, the sfHO, a fit function of the Semi-Classical (ffSC) calculations
and a fit function of the Quasi-Classical Trajectory (ffQCT) calculations are used. The influence
of these different approaches on the calculated temporal evolution profiles of the vibrational
distribution functions (VDFs) within one pulse modulation cycle is revealed. It is observed that
the use of these different approaches does not strongly affect the densities of the low vibrational
levels (v< 5), whereas larger influences on the higher level densities are found. In addition, it is
found that the simulated evolution of the VDFs are sensitive to the probabilities of the neutral
wall reaction N2(v)+wall→ N2(v− 1) in the range of 1× 10−2 to 1× 10−4. A further analysis
of the wall quenching probabilities of N2(0< v< 58) is of importance for a more accurate
prediction of the VDFs.
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1. Introduction

Atmospheric pressure plasmas have gained increasing atten-
tion in the last 20 years due to their efficient conversion of
ordinary gases into diverse reactive species. The produced spe-
cies are required by a broad range of applications: such as
plasmamedicine (e.g. wound healing [1], cancer therapy [2, 3]
and skin wetting properties [4]), plasma-assisted catalysis (e.g.
for CH4 [5, 6], CO2 [7, 8] conversion and for NH3 synthesis
[8–12]), material surface processes (e.g. glass cleaning [13,
14], polymer activation prior to adhesive bonding [15], tool
steel hardening [16], TiO2 films preparation for solar cells
[17], water contact-angle reduction [18]). Various atmospheric
pressure plasma sources were developed in parallel for use in
these abundant application fields [19].

Atmospheric pressure plasma jets [20, 21] have the advant-
ages of miniature and simple design. Additionally, reactive
species are formed at close to ambient temperature due to the
non-equilibrium between the highly energetic electrons and
lower temperature heavy neutral particles. This enables these
jet devices to treat heat-sensitive surfaces especially in the
biomedical application field. It should be emphasized that a
more uniform discharge structure is produced by the plasma
jet relative to the other types of atmospheric pressure plasma
sources [22], e.g. the corona and dielectric barrier discharge.
A uniform structure of the electric field between the plane-
to-plane electrodes in a direct current (DC) nanosecond (ns)-
pulsed plasma jet has been shown by E-FISH measurements
[23]. Good optical access for species density measurements is
given by plasma jet chambers with simple geometries, such
as rectangular structures with plane-to-plane electrodes [24–
26]. These provide a suitable platform for a reliable valid-
ation between measurements and simulations of the plasma
domain, e.g. the validations of helium metastable and reactive
oxygen species [27], hydroxyl radical and atomic oxygen [28],
ratios of the N2(v= 1,2,3,4) densities to the gas density [29],
atomic oxygen [30], helium metastable and atomic oxygen
[31]. Diverse reactive species densities from various works in
the literature are validated in our previous study [32]. A bet-
ter understanding of the reactive species formation mechan-
isms is supported by the complementarity between the meas-
urements and simulations. This contributes to a better control
of the reactive species densities which is of importance for the
application performance.

Pulse modulation has been widely used, e.g. it was applied
in nitrogen plasma jets for diverse applications [33–37]. DC
[29, 36–40] and alternating current [33–35, 41, 42] modula-
tions were used during the power-on phase. Control of the
reactive species density and the gas heating through the pulse
modulation was presented by Kelly et al [41] and Dedrick et
al [42]. It was predicted by Davies et al [38] that the nitrogen

vibrational state densities can be tailored by the pulse modu-
lation. Large electron density values (e.g. ∼1019 m−3 [29, 39,
40]) are obtained by ns-pulsed power sources. The ignition of
pure molecular gas at or near atmospheric pressure is facil-
itated by the instantaneously produced large amount of high
energy electrons during the power-on phase. A stable glow dis-
charge is maintained by the repetitive sequence of energy input
from the pulses, and gas heating is simultaneously prevented
as a result of the small time-averaged power value [25, 29]. It
was experimentally shown in the nitrogen plasma jet [25, 29]
that the abundant vibrational excitation is obtained in accord-
ance with the large electron density values in the power-on
phase, and the vibrationally excited nitrogen molecules sur-
vive for a long time in the power-off phase. These imply that
an attractive path to efficiently produce vibrational states in a
molecular gas is given by the power supply with a ns-pulsed
modulation.

The vibrational distribution functions (VDFs) of molecu-
lar gases can play an important role in plasma applications.
The N2 dissociation, which represents a key challenge in NH3

synthesis [12], is mainly manipulated by reaction channels
containing N2(v> 0) [43]. It was also reported by Bogaerts
and Erik [8] that the most energy-efficient N2 dissociation
pathway is provided by N2(v> 0). The significant role of
N2(v> 0) in the N2 dissociation is attributed to the reduced
reaction energy barrier, in comparison with direct electron-
impact dissociation of N2(v= 0). Moreover, NO is potentially
important for biomedical applications, e.g. wound healing [1].
In our previous work [32], zero-dimensional (0-D) plasma-
chemical kinetics simulations predicted that the N2 VDF (v⩾
13) has a more significant influence on the NO production at
higher power values in the range of 0.5–2 W in the COST-Jet
[44].

It is difficult to produce a stable glow discharge with pure
molecular gases at atmospheric pressure. In order to yield
the vibrational population of molecular gas in a stable dis-
charge at atmospheric pressure, other works have used various
approaches, e.g. a configuration of the pin-to-plane electrodes
was used in the air plasma [45], or the molecular gas N2 was
mixed with noble gases [46, 47]. Therefore, detailed studies
regarding N2 VDFs have also been carried out in near atmo-
spheric pressure discharges. For instance, validations between
the measured and simulated N2(v= 1,2,3,4) densities of ns-
pulsed plasmas at pressures of 1× 104 Pa–2× 104 Pa were
carried out by Vereshchagin et al [48], Montello et al [49],
Shkurenkov et al [50], Yang et al [51] and Kuhfeld et al [25,
29]. The N2(v= 1,2,3,4) density validation was conducted at
three time points during the whole pulse modulation period
[48], and the N2(v= 1,2,3,4) concentrations were validated
in filament pin-to-pin discharges [49–51]. Recently, a relat-
ively homogeneous discharge in a DC ns-pulsed N2 plasma jet
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with plane-to-plane electrodes was reported [25] and further
confirmed [52, 53]. The N2(v= 1,2,3,4) densities in the
power-off phase were validated [25, 29]. However, a more
comprehensive validation between the measured and simu-
lated N2 VDFs considering, for example, the entire pulse cycle
and simultaneous cross-validationwith the electron density for
various operating conditions, is still missing. Therefore, the
measured N2(v= 1,2,3,4) densities during the whole pulse
cycle and the corresponding electron density with a variation
of the power-on duration and peak power value in [25, 29]
are extremely suitable for a further validation of the model
calculations.

The shape of the VDFs in N2 is determined by the state-to-
state vibrational kinetics. Due to a treatment of each vibra-
tional level as a separate species, the rate coefficients of
respective vibrational level reacting with other species are
properly considered in the simulation to further output a reas-
onable shape of the VDFs. In order to provide a complete pic-
ture of the VDFs, dozens of vibrational levels and the res-
ulting thousands of reactions in the detailed vibrational kin-
etics are included in the chemical model. The 0-D model as
introduced in [32] is a proper tool for an efficient analysis of
the aforementioned complex chemical aspects. Furthermore,
diverse theoretical approaches to calculate the individual rate
coefficients involved in the state-to-state vibrational kinetics
have been reported in the literature, see details in section 4. A
challenge still to be addressed is a clarification of the influence
of these diverse approaches on the plasma properties and the
calculated N2 VDFs.

The main aims of this work are divided into the following
two phases:

• A reliable validation of the electron density and the cor-
responding ratios of the N2(v= 1,2,3,4) densities to the
gas density is obtained in section 5.1, by taking advant-
age of the relatively uniform discharge produced by a
plasma jet with plane-to-plane electrodes. This validation
is thoroughly conducted in the whole modulation period
of the DC ns-pulsed plasma jet fed with pure nitrogen
gas at near atmospheric pressure, and also conducted with
a variation of the power-on duration and peak power
value.

• The role of diverse theoretical approaches for the calcu-
lation of the rate coefficients related to the state-to-state
vibrational kinetics in determining the temporal evolution
of the electron density and the N2 VDFs is revealed in
sections 5.1–5.4.

The details of the plasma jet simulated in this work are
described in section 2. The developed transient 0-D model is
explained in section 3, and the considered chemical kinetics
are reported in section 4. The sensitivity of the N2 VDF evol-
ution profiles to varying numbers of vibrational levels incor-
porated in the chemical model and to the neutral wall reaction
probabilities is addressed in sections 5.5 and 5.6, respectively.
The key results are concluded in section 6.

2. Experimental model system

A DC ns-pulsed plasma jet fed with N2 at near atmospheric
pressure is simulated in this study, and illustrated in figure 1.
The jet is described in detail in [25, 29]. The 1× 1× 20 mm3

rectangular plasma chamber is constructed with two planar
electrodes and two side glass plates. The feed gas is injected
through one orifice located in the middle of one glass plate,
and the effluent is exhausted from the two non-surrounded and
smallest cross sections (i.e. 1× 1 mm2). The setup is designed
as a cross-field configuration, i.e. the generated electric field
is perpendicular to the feed gas flow. The simulation results in
this work are compared with the electron density (calculated
from the measured current and electric field) and the meas-
ured ratios of the N2(v= 1,2,3,4) densities to the gas density
reported in [25, 29]. The feed gas flow rate was set as 20 sccm
N2 at a pressure of 20 000 Pa. The plasma was driven by a
1 kHz pulsed DC waveform with a variable power-on duration
& peak power value. The parameters used in this studywere (a)
200 ns & 17 kW see figure 4, (b) 250 ns & 17 kW and (c) 200
ns& 29 kW see figures B1 and B2 in appendix B, respectively.
For the sake of simplicity, the power set (a) 200 ns and 17 kW
is considered in all the simulation results in section 5, whereas
the sets (b) and (c) are merely used in appendix B. It was repor-
ted in [25] (P. 11) that the rotational temperature is around
330 K in the case of these three power sets, and is expected
to stay constant during the whole pulse cycle. The gas temper-
ature is assumed to be equal to the rotational temperature [25]
(P. 4). Therefore, Tg = 330 K is used in all the simulations of
this study. For the conditions studied in this work (parameters
used to calculate Knudsen number), the Knudsen number is
approximately 0.4556× 10−3, which implies no-slip velocity
and no-temperature jump at the walls of the jet [54] (P. 3453).

The absorbed power density is one essential input para-
meter defining the plasma properties. It is of importance for
a reliable validation that the absorbed power density in the 0-
D simulations is a good representation of that in the measure-
ments. The DC ns-pulsed absorbed power profiles used in this
work (i.e. the power dissipated in the whole plasma volume)
are obtained from a multiplication between the voltage and
current measured in [25]. As a result of the DC power, the
voltage drop was mainly applied to one of the two planar elec-
trodes in the near atmospheric pressure N2 plasma jet [25, 29].
Consequently, muchmore energetic electrons are accumulated
near the powered electrode relative to the grounded electrode
[52] (P. 7). It was also shown in [52] (P. 7) that the plasma
volume is likely divided into two regions: (i) a region with
a spatially non-uniform electron density distribution on the
side of the powered electrode, and (ii) a region with a spa-
tially quasi-uniform electron density distribution on the side
of the grounded electrode. The latter was also hinted in [25]
(P. 9) that around 80% of the plasma volume of the nitrogen
discharge is captured as a homogeneous structure by an ICCD
image. Furthermore, such a percentage value for the ratio of
the homogeneous region to the total plasma volume is also
recently confirmed in [52, 53].
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Figure 1. Schematic structure of the DC ns-pulsed plasma jet simulated in this work. The 1× 1× 20 mm3 rectangular capillary plasma
chamber consists of two planar electrodes and two side glass plates. The chamber is fed with N2 gas through one orifice located in the
middle of one glass plate [25, 29]. The details of the operating conditions are given in section 2. The figure is not drawn to scale.

It should be emphasized that both the constant electric
field (used to calculate the electron density [29]) and the
ratios of the N2(v= 1,2,3,4) densities to the gas density [25]
were measured in the aforementioned homogeneous region
between two electrodes and averaged along the gas flow direc-
tion. In other words, both the electron density and the density
ratios from the measurement data of the N2 plasma are con-
sidered to be the volume-averaged values in this homogen-
eous region. Furthermore, it was indicated in [25] that around
35% of the total absorbed power is distributed to this homo-
geneous region. Therefore, the absorbed power density (see
equation (8)) in this homogeneous region is used as an input
to the 0-D simulations of the plasma source in section 5 and
appendix B, i.e.:

Qabs,N2 = (35%Pabs)/(80%V) = 43.75%Pabs/V, (1)

where Pabs is the absorbed power in the whole plasma volume
V. Our simulation results are compared well with the afore-
mentioned measured electron density and vibrational level
density ratios [25, 29], see figures 4, B1 and B2. It is worth
to note that similar electron density values were also repor-
ted in [52, 53]. The other 65% of the total absorbed power
distributed into the other 20% volume of the N2 discharge is
likely more favorable for electronic excitation and ionization
than for vibrational excitation due to the present high electric
field in the sheath on the side of the powered electrode and
the resulting highly energetic electrons [25]. In other words,
the nitrogen vibrational level densities in the aforementioned
homogeneous region are likely not affected by the other 65%
of the total absorbed power.

3. Model

The particle balance equations and an electron energy bal-
ance equation are solved in a volume-averaged 0-D model
formalism [55–57] to compute the time-resolved charged and
neutral species densities and effective electron temperature
(see considered species in table 1). Only a brief summary of

the model is provided here and further details can be found
in an earlier study [32]. The model is coupled with a two-
term Boltzmann solver, LisbOn KInetics Boltzmann (LoKI-
B) [58], to self-consistently calculate the electron energy dis-
tribution function (EEDF). The time to reach a steady-state
distribution function at atmospheric pressure is in the order
of a few nanoseconds, which is confirmed by kinetic models
[59, 60]. Therefore, the consecutive stationary solutions of the
Boltzmann equation are used in the simulations of each pulse,
which is similarly implemented in various transient models
of the nanosecond range time-scales [61–63]. Specifically, the
time-variation of the plasma composition calculated in the 0-
D simulations is fed-into the computations of the Boltzmann
solver for a self-consistent evolution of the electron kinet-
ics during the pulse. These computations are updated as the
power varies at 0 ns, 65 ns, 100 ns and 300 ns in figures 4
and B2 (at 0 ns, 65 ns, 100 ns and 350 ns in figure B1).
At 0 ns is the start of each pulse, around 65 ns is the peak
power value, about 100 ns is the start of the plateau-power
phase, roughly 300 ns and 350 ns are the end of the power-
on phase (see details in section 5.1). These time points are
chosen due to a drastic change of the power value relative to
each other. Note that tests have been carried out with more
frequent updates of the Boltzmann solver, i.e. the updates are
carried out for every 5–10 ns during the power-on phase. The
simulation results with these more frequent updates do not sig-
nificantly change relative to those with updates only at above-
mentioned four time points, e.g. such a change for the electron
density in the power-on phase of figure 4 is below 2%. After
each update of the Boltzmann solver, the look-up tables of the
considered electron-impact reactions are accordingly updated.
Each table consists of the effective electron temperatures and
the corresponding rate coefficients. These effective electron
temperatures are derived from the mean electron energy of the
non-Maxwellian EEDFs. These EEDFs are calculated by the
Boltzmann solver for a range of values of the applied reduced
electric field, i.e. each reduced electric field value corresponds
to a consequent non-Maxwellian EEDF and its effective elec-
tron temperature (The current formulation follows the local
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mean energy approximation [64] (P. 3) and [65] (P. 3906)).
In accordance with the updated look-up tables at the above-
mentioned four time points, the particle and electron energy
balance equations are solved to compute the plasma proper-
ties such as the time-resolved electron density and effective
electron temperature. Super-elastic collisions are incorporated
in the electron kinetics to better resolve the EEDF [66], and
considered in the particle balance equations and the electron
energy balance equation.

In consideration of the residence time of the feed gas in
the jet chamber (i.e. the chamber length divided by the gas
flow velocity, see equation (5) in [32]), only 6 pulses are sim-
ulated for the plasma jet considered in this work. Thus, the
simulations start with an initial gas density: i.e. the feed gas
density at the entrance of the plasma chamber. Specifically,
the N2(v= 0) density is calculated by the ideal gas law, and
the densities of the other species considered in this work
are numerically set to 0. The simulations are carried out
at a constant gas temperature Tg, which was experimentally
defined [25].

The volume-averaged particle balance equation of a species
i is given by

dni
dt

=
∑
j

WijR
j
i

∣∣∣∣∣∣
V

+
∑
j

WijR
j
i

∣∣∣∣∣∣
W

, (2)

where ni is the density, j a reaction, R j
i the reaction rate and

Wij the net stoichiometric coefficient. The chemical reactions
are divided into two parts: subscript ‘V ’ denotes those inside
the plasma volume and ‘W ’ those at the wall surface.

The volume reaction rate of species i in a reaction j is

R j
i

∣∣∣
V
= kj

∏
l

n
νlj
l , (3)

where l denotes all the reactants, ν lj the forward stoichiometric
coefficient and kj the rate coefficient. The flow-in rate of the
feed N2 gas and the flow-out rates of species i are [32]

RF−in
∣∣
W
= c

QPatm

VkBTin
, (4)

RF−out
i

∣∣
W
= cQ

PatmTg

VPTin
ni, (5)

whereQ (sccm) is the net mass flow rate, c the unit conversion
factor, Patm the atmospheric pressure, V the plasma volume,
Tin the feed gas temperature, Tg the gas temperature of plasma
and P the pressure in the plasma chamber.

The ion mobility is limited in the case of highly collisional
plasmas, and the ion speed at the sheath edge is smaller than
the Bohm velocity [67] (P. 173). At (or near) atmospheric pres-
sure, the ion speed is particularly small due to the extremely
small mean free path. Furthermore, the ion wall reaction rates
(see equation (6) in [32]) are proved to play a negligible role
in the simulation results of our previous work [32] and of this
work. Therefore, the wall loss of ions is not considered in this
study. The wall loss of a neutral species i is defined as [32, 68]

RNi
∣∣
W
= ni

(
Λ2

0

Di
+

2V(2− γi)

2(AX+AY)vi γi

)−1

, (6)

where X and Y are the plasma dimensions, AX and AY the
wall surface areas, γi the wall reaction probability, vi the mean
neutral velocity, Λ0 the effective diffusion length in Cartesian
coordinates,Di the diffusion coefficient [67] (P. 134) as a func-
tion of the mean free path [69] (P. 3) calculated by the N2-
N2 collision cross-section [70] (P. 6). The dissociation degree
of nitrogen molecules under the operating conditions investig-
ated in this study is below 0.1%. In other words, the simulated
nitrogen atom density is at least three orders of magnitude
smaller than the simulated nitrogen molecule density over the
whole pulse period. Based on the cross-section value of the
dominant N2-N2 collision, the samemean free path is assigned
to each neutral species (including nitrogen atoms) considered
in the wall losses. Note that the diffusion coefficients as a func-
tion of the neutral species mass distinguish from each other.

The volume-averaged electron energy balance equation for
an electron density ne and effective electron temperature Te
is [32]

d
dt

(
3
2
neTe

)
= Qabs − (QChe +QEla) , (7)

where Qabs is the absorbed power density, QChe is the energy
loss in chemical reactions and QEla is the energy loss in elastic
collisions. The absorbed power density is

Qabs = Pabs/V, (8)

where Pabs is the absorbed power in the whole plasma volume
V. Note that only part of Pabs and part of V are considered
to calculate the absorbed power density of the homogeneous
discharge region simulated in this study, see equation (1). The
electron energy loss from the chemical processes is

QChe =
∑
j

EjR j
e

∣∣∣∣∣∣
V

, (9)

where the summation is over electronic process j with the
energy Ej and the rateR j

e. The electron energy loss in the elastic
collisions is [69, 71]

QEla =
∑
i

neni 3Te
me

mi
kElei , (10)

wherem is the mass of a particle, and kElei represents the elastic
rate coefficients in the look-up tables updated by LoKI-B. For
further details, see [32].

4. Chemical kinetics

The set of species considered in the N2 plasma are given
in table 1. All the chemical kinetics included in this work
together with the updates and supplements compared to those
in our previous work [32] are provided in appendix A. The
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Table 1. The species involved in the N2 chemical model. Each vibrational level N2(0< v< 58) is treated as a separate species. A pseudo
level N2(v

′ = 58) is considered to instantaneously dissociate to two nitrogen atoms due to the proximity of its vibrational energy to the
dissociation energy [32], see table A5.

N2 plasma: N2(v= 0),N2(A3Σ), N2(B3Π),N(4S),N(2D),
N+,N+

2 ,N+
3 ,N+

4 ,N2(0< v< 58),e
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Additionally considered species in this work compared to [32]:
N2(W3∆),N2(B ′3Σ),N2(a ′1Σ),N2(a1Π),N2(w1∆),
N2(C3Π),N2(E3Σ),N2(a ′ ′1Σ),N2(singlets∗),
N(2P),N+

2 (B)

chemical set including the reactions and their rate coeffi-
cients are similar to those published in a previous study
[32], where simulations of radio-frequency plasmas are val-
idated against a large variety of measurement data. The
exception is that some rate coefficients for volume reactions
and nitrogen vibrational kinetics are updated as remarked in
tables A1 and A2 of appendix A, respectively. Specifically,
those of reactions 17, 18 and 48 in table A1 are updated
as these were found to better describe the electron dens-
ity decay rate during the power decay of the power-on
phase depicted in figure 4(a) and the ratio of N+

4 dens-
ity to N+

2 density (not shown here). Furthermore, besides
N2(A3Σ+

u ), N2(B3Πg) and N(2D) in [32], the higher elec-
tronically excited states (including N2(W3∆u), N2(B ′3Σ−

u ),
N2(a ′1Σ−

u ), N2(a1Πg), N2(w1∆u), N2(C3Πu), N2(E3Σ+
g ),

N2(a ′ ′1Σ+
g ), N2(higher− singlets) and N(2P)) are addition-

ally considered in this work (see also notes in tables A3 andA4
aswell as discussion in appendix C). The electron-impact reac-
tions (related to these states and the nitrogen ion N+

2 (B)) are
considered in the 0-D model and LoKI-B solver in accord-
ance with the complete set of the IST-Lisbon database, which
yields calculated swarm parameters in good agreement with
measurements for E/N values between 1 and 1000 Td [72].
A better quantitative agreement between the measured and
simulated electron density in figure 4(a) is obtained through
such considerations. The neutral-neutral reactions related to
these additionally considered species are mainly adopted from
the work of Levaton et al [73]. A list of these additionally
considered electron-impact and neutral-neutral reactions is
shown in table A3. The neutral wall reactions in this work are
provided in table A4. The wall reaction probability γ= 1 of
N2(v)+wall→ N2(v− 1) used in [32] (referring to a simu-
lation study [70]) is updated in this work with γ = 3× 10−3

(based on an experimental work [74] which gives a range of
4× 10−4 to 3× 10−3 for the wall deactivation probabilities
of N2(v= 1) under different surface materials and operating
conditions). γ = 3× 10−3, as the maximal value, is chosen
for the wall deactivation probabilities of N2(0< v< 58) in
the simulations of section 5 and appendix B, if not stated oth-
erwise (see table 3). The N2 reactions, which are consistent
with those in [32], are given in tables A5 and A6 consider-
ing the pseudo level N2(v ′ = 58) dissociation and the elastic
collisions, respectively.

In the current study, the simulation results of a ns-pulsed
nitrogen plasma are validated against the time-resolved meas-
urement data of the electron density and the ratios of the

N2(v= 1,2,3,4) densities to the gas density recently repor-
ted by Kuhfeld et al [25, 29]. It should be emphasized that
the accurate measurements of higher vibrational levels are not
available as a result of weaker signal [25]. Hence, a validation
of the whole N2(0< v< 58) VDF is not accessible.

An investigation of the established vibrational kinetics is
the focus of this work. The vibrational kinetics included in the
model consist of the electron-Vibrational (e-V), Vibrational-
Vibrational (V-V) and Vibrational-Translational (V-T) mech-
anisms. The e-V kinetics (identical to those of [32]) adopt the
resonant vibrational excitation cross-sections of Laporta et al
[75] as well as the dissociation and ionization processes in the
Phys4Entry database [76]. Several distinct methods exist in
the literature to approximate the V-V and V-T rate coefficients,
and their details are discussed below in sections 4.1–4.4. The
role of these approximations in the ns-pulsed plasma jet cal-
culations is presented in sections 5.1–5.4 and appendix B.

4.1. V-V kinetics

The rate coefficients kw−1,w
v,v−1 of the N2-N2 V-V reactions

N2 (v)+N2 (w− 1)→ N2 (v− 1)+N2 (w) , (v⩽ w− 1)
(11)

are calculated by multiplying k0,11,0 by a scaling factor sw−1,w
v,v−1 .

Three conventional scaling laws are used to calculate sw−1,w
v,v−1 :

(1) The simple form for an Harmonic Oscillator (sfHO) was
provided and the corresponding scaling factor was given
as [77] (P. 11)

sw−1,w
v,v−1 = vw. (12)

(2) The Schwartz-Slawsky-Herzfeld (SSH) model [78] was
modified by Bray [79] and the analytical expression was
further summarized by Alves et al [80] (P. 9). The basic
form of the scaling factor was reported as

[s]w−1,w
v,v−1 = vw

(
1−χe,N2

1−χe,N2v

)(
1−χe,N2

1−χe,N2w

) F
(
Yw−1,w
v,v−1

)
F
(
Y0,1
1,0

) ,

(13)

where χe,N2 =
ωe,N2 χe,N2

ωe,N2
= 14.324 cm−1

2358.57 cm−1 = 6.073× 10−3 is
the first anharmonicity constant of the oscillator nitrogen
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molecule in electronic ground state [81] (P. 687), and F(Y)
is the adiabaticity factor evaluated as [82] (P. 2291)

F(y)≃

{
1
2

[
3− e−2y/3

]
e−2y/3, y⩽ 20

8
(
π
3

)1/2
y7/3e−3y2/3

, y> 20
. (14)

The intermediate parameter Yw−1,w
v,v−1 is defined as

Yw−1,w
v,v−1 =

∣∣∣∆Ew−1,w
v,v−1

∣∣∣ πL
h̄

√
µ

2kBTg
, (15)

where
∣∣∣∆Ew−1,w

v,v−1

∣∣∣= |Ev−1 +Ew−Ev−Ew−1| is the

released energy of the exothermic V-V reactions (11),
Ev is the internal energy of the nitrogen vibrational level
v [75], L= 2× 10−11 m is the characteristic length for
the short-range repulsive potential [83] (P. 109 115), h̄ the
reduced Planck’s constant, µ the reduced mass of two-
body collision, kB the Boltzmann constant and Tg the gas
temperature.

In this work, for cases where v⩽ w− 1, i.e. exothermic
reactions, the basic scaling factor [s]w−1,w

v,v−1 is multiplied
by an exponential factor, as described by Loureiro and
Ferreira [84] (P. 22), to give the final scaling factor

sw−1,w
v,v−1 = [s]w−1,w

v,v−1 exp

(
−∆Ew−1,w

v,v−1

kBTg

)
. (16)

Note that ∆Ew−1,w
v,v−1 = Ev−1 +Ew−Ev−Ew−1 < 0, and

the final scaling factor sw−1,w
v,v−1 is the pure SSH approach.

(3) The Forced Harmonic Oscillator (FHO) model was dis-
cussed by Adamovich et al [85, 86] and later analytic-
ally given by Ahn et al [87]. Through the calculation of
kw−1,w
v,v−1 /k0,11,0, the obtained scaling factor (recently also adop-

ted by Kuhfeld et al [29]) is

sw−1,w
v,v−1 = vw

3− e−
2λ
3

2
e−

2λ
3 exp

(
−∆Ew−1,w

v,v−1

2kBTg

)
(17)

with

λ=
1

3
√
2

√
θ

Tg

|∆Ew−1,w
v,v−1 |

ωe,N2 h̄
, (18)

where θ = (4π2ω2
e,N2

µ)/(α2kB), ωe,N2 = (2359 cm−1)×
(3× 1010 cms−1) = 7.077× 1013 s−1 is the oscillator
frequency [88], α= 4× 1010 m−1 is the potential para-
meter between the interaction of two nitrogen molecules
[89] (P. 396).

k0,11,0 = 6.35× 10−23T1.5
g m3 s−1 is used in case of imple-

menting the sfHO and the SSH scaling laws in the simulations
(following the value in [77, 80]). The obtained sfHO and SSH
rate coefficients kw−1,w

v,v−1 = k0,11,0 s
w−1,w
v,v−1 are further divided by a

normalization factor

ξVV =

{
39.0625− 1.5625max(v,w) , if max(v,w)< 10

25.2+ 24.1
(

max(v,w)−10
30

)3
, otherwise

.

(19)

The factor ξVV is introduced so that the calculated rate coef-
ficient values for the sfHO and the SSH scaling laws are
improved, and these values of the improved version conform
better with the semi-classical calculations reported by Billing
and Fisher [89] (see figures 2(a)–(c)). Note that ξVV as a func-
tion of v and w typically reduces kw−1,w

v,v−1 by a factor of around
25-124, and this results in a reduced up-pumping effect of the
V-V kinetics. k0,11,0 = 0.9× 10−20 m3 s−1 is adopted in case of
the FHO implementation (following the value in [29, 87]). It
should be emphasized that k0,11,0 = 0.9× 10−20 m3 s−1 chosen
from a look-up table in [89] is solely valid at Tg = 300 K.
However, it is the closest value to the measured gas temperat-
ure Tg = 330 K [25], which is adopted in the nitrogen plasma
simulations in section 5 and appendix B.

The influences of the above-mentioned three different scal-
ing laws (i.e. the sfHO, the SSH and the FHO) on the V-V rate
coefficients kv−1,v

1,0 , kv−1,v
6,5 , kv−1,v

11,10 and kv,v+1
v,v−1 are presented in

figures 2(a)–(d), respectively. These rate coefficients are addi-
tionally compared with the comprehensive and reliable data
of the semi-classical calculations available from Billing and
Fisher [89] and Capitelli [90] (P. 105), [91]. In the case of
kv−1,v
1,0 , kv−1,v

6,5 and kv−1,v
11,10 , the sfHO rate coefficients are larger

than the SSH and the FHO ones as well as the semi-classical
calculations [89, 90] (P. 105), [91] especially at higher vibra-
tional levels. A relatively good agreement is acquired between
the SSH and the FHO calculations. Both agree well with the
available semi-classical calculations [89, 90] (P. 105), [91] in
the range of v⩽ 40. However, the sfHO rate coefficients are
similar to the SSH and the FHO ones as well as the semi-
classical calculations [90] (P. 105), [91] in the case of kv,v+1

v,v−1
in figure 2(d), i.e. the respective vibrational quantum number
of both reactants is close to each other. This is also indic-
ated by the rate coefficient values at low vibrational levels
in figures 2(a)–(c). The influences of the sfHO, the SSH and
the FHO V-V rate coefficients on the validated electron dens-
ity and N2(v= 1,2,3,4) densities as well as on the calculated
whole N2 VDF evolution profiles are revealed in sections 5.1
and 5.2.

4.2. V-T kinetics

The rate coefficients kv,v−1 of the N2-N2 V-T reactions

N2 (v)+N2 (v= 0)→ N2 (v− 1)+N2 (v= 0) (20)

are computed with kv,v−1 = k1,0 sv,v−1, where sv,v−1 is the scal-
ing factor provided as follows:

(1) The sfHO scaling law was given as [77] (P. 11)

sv,v−1 = v. (21)

7
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Figure 2. N2-N2 V-V rate coefficients (a) kv−1,v
1,0 , (b) kv−1,v

6,5 , (c) kv−1,v
11,10 and (d) kv,v+1

v,v−1 calculated with the sfHO ( ), the SSH ( ) and the
FHO ( ) scaling laws (see section 4.1). The values from the available semi-classical calculations of Billing and Fisher [89] (•) and
Capitelli [90] (P. 105), [91] (▲) are shown for comparison. The rate coefficients at Tg = 300 K (black lines) and 500 K (red lines) are
provided for a typical gas temperature range for plasma jets.

(2) A scaling law, a fit function to the Semi-Classical (ffSC)
calculations of Billing and Fisher [89], was recently repor-
ted by Richards et al [47] (P. 14):

sv,v−1 = vexp
(
(v− 1)1.94/T

1
3
g

)
. (22)

Note that an agreement with the N2-N2 V-T rate coeffi-
cients from the semi-classical calculations of Billing and
Fisher [89] is pursued both by those calculated from the
SSH [77, 80] and the FHO [85, 86] approaches. Such an
agreement is also observed for the N2-N2 V-V rate coeffi-
cients calculated with the SSH and the FHO approaches,
see section 4.1. However, the considered V-V rate coeffi-
cients in this work can be only partially shown in figure 2
ascribed to their complexity, whereas the considered V-
T rate coefficients can be fully presented in figure 3(a)
attributed to their simplicity. Therefore, a potential differ-
ence between the simulation results using the SSH and the

FHOV-V kinetics is worthy of further investigation, while
that using the SSH and the FHO V-T kinetics is not. In
other words, a comparison between the SSH and the FHO
approaches is much less valuable for the simple V-T colli-
sions (relative to for the complex V-V collisions). For the
sake of simplicity in this work, a comparison among the
sfHO, the SSH and the FHO N2-N2 V-V kinetics is invest-
igated, whereas for the N2-N2 V-T kinetics the simple
approach sfHO is only compared to the ffSC approach dir-
ectly tracing the semi-classical calculations in [89]. It is
worth to note that the semi-classical calculations of the N2-
N2 V-T rate coefficients for v⩽ 20 were calculated in [89].
Additional semi-classical calculations for v= 30,40 were
provided by Capitelli [90] (P. 104), [91].

In case of the sfHO implementation, the k1,0 value is adop-
ted from the work of Capitelli et al [83] (see table 7.1 on P.107)
following the previous study [32]:

8
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Figure 3. (a) N2-N2 V-T rate coefficients kv,v−1 calculated with the sfHO ( ) and the ffSC ( ), and the values from the available
semi-classical calculations of Billing and Fisher [89] (•) and Capitelli [90] (P. 104), [91] (▲) for the purpose of comparison. (b) N2-N(4S)
V-T rate coefficients kv,w at v−w= 1 calculated with the sfHO ( ) and the ffQCT ( for the reactive and non-reactive collision,
respectively). For further details, see section 4.2. The rate coefficients at Tg = 300 K (black lines) and 500 K (red lines) are provided for a
typical gas temperature range for plasma jets.

k1,0 = 7.8× 10−18Tgexp
(
−218/T1/3

g + 690/Tg

)
× [1− exp(−3340.8/Tg)]

−1 m3 s−1, (23)

whereas the k1,0 value in case of implementing the ffSC
approach [47] (P. 14) is:

k1,0 = 3× 10−10 exp
(
−400/T

1
3
g + 886/T

2
3
g

)
m3 s−1. (24)

A comparison between the sfHO and the ffSC N2-N2 V-T rate
coefficients together with the corresponding available semi-
classical calculations [89, 90] (P. 104), [91] is presented in
figure 3(a). A comparable k1,0 value is observed. However, at
higher vibrational levels, the rate coefficients calculated with
the ffSC are much larger than those calculated with the sfHO,
e.g. around 6− 8 orders of magnitude larger at v= 57. Note
that the ffSC rate coefficients calculated from the fit function
agreewell with the aforementioned semi-classical calculations
for v⩽ 40. Furthermore, the N2-N2 V-T rate coefficients for
v> 40 calculated with the ffSC are observed to be close to
those calculated with the SSH (not shown here). The roles of
the sfHO and the ffSC V-T rate coefficients in the calculated
whole N2 VDF evolution profiles are uncovered in section 5.3.

The rate coefficients kv,w of the N2-N(4S) V-T reactions

N2 (v)+N(4S)→ N2 (w)+N(4S) (25)

are obtained with the following two approaches:

(1) The sfHO kv,w was calculated in [32] (P. 33):

kv,w = v4.0× 10−16 (Tg/300)
1/2 exp(−7062.76/Tg) m

3 s−1,

v−w= 1 and v⩾ 1. (26)

(2) A fit function to the Quasi-Classical Trajectory (ffQCT)
calculations was suggested by [77] (P. 12):

Table 2. Parameters, as a function of the gas temperature Tg in K, to
be used in equation (27) for the rate coefficients of the N2-N(4S)
V-T reactions.

Reactive Non-reactive

A0 0.2× 2.212× 10−12/T1.426
g 0.2× 9.240× 10−12/T1.635

g

A1 3.210× 104/T0.8147
g 1.823× 104/T0.6984

g

A2 2.521× 105/T1.044
g 9.893× 103/T0.4376

g

v⋆ 7 9

kv,w = A0 exp

(
−A1

v
+
A2

v2

)
m3 s−1 ,

1⩽ v−w⩽ 5 and v⩾ v⋆, (27)

where the parameters A0, A1, A2 and v⋆ are provided in
table 2. Both reactive and non-reactive collisions are incor-
porated. The former achieves an atomic exchange between
N2(v) and N(4S), whereas the latter conducts a direct
collision.

The deviation between the sfHO and the ffQCT N2-N(4S)
V-T rate coefficients kv,w at v−w= 1 is shown in figure 3(b).
The ffQCT kv,w is smaller at low vibrational levels. However,
they are larger than the sfHO kv,w at high vibrational levels,
where the V-T rate coefficients typically play a main role in
shaping the VDF tail. The shaping ability of the ffQCT kv,w
to the VDF tail is enhanced by the combination of v−w=
1,2,3,4,5. A comparison between the N2 VDF evolution pro-
files calculated with the sfHO and the ffQCT is conducted in
section 5.4.

4.3. Backward reactions of the V-V and V-T kinetics

The backward reaction rate coefficients of the V-V and V-T
kinetics presented in sections 4.1 and 4.2 are calculated from
the forward ones based on detailed balance [77] (P. 11):

9
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Table 3. A list of the theoretical approaches determining the V-V and V-T rate coefficients and the correspondingly used wall reaction
probability γ of N2(v)+wall→ N2(v− 1). The N2-N2 V-V rate coefficient scaling laws: the sfHO, the SSH and the FHO are explained by
equations (12), (16) and (17), respectively. The sfHO and ffSC approaches determining the N2-N2 V-T rate coefficients are given by
equations (21) and (22), respectively. The sfHO and ffQCT N2-N(4S) V-T rate coefficients are calculated by equations (26) and (27),
respectively. The neutral wall reaction rate as a function of γ is provided by equation (6).

Section N2-N2 V-V N2-N2 V-T N2-N(4S) V-T N2(v)+wall→ N2(v− 1)

Previous study [32] sfHO sfHO sfHO γ= 1
Section 5.1 sfHO/SSH/FHO sfHO sfHO γ = 3× 10−3

Section B sfHO/SSH/FHO sfHO sfHO γ = 3× 10−3

Section 5.2 sfHO/SSH/FHO sfHO sfHO γ = 3× 10−3

Section 5.3 SSH sfHO/ffSC sfHO γ = 3× 10−3

Section 5.4 SSH ffSC sfHO/ffQCT γ = 3× 10−3

Section 5.5 SSH ffSC ffQCT γ = 3× 10−3

Section 5.6 SSH ffSC ffQCT γ = 0− 1

kw,w−1
v−1,v = kw−1,w

v,v−1 exp

(
∆Ew−1,w

v,v−1

kBTg

)
, (28)

kw,v = kv,w exp

(
∆Ev,w
kBTg

)
, (29)

where ∆Ew−1,w
v,v−1 = Ev−1 +Ew−Ev−Ew−1 < 0 and ∆Ev,w =

Ew−Ev < 0.

4.4. Summary of the V-V and V-T kinetics calculation
approaches used in the results section

The simple scaling law, the sfHO, was implemented for the
nitrogen V-V and V-T kinetics in our previous study [32] to
initially explore the role of the detailed vibrational kinetics
in an atmospheric-pressure plasma jet. It was predicted [32]
that the N2 VDF has an influence on the reactive neutral spe-
cies densities. For example, N2(v⩾ 13) play a more important
role in the NO formation at a higher power value in the range
of 0.5 – 2 W of the COST-Jet [44]. In the wake of this predic-
tion, several conventional theoretical approaches determining
the V-V and V-T kinetics are incorporated in sections 5.1–5.4
and appendix B to further explore their influence on the valid-
ated electron density and N2(v= 1,2,3,4) densities as well as
the simulated whole N2 VDF evolution profiles. Besides the
sfHO implementation, other commonly used calculations of
the N2-N2 V-V kinetics (i.e. the more sophisticated analytical
approaches: the SSH and the FHO) are additionally implemen-
ted in sections 5.1, appendix B and 5.2. The simulation results
using the sfHO V-T rate coefficients are compared with those
using the more sophisticated theoretical approaches, i.e. com-
pared with those using the ffSC N2-N2 V-T kinetics and the
ffQCT N2-N(4S) V-T mechanisms in sections 5.3 and 5.4,
respectively. In the simulations of sections 5.2–5.6, the the-
oretical approaches determining the V-V and V-T rate coeffi-
cients are gradually implemented with the more sophisticated
one (see table 3). Note that the SSH N2-N2 V-V rate coeffi-
cients are used in sections 5.3–5.6, since the SSH computa-
tions are similar to the FHO ones (both agreeing well with
the semi-classical calculations of Billing and Fisher [89]) as
shown in figures 2(a)–(c).

5. Results

5.1. Comparison between the simulations and measurements

The plasma jet simulated in this work is driven by three sets of
DC ns-pulsed power as mentioned in section 2. The power-on
phase in each set of power data consists of two parts: (i) a short
period of high power deposition (around 25 ns) called peak-
power phase, followed by (ii) a longer period of lower power
deposition named plateau-power phase. The former plays an
important role in the plasma ignition, whereas the latter main-
tains the discharge. The electron density (calculated based on
experimental measurements) [29] and the measured ratios of
the N2(v= 1,2,3,4) densities to the gas density [25] together
with the 0-D simulation results from this work in the case of
the above-mentioned three power sets are shown in figures 4,
B1 and B2, respectively. The electron density calculated from
the experimentally measured time-dependent current and the
constant electric field is only evaluated during the plateau-
power phase [29], and the absent density values during the
peak-power phase and the power decay phase are ascribed to
the sharply dynamic power resulting in a non-constant elec-
tric field. It should be emphasized that the sum of the N2(v=
0− 4) densities is accounted as the gas density in the measure-
ment data, whereas the sum of the N2(v= 0− 57) densities is
calculated as the gas density in the simulation results. The sum
of the simulated N2(v= 0− 4) densities divided by that of
the simulated N2(v= 0− 57) densities (even by that of all the
included species densities) is greater than 99%. In other words,
both the N2(v= 0− 4) densities and the N2(v= 0− 57) dens-
ities can be regarded as approximately equal to the gas density.
Furthermore, the simulation results are calculated with three
different theoretical approaches determining the N2-N2 V-V
rate coefficients: i.e. the sfHO, the SSH and the FHO scal-
ing laws explained in section 4.1. The N2-N2 and the N2-
N(4S) V-T kinetics used in the simulations in sections 5.1 and
appendix B are calculated with the sfHO approach. For further
details, see section 4.4.

The evolution of the power profile is nearly traced by that
of both calculated electron density profiles in figure 4(a). The
slower speed of the electron density decay compared to that
of the power decay after the end of the plateau-power phase is
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Figure 4. (a) Time-resolved electron density (•) calculated from the current and electric field measured by Kuhfeld et al [29]. (b)
Time-resolved ratios of the nitrogen vibrational level densities nN2(v=1,2,3,4) to the gas density ngas measured by Kuhfeld et al [25] (•). The
electron density and the density ratios are calculated by the 0-D model using the N2-N2 V-V rate coefficient scaling laws of the sfHO ( ),
the SSH ( ) and the FHO ( ) (see section 4.1). The N2-N2 and the N2-N(4S) V-T kinetics are calculated with the sfHO approach (see
section 4.4). For the sake of clarity, the evolution of the electron density is shown only during the power-on phase, whereas that of the
density ratios is presented inside one pulse period. 200 ns power-on duration and 17 kW peak power value in a 1 kHz modulation period
( , i.e. the absorbed power in the whole plasma volume) are used to drive the 1× 1× 20 mm3 plasma domain at a gas temperature of
around 330 K. 20 sccm N2 are fed to the chamber at a pressure of 20 000 Pa. For further details of the operating conditions, see section 2.

controlled by reaction 22 in table A1: e+N+
4 → 2N2(v= 0).

Comparable electron density values are observed in the cal-
culation of [29] (based on the measured current and electric
field) and in our 0-D simulation result. These values were
also reported in [52, 53]. Similar electron density values are
obtained from the 0-D simulation results adopting the above-
mentioned three different V-V rate coefficient scaling laws. In
addition, the evolution of the measured and simulated ratios
of the N2(v= 1,2,3,4) densities to the gas density within a
pulse modulation cycle as shown in figure 4(b) are also sim-
ilar for each V-V rate coefficient scaling law. The N2(v=
1,2,3,4) densities are increased throughout the power-on dur-
ation as a result of energy transfer from the absorbed power
to the vibrational excitation (by electron-impact excitation of
vibrational levels, i.e. the e-V kinetics). The increased N2(v=
1,2,3,4) densities in the plateau-power phase are partially
contributed by the V-V up-pumping. This partial contribu-
tion is ascribed to the growing vibrational level densities in
this duration relative to those in the peak-power phase, see
equation (3). In contrast to the power-on phase, the N2(v=
1,2,3,4) densities are reduced in the afterglow due to the
absence of external energy support, and the V-V mechanisms
are observed to play a major role to shape the presented evol-
ution profiles. A slow increase of the N2(v= 1) density in the

afterglow is mainly controlled by the dominant N2(v= 1) pro-
duction and destruction mechanisms: i.e. the backward and
forward reactions of N2(v= 1)+N2(v= 1)↔ N2(v= 0)+
N2(v= 2), respectively. Both reactions provide around 55%—
85% of the N2(v= 1) production and destruction during
1× 103–1× 105 ns. In this duration, it is hinted in figure 4(b)
that nN2(v=1)nN2(v=1) < nN2(v=0)nN2(v=2), and it is further cal-

culated that k1,21,0nN2(v=1)nN2(v=1) < k0,12,1nN2(v=0)nN2(v=2), see
equations (3) and (28). In other words, the reaction rate of
the aforementioned backward reaction is greater than that of
the forward reaction, and this leads to the N2(v= 1) density
increased during 1× 103–1× 105 ns. The N2(v= 1) density
well-validated between the measurements and the simulations
in the whole modulation cycle implies that the backward reac-
tions play a non-negligible role in the V-V kinetics.

Nearly identical evolution of the ratios of the N2(v=
1,2,3,4) densities to the gas density are captured by the sim-
ulation results using the sfHO, the SSH and the FHO scal-
ing laws, as shown in figure 4(b). This is consistent with the
V-V rate coefficients presented in figures 2(a) and (d), i.e.
kv−1,v
1,0 and kv,v+1

v,v−1 calculated where the rate coefficients determ-
ined from the aforementioned three scaling laws are compar-
able for cases where v< 5. The above-mentioned outcomes
are likewise obtained in the simulation results considering an
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Figure 5. Time-dependent evolution of N2 VDFs calculated with the N2-N2 V-V rate coefficient scaling laws of the sfHO, the SSH and the
FHO (see section 4.1). The N2-N2 and the N2-N(4S) V-T kinetics are calculated with the sfHO approach (see section 4.4). The VDF
evolution is presented during the power-on (50–250 ns) and the power-off (250–1× 106 ns). The operating conditions are identical to those
in figure 4.

increase of the power-on duration and peak power value in
figures B1 and B2, respectively. The N2(v= 1,2,3,4) dens-
ities inside one modulation period are overall elevated with
these two increasing operating parameters due to the growing
energy per pulse.

5.2. Role of N2-N2 V-V rate coefficients in the calculated
VDFs

The N2 VDFs calculated with the sfHO, the SSH and the
FHO V-V rate coefficients are provided in figure 5. The N2-
N2 and the N2-N(4S) V-T kinetics used in the simulations in
section 5.2 are calculated with the sfHO approach. For fur-
ther details, see section 4.4. The VDF evolution inside one
modulation period (0–1× 106 ns) is divided into two phases:
the power-on (50–250 ns) and the power-off (250–1× 106 ns).
During the power-on, the peak-power phase (50–75 ns) and the
plateau-power phase (75–250 ns) are presented to investigate
their influence on the VDF evolution. For the sake of clarity
in the power-off phase, the evolution of the VDFs is repor-
ted only at four time points in different orders of magnitude:
i.e. 250 ns, 1× 103 ns, 1× 105 ns and 1× 106 ns. As expec-
ted, the vibrational level densities are continuously enhanced
during the peak- and plateau-power phases, and the main con-
tribution to the enhanced absolute densities is from the latter.
In the simulation results using the sfHO, the SSH and the FHO,
similar evolution of the N2(v< 5) densities is observed in the
whole modulation period, as also observed in figure 4(b).

In figure 5, the VDF(v⩾ 5) evolution calculated with the
sfHO strongly differs from those calculated with the SSH
and the FHO. Smaller intermediate vibrational level densities

(about 10⩽ v< 40 for here) and larger high level densit-
ies (about v⩾ 40 for here) are achieved in the case of the
sfHO implementation. This possibly overestimated VDF tail is
consistent with the observation that the V-V rate coefficients
reported in figures 2(a)–(c), i.e. kv−1,v

1,0 , kv−1,v
6,5 and kv−1,v

11,10 cal-
culated with the sfHO are larger than those calculated with
the SSH and the FHO especially at higher vibrational levels.
In other words, the lower vibrational level densities are up-
pumped to the higher level region through the excessive sfHO
V-V rate coefficients. This up-pumping effect is more notice-
able in the power-off phase, where at 1× 105 ns, even larger
intermediate vibrational level densities are achieved in the case
of the sfHO implementation relative to the SSH and the FHO.
As a result of this noticeable up-pumping effect in the power-
off phase, the dominant gain and loss mechanisms of the high
vibrational levels under the sfHO implementation are provided
by the V-V kinetics. Those under the SSH and the FHO imple-
mentation are controlled by the wall quenching effect of these
high vibrational levels.

Similar evolution is given between the VDF calculated by
the SSH and the FHO in figure 5. This is attributed to the sim-
ilar V-V rate coefficients calculated by both approaches, see
figures 2(a)–(c). Both calculations provide a dynamic (time-
variant) N2(v< 20) density distribution and a stable (time-
invariant) N2(v⩾ 20) concentration profile over the whole
pulse period. During the power-on phase, the e-V kinetics play
a main role in the production of the vibrational levels. Larger
production rates are predicted for lower levels. This likely
results in the increased N2(v< 20) (low levels) densities and
the stable N2(v⩾ 20) (high levels) concentrations during the
power-on phase. During the power-off phase, the V-V kinetics
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Figure 6. Time-dependent evolution of N2 VDFs calculated with
the N2-N2 V-T rate coefficient scaling laws of the sfHO and of the
ffSC (see section 4.2). The N2-N2 V-V kinetics are calculated with
the SSH approach, and the N2-N(4S) V-T kinetics are calculated
with the sfHO approach (see section 4.4). The VDF evolution is
presented during the power-on (50–250 ns) and the power-off
(250–1× 106 ns). The operating conditions are identical to those in
figure 4.

have a key influence on the shape of the VDF profiles, e.g. it
is found that the SSH and FHO V-V rate coefficients kv−1,v

1,0
shown in figure 2(a) have a non-negligible influence on the
production and destruction of N2(v= 4) andN2(v= 25). Note
that the peak values of the SSH and FHO kv−1,v

1,0 are around
in the region of 5< v< 10. This likely leads to the signi-
ficantly reduced N2(5< v< 10) densities during the power-
off phase. The populations of these states are transferred to
higher vibrational levels though the V-V kinetics i.e. vibra-
tional up-pumping. Consequently, a local minimum density at
around v= 9 and a local maximum density at around v= 17
are obtained. The N2(v⩾ 20) concentrations are stable during
the power-off phase. This is likely due to smaller up-pumping
effect of the SSH and FHO V-V rate coefficients at higher
vibrational level (relative to the sfHO ones), see figures 2(a)–
(c). Furthermore, the quenching effect of the sfHO V-T rate
coefficients at high vibrational level is also small ( relative to
the ffSC and ffQCT ones), see figures 3(a) and (b). These up-
pumping and quenching effects have a negligible influence on
the production and destruction of the high vibrational levels. A
Maxwellian-like distribution function is observed among the
stable N2(v⩾ 20) concentrations.

5.3. Role of N2-N2 V-T rate coefficients in the calculated
VDFs

The N2 VDFs calculated with the N2-N2 V-T rate coefficient
scaling laws of the sfHO and of the ffSC are reported in
figure 6. In the simulations in section 5.3, The N2-N2 V-V
kinetics are calculated with the SSH approach, and the N2-
N(4S) V-T kinetics are calculated with the sfHO approach.
For further details, see section 4.4. The evolution of the VDFs

Figure 7. Time-dependent evolution of N2 VDFs calculated with
the sfHO and ffQCT N2-N(4S) V-T rate coefficients (see
section 4.2). The N2-N2 V-V kinetics are calculated with the SSH
approach, and the N2-N2 V-T kinetics are calculated with the ffSC
approach (see section 4.4). The VDF evolution is presented during
the power-on (50–250 ns) and the power-off (250–1× 106 ns). The
operating conditions are identical to those in figure 4.

in the power-on and power-off phases inside one modulation
period is presented in a same way as that in figure 5. A prac-
tically equivalent N2(v< 30) density profile is observed in the
simulation results using both scaling laws. However, a more
significant distinction is shown in the concentrations of higher
vibrational levels, i.e. the N2(v⩾ 30) densities calculated with
the sfHO are stable and present a Maxwellian-like distribu-
tion during the whole modulation period, whereas those cal-
culated with the ffSC are dynamic. In the power-on phase, the
dynamic N2(v⩾ 30) densities are stepwise increased during
the peak- and plateau-power phase, and increased by up to
one order of magnitude in the latter. In the power-off phase,
the N2(v⩾ 30) densities drop starting from higher vibrational
levels, e.g. the relaxation of the N2(v= 55) density starts at
1× 103 ns and that of the N2(v= 42) concentration starts at
1× 105 ns. The dynamic behaviour of the N2(v⩾ 30) dens-
ities is ascribed to the much larger ffSC V-T rate coefficients
than the sfHO ones at higher vibrational levels, as presented
in figure 3(a). As a result, the high vibrational level densit-
ies calculated with the ffSC are overall smaller than those cal-
culated with the sfHO, especially at the end of the power-off
phase. The simulated dynamics of the N2(30⩽ v⩽ 40) dens-
ities are potentially more reliable than the simulated dynamics
of the N2(v> 40) densities, since the ffSC rate coefficients
agree well with the corresponding semi-classical calculations
for v⩽ 40, see section 4.2.

5.4. Role of N2-N(4S) V-T rate coefficients in the calculated
VDFs

The N2 VDF evolution profiles calculated with the sfHO and
ffQCT N2-N(4S) V-T rate coefficients are shown in figure 7.
In the simulations in section 5.4, the N2-N2 V-V kinetics are
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calculated with the SSH approach, and the N2-N2 V-T kinet-
ics are calculated with the ffSC approach. For further details,
see section 4.4. The temporal evolution profiles are presen-
ted in the same way as those in figure 5. Identical evolution
profiles over the whole pulse period are obtained between the
VDFs calculated with the sfHO and the ffQCT. Note that the
N2-N(4S) V-T rate coefficients of the ffQCT are much larger
than those of the sfHO in the intermediate and high vibrational
level region, see figure 3(b). The identical evolution profiles
of the VDFs calculated with the sfHO and the ffQCT are still
obtained. The negligible influence of the ffQCTN2-N(4S)V-T
rate coefficients on the intermediate and high vibrational level
densities at near atmospheric pressure and room temperature
is ascribed to two points: (i) the N2(v= 0) density is at least
three orders of magnitude larger than the N(4S) density over
the whole modulation cycle, and (ii) the V-T rate coefficient
values of the ffSC N2-N2 are smaller than those of the ffQCT
N2-N(4S) in the range of v⩾ 30 (but at most 1 order of mag-
nitude smaller) as presented in figure 3. In other words, at near
atmospheric pressure and room temperature, the quenching
reaction rates of the ffSC N2-N2 V-T kinetics are much lar-
ger than those of the ffQCT N2-N(4S) V-T mechanisms, see
equation (3). Consequently, the ffSC N2-N2 V-T channels play
a major role in shaping the VDF tails. Potentially larger N(4S)
density (i.e. the N2 discharge with higher dissociation degree)
might be achieved with a different operating condition com-
pared to this work. This might increase the quenching reac-
tion rates of the ffQCT N2-N(4S) V-T mechanisms, and fur-
ther increase the role of the ffQCT N2-N(4S) V-T channels
in shaping the VDF profile. It is worth to note that the larger
N2-N(4S)V-T rate coefficients provided by Capitelli et al [83]
and Esposito et al [92] in comparison with those provided by
the ffQCT shown in [77] might further diminish the overall
population on the N2 VDF tails.

5.5. Effect of including different numbers of vibrational levels

The variation of the VDF evolution is simulated for varying
numbers of vibrational levels considered in the 0-D model:
i.e. N2(v< 58), N2(v< 41) and N2(v< 7). In the simulations
in section 5.5, the N2-N2 V-V, the N2-N2 V-T and the N2-
N(4S) V-T kinetics are calculated with the SSH, the ffSC and
the ffQCT approaches, respectively. For further details, see
section 4.4. Identical evolution is observed regarding the elec-
tron density and the ratios of the N2(v= 1,2,3,4) densities
to the gas density in the simulation results considering the
aforementioned varying numbers of vibrational levels. In other
words, the measurements shown in figure 4 are already cap-
tured by the simulations considering a simple chemistry model
with N2(v< 7). Furthermore, nearly identical VDF evolution
profiles are found between the simulation results considering
N2(v< 41) and N2(v< 58). Therefore, the relevant simula-
tion results are not depicted in this paper. Note that the elevated
last few vibrational level densities during the power-on phase
shown in the simulation results considering N2(v< 58) (e.g.
the upward N2(54< v< 58) densities from 75 ns to 250 ns in
figure 7) are not observed in the simulation results consider-
ing N2(v< 41) (i.e. the upward N2(37< v< 41) densities are

not observed). A test has been carried out that such an elev-
ation during the power-on phase, where e-V kinetics play a
main role, is not predicted in the simulation results consider-
ing N2(v< 55), where v= 55 is considered as a pseudo level.
Therefore, this elevation is not associated with the description
of dissociation from the last vibrational level, but it is likely
due to the used data of the e-V kinetics under the current oper-
ating conditions.

5.6. Role of vibrational de-excitation at surfaces

The modification of the N2 VDF evolution within one pulse
modulation period by varying the considered wall reaction
probabilities γ between 0 and 1 is simulated by the 0-Dmodel,
see equation (6). In the simulations in section 5.6, the N2-N2 V-
V, the N2-N2 V-T and the N2-N(4S)V-T kinetics are calculated
with the SSH, the ffSC and the ffQCT approaches, respect-
ively. For further details, see section 4.4. The electron dens-
ity is barely affected by any included neutral wall reaction.
It is found that the N2 VDF evolution is not sensitive to any
included wall quenching of the electronically excited state and
the wall recombination of the nitrogen atom. However, a signi-
ficant influence of the N2(0< v< 58) wall quenching on the
N2 VDF evolution is seen in figure 8. As γ of N2(v)+wall→
N2(v− 1) is changed from 1 to 0, the N2(0< v< 58) densities
are remarkably enhanced especially those in the intermediate
vibrational level region, e.g. the enhanced N2(10< v< 30)
densities are located in a range between 1× 1019 m−3 and
1× 1021 m−3 during the whole modulation period for the case
γ= 0. As noted earlier in section 3, all the results in section 5
and appendix B are obtained from the simulations of nitrogen
plasma under 6 pulses (based on the calculated residence time
of the feed gas in the jet chamber, see section 3). The simula-
tion results at γ= 0 do not yet reach the periodic steady state,
and therefore much larger intermediate vibrational level dens-
ities are expected for a longer residence time.

TheN2(0< v< 58) densities are overall enhancedwhereas
the N2(v= 0) density is reduced by a factor of around 1.3 due
to the variation of γ from 1 to 0. In the wake of this variation,
due to the changed plasma composition (e.g. the enhanced
VDF population) and the following complex chemical kinet-
ics, the simulated effective electron temperature is increased
around 0.2 eV in the plateau-power phase which facilitates a
higher contribution from the e-V kinetics to enhance the abso-
lute densities of the N2(0< v< 58) levels in this phase. Both
the reduced background gas density and the increased effect-
ive electron temperature imply that a more efficient vibra-
tional excitation is likely achieved by smaller N2(0< v< 58)
wall quenching probabilities (depending on the surface condi-
tions), since the applied power is the same for both γ= 1 and
γ= 0 in figure 8. Note that the ratios of the N2(v= 1,2,3,4)
densities to the gas density in the case of the reference value
γ = 3× 10−3 are validated in figure 4(b), whereas those in the
case of γ= 0 or 1 are problematic: i.e. the simulated ratios
either overestimate or underestimate the measurement data
around by a factor of 1− 4, and the temporal evolution profiles
of the simulations can not well capture those of the measure-
ments, see figure 9(a).
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Figure 8. Time-dependent evolution of N2 VDFs calculated with the wall reaction probability γ= 0, 3× 10−3(the reference value) and 1 of
N2(v)+wall→ N2(v− 1), see equation (6). The N2-N2 V-V, the N2-N2 V-T and the N2-N(4S) V-T kinetics are calculated with the SSH,
the ffSC and the ffQCT approaches, respectively (see section 4.4). The VDF evolution is presented during the power-on (50–250 ns) and the
power-off (250–1× 106 ns). The operating conditions are identical to those in figure 4.

It should be emphasized that the aforementioned enhanced
VDF population in the simulations due to a variation of γ from
1 to 0 is mainly achieved by that from 1× 10−2 to 1× 10−4.
The reference value γ = 3× 10−3 adopted from an experi-
mental work [74] (see notes in table A4) is located in the
range of 1× 10−2–1× 10−4. In other words, the simulated
VDF evolution profiles are sensitive to the adopted N2(0<
v< 58) wall quenching probabilities. It is confirmed that the
agreement between the simulated and measured ratios of the
N2(v= 1,2,3,4) densities to the gas density in figure 4(b) is
weakened, in case that the reference value γ = 3× 10−3 is
increased or decreased over a factor of 2 in the simulations,
see figure 9(b). More accurate N2(0< v< 58) wall quench-
ing probabilities are of importance for a more reliable VDF
prediction.

Additional simulations considering two alternative
assumptions of the N2(0< v< 58) wall quenching are con-
ducted in this work in order to further explore the sensitivity
of the simulated VDFs to the N2(0< v< 58) wall quenching.
The first assumption is that the constant wall reaction prob-
ability γ = 3× 10−3 of N2(v)+wall→ N2(v− 1) is replaced
by γ = 3× 10−3 v as a function of the vibrational level num-
ber v for a sensitivity analysis in the simulations. The same
electron density and ratios of the N2(v= 1,2,3,4) densit-
ies to the gas density are obtained between the simulation
results using γ = 3× 10−3 and γ = 3× 10−3 v (both agree-
ing well with the measurement data and simulation results
shown in figure 4). The N2(0< v< 58) densities in the sim-
ulation results considering γ = 3× 10−3 v are smaller than
those considering γ = 3× 10−3 (at the provided time points
in figure 8) by a factor of 1.0–3.9. The second assumption is

that N2(v)+wall→ N2(v− 1) is replaced by another form of
the wall quenching N2(v)+wall→ N2(v= 0) with the refer-
ence wall reaction probability γ = 3× 10−3 for a sensitivity
analysis in the simulations. Almost identical electron density
and ratios of the N2(v= 1,2,3,4) densities to the gas dens-
ity are obtained between the simulation results considering
the aforementioned two reaction forms (both agreeing well
with the measurement data and simulation results shown in
figure 4). The N2(0< v< 58) densities in the simulation res-
ults considering N2(v)+wall→ N2(v= 0) are smaller than
those considering N2(v)+wall→ N2(v− 1) (at the provided
time points in figure 8) by a factor of 1.0−5.3. It is worth
to note that comparable evolution of the whole VDF pro-
files is obtained between the simulation results considering
the above-mentioned two different wall reaction probability
values or two different reaction forms (not shown here).

6. Conclusion

A transient 0-D volume-averaged model is developed to
study a DC ns-pulsed plasma jet fed with N2 at near atmo-
spheric pressure. The model is coupled with a Boltzmann
solver (LoKI-B) under the two-term approximation for a self-
consistent description of the electron kinetics. In the case of the
DC pulses, the voltage drop is mainly applied to the powered
electrode of the two planar electrodes in the plasma jet. It was
recently reported that merely a part of the plasma volume (spe-
cifically, 80% volume of the N2 discharge) on the side of the
grounded electrode is a homogeneous region [25, 52, 53], and
around 35% of the total absorbed power is distributed into
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Figure 9. Time-resolved ratios of the nitrogen vibrational level densities nN2(v=1,2,3,4) to the gas density ngas measured by Kuhfeld et al [25]
(•), and calculated by the 0-D model considering N2(v)+wall→ N2(v− 1) with the wall reaction probability (a) γ= 0 ( ),
γ = 3× 10−3 ( , i.e. the reference value) and γ= 1 ( ) and with the wall reaction probability (b) γ = 1× 10−3 ( ), γ = 3× 10−3

( , i.e. the reference value) and γ = 7× 10−3 ( ), see equation (6). The N2-N2 V-V, the N2-N2 V-T and the N2-N(4S) V-T kinetics are
calculated with the SSH, the ffSC and the ffQCT approaches, respectively (see section 4.4). The evolution of the density ratios is presented
inside one pulse period. The operating conditions are identical to those in figure 4.

this region [25]. Since the measurements shown in this work
were conducted in this homogeneous region, the correspond-
ing absorbed power density value in this region is used in our
0-D model calculations in order to achieve a reasonable val-
idation between the experiments and simulations. Our simu-
lation results are compared well with the measurement data
[25, 29]: including the electron density and the ratios of the
N2(v= 1,2,3,4) densities to the gas density.

The ns-pulsed N2 plasma is investigated with a focus on the
influence of the V-V and V-T kinetics on the temporal evolu-
tion of the VDFs within one pulse modulation cycle. The N2-
N2 V-V rate coefficients are calculated from diverse theoret-
ical approaches: including the sfHO, the SSH and the FHO.
The V-V rate coefficients calculated from the sfHO are larger
than those calculated from the SSH and the FHO especially at
higher vibrational levels. It is observed that the time-dependent
VDFs (v< 5) are not affected by the aforementioned different
approaches. However, a strongly different evolution is presen-
ted by the VDFs (v⩾ 5) calculated with the sfHO in compar-
ison with the SSH and the FHO, e.g. larger high vibrational

level densities are obtained in the case of the sfHO implement-
ation due to its excessive up-pumping effect. It is shown that
similar evolution profiles are provided between the VDFs cal-
culated with the SSH and the FHO, attributed to the nearly
identical V-V rate coefficients calculated by both approaches.
The N2-N2 V-T rate coefficients are determined by the sfHO
and the ffSC, and significantly reduced VDFs (v⩾ 30) in the
afterglow are acquired by the simulation results using the ffSC
relative to using the sfHO. The N2-N(4S)V-T rate coefficients
are defined by the sfHO and the ffQCT, and a negligible dif-
ference of the VDF evolution is reported by the simulations
using both approaches (since the N(4S) density under the oper-
ating conditions in this study is at least three orders of mag-
nitude smaller than the N2(v= 0) density during the whole
pulse period). However, in the case of larger N(4S) density
under a different operating condition compared to this study,
the ffQCT N2-N(4S) V-T kinetics might play a role in shaping
the VDF profiles.

In accordance with the simulation results of the DC ns-
pulsed N2 plasma in this study, the V-V and V-T kinetics
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are recommended as follows. In the case of only consider-
ing N2(v< 5) in the chemical model, the simulation results
using the sfHO V-V and V-T kinetics as simple approaches
can already well describe the transient behaviour of the meas-
ured N2(v< 5) densities. In the case of considering N2(v⩾
5), the SSH and FHO N2-N2 V-V and ffSC N2-N2 V-T rate
coefficients are recommended, since they agree well with the
comprehensive and reliable data of the semi-classical calcu-
lations for v⩽ 40. Moreover, the ffQCT N2-N(4S) V-T kin-
etics are recommended in the simulations of the N2 plasma
with high dissociation degree due to their potential influence
on the high vibrational level densities. Note that the simulation
results using these V-V and V-T kinetics recommended in the
case of considering N2(v⩾ 5) also well capture the measured
N2(v< 5) densities. It should be emphasized that in principle
the accuracy of these V-V and V-T kinetics could be further
confirmed by the validation between the simulated and meas-
ured N2(v⩾ 5) densities, e.g. the accuracy of the ffSC N2-N2

V-T rate coefficients in terms of their significant influence on
the N2(v⩾ 30) densities. However, such a validation is cur-
rently not accessible due to the weaker signal in the measure-
ments of higher vibrational level densities. A further optimiza-
tion for the accurate measurement of the high vibrational level
densities is essential for the accurate prediction of the whole
VDF evolution profiles.

The sensitivity of the simulated VDF evolution to the vari-
ation of the total number of vibrational levels considered in
the simulations and to the variation of the wall reaction prob-
abilities considered in the chemical model is analysed. It is
found that the measurements are already captured by the sim-
ulations considering a limited set of vibrational levels: i.e.
N2(v< 7). It is indicated that the neutral wall reaction prob-
abilities of N2(v)+wall→ N2(v− 1) play a significant role in
the evolution of the VDFs. The simulated VDFs especially at

intermediate and high vibrational levels are overall enhanced
by reducing the wall quenching probabilities of N2(v< 58)
from the reference value 3× 10−3 to 0. Nevertheless, the
achieved agreement between the measured and simulated
ratios of the N2(v= 1,2,3,4) densities to the gas density is
destroyed by this reduction. Furthermore, the reference value
3× 10−3 is located in the range of 1× 10−2 to 1× 10−4 where
the simulated ratios and VDF evolution profiles are strongly
sensitive to the N2(v< 58) wall quenching probabilities. A
further analysis of these probabilities is of importance for a
more accurate prediction of the VDFs, e.g. a analysis for the
wall reaction probabilities of each vibrational level under the
specific operating conditions and the corresponding wall sur-
face status.
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Appendix

Appendix A. Chemical kinetics included in this work together with the updates and supplements
compared to those in our previous work [32]

Table A1. The updated nitrogen volume reactions considered in the N2 model compared to our previous work [32], see notes below the
table. The reaction number in this work corresponds to that in [32]. ‘N2’ in this table represents N2(v= 0). The rate coefficient units are
given in s−1, m3 s−1 and m6 s−1 for one-, two- and three-body reactions, respectively. Te is in eV and Tg in K, if not stated otherwise. The
rate coefficient for cases marked with f(ϵ) is taken from a look-up-table calculated via the referred cross-section self-consistently coupled to
the EEDF [58]. The reverse reaction rate coefficients of the electron-impact excitation labeled with a symbol ‘∗’ near the number are
calculated via the principle of detailed balancing [67].

#b-d Reaction Rate coefficient References

1
∗

e+N(4S)→ e+N(2D) f(ϵ) [72]
2 e+N(4S)→ 2e+N+ f(ϵ) [72]
3!” e+N(2D)→ 2e+N+ f(ϵ) [72]
4 e+N2 → e+N(4S)+N(4S) f(σ) [76]a

5 e+N2 → e+N(4S)+N(2D) f(σ) [76]a

6
∗

e+N2 → e+N2(A3Σ) f(ϵ) [72]
7
∗

e+N2 → e+N2(B3Π) f(ϵ) [72]
8 e+N2 → 2e+N+

2 f(ϵ) [72]
9! e+N2 → 2e+N+ +N(2D) 5.88× 10−16 T1.17

e exp(−22.36/Te) [93, 94]
10! e+N2 → 3e+N+ +N+ 9.95× 10−16 T0.56

e exp(−43.62/Te) [93, 94]
11! e+N2(A3Σ)→ 2e+N+

2 1.08× 10−14 T0.71
e exp(−12.04/Te) [93, 94]

12 e+N2(B3Π)→ 2e+N+
2 1.08× 10−14 T0.71

e exp(−12.04/Te) [93]
13!” 2e+N+ → e+N(4S) 1× 10−31 (300/Te[K])4.5 [95]
14! e+N+ +N2 → N(4S)+N2 6× 10−39 (300/Te[K])1.5 [95–97]
15! e+N+ +N(4S)→ N(4S)+N(4S) 6× 10−39 (300/Te[K])1.5 [96, 97]
17!” e+N+

2 → 2N(4S) 2.8× 10−13 (300/Te[K])0.5 [95]
18!” e+N+

2 → N(2D)+N(4S) 2× 10−13 (300/Te[K])0.5 [95]
20!” 2e+N+

2 → e+N2 1× 10−31 (300/Te[K])4.5 [95]
21! e+N+

3 → N(4S)+N2 2× 10−13 (300/Te[K])0.5 [96, 97]
22!” e+N+

4 → 2N2 2× 10−12 (300/Te[K])0.5 [95]
23!” 2e+N+

4 → e+ 2N2 1× 10−31 (300/Te[K])4.5 [95]
33! N+ +N(4S)+N(4S)→ N+

2 +N(4S) 3.3× 10−43 (300/Tg)
0.75 [96, 97]

35! N+ +N(4S)+N2 → N+
2 +N2 1× 10−41 [95–97]

36! N+ +N2 → N(4S)+N+
2 4.45× 10−16 [96, 97]

38!” N+
2 +N(4S)→ N2 +N+ 2.4× 10−21Tg [95]

39! N+
2 +N(4S)+N2 → N+

3 +N2 9× 10−42 exp(400/Tg) [95–97]
41! N+

2 +N(2D)→ N2 +N+ 1× 10−16 [98]
43! N+

2 + 2N2 → N+
4 +N2 5× 10−41 [95, 99]

44 N+
2 +N2(A3Σ)→ N+

3 +N(4S) 3× 10−16 [95]
45! N+

3 +N(4S)→ N+
2 +N2 6.6× 10−17 [95–97]

46! N+
3 +N2 → N+

2 +N(4S)+N2 6.6× 10−17 [96, 97]
47! N+

4 +N(4S)→ 2N2 +N+ 1× 10−17 [95]
48!” N+

4 +N2 → 2N2 +N+
2 2.1× 10−22 exp(Tg/121) [83](P.179)

54 N(4S)+N(4S)+N(4S)→ N(4S)+N2(A3Σ) 1× 10−44 [100]
55 N(4S)+N(4S)+N2 → N2 +N2 8.27× 10−46 exp(500/Tg) [95]
56 N(4S)+N(4S)+N2 → N2 +N2(A3Σ) 8.27× 10−46 exp(500/Tg) [95]
57! N(4S)+N(4S)+N2 → N2 +N2(B3Π) 8.27× 10−46 exp(500/Tg) [95, 101]
59!+ N(4S)+N2(A3Σ)→ N2 +N(2D) 4× 10−17 [97, 102]
62!” N2 +N(2D)→ N(4S)+N2 6× 10−21 [95]
63!” N2 +N2(A3Σ)→ N2 +N2 3.0× 10−24 [95, 103, 104]
64!” N2 +N2(B3Π)→ N2 +N2 1.5× 10−18 [105–107]

(Continued.)
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Table A1. (Continued.)

65!” N2 +N2(B3Π)→ N2(A3Σ)+N2 5× 10−17 [95]
67! 2N2(A3Σ)→ N2(B3Π)+N2 7.7× 10−17 [96, 97, 108]
70! N2(B3Π)→ N2(A3Σ) 2× 105 [96, 97, 109]
! Compared to our previous work [32], the ‘Ref’ is updated.
!” Compared to our previous work [32], the ‘Rate coefficient’ and the ‘Ref’ are updated. In particular, the update for those of reactions 17, 18
and 48 is important for a better description of the electron density decay rate during the power decay of the power-on phase depicted in
figure 4(a) and a better description of the ratio of N+

4 density to N+
2 density (not shown in this study).

!+ Compared to our previous work [32], the ‘Reaction’ and the ‘Ref’ are updated.
a The rate coefficient for cases marked with f(σ) is directly evaluated according to the calculated EEDF and the corresponding
electron-impact cross-section from ‘Ref’.
b The ‘Reaction’ containing helium species in [32] (i.e. reactions 16, 24-32, 34, 37, 40, 42, 49-53 and 58) are removed.
c The ‘Reaction’ in [32] (i.e. reactions 19, 60 and 61) are removed due to their negligible influence on the simulation results in this work.
d The ‘Reaction’ in [32] (i.e. reactions 66, 68, 69, 71 and 72) are removed due to an improved treatment of the chemical kinetics of
electronically excited nitrogen molecules.

Table A2. The updated nitrogen vibrational kinetics considered in the N2 model compared to our previous work [32], see notes below the
table. The reaction number in this work corresponds to that in [32]. The letters v and w represent the vibrationally excited levels of the
nitrogen molecule. The rate coefficient for cases marked with f(ϵ) is taken from a look-up-table calculated via the referred cross-section.
Only the cross-sections of the first six vibrational levels are used in the solution to the Boltzmann equation [58], while those of the higher
levels are directly evaluated to the rate coefficients according to the calculated EEDF and the corresponding electron-impact cross-section
from ‘Ref’. The reverse reaction rate coefficient of the electron-impact excitation labeled with a symbol ‘∗’ near the number is calculated
via the principle of detailed balancing [67]. The reverse reaction rate coefficients of the V-V and V-T mechanism labeled with a symbol ‘+’
near the number are calculated by equations (28) and (29), respectively.

#c Reaction Rate coefficient References

1
∗

e+N2(v⩾ 0)→ e+N2(v< w) f(ϵ) [75, 76]
2 e+N2(v> 0)→ e+N(4S)+N(4S) f(σ) [75, 76]a

3 e+N2(v= 1− 35)→ e+N(4S)+N(2D) f(σ) [76]a

4 e+N2(v= 1− 40)→ e+ e+N+
2 f(σ) [76]a

5+ N2(v)+N(4S)→ N2(w)+N(4S) , (v> w) see section 4.2 b

6+ N2(v)+N2(v= 0)→ N2(v− 1)+N2(v= 0) see section 4.2 b

8+ N2(v)+N2(w− 1)→ N2(v− 1)+N2(w) , (v⩽ w− 1) see section 4.1 b

a The rate coefficient for cases marked with f(σ) is directly evaluated in accordance with the calculated EEDF and the
corresponding electron-impact cross-section from ‘Ref’.
b Compared to our previous work [32], the ‘Reaction’, ‘Rate Coefficient’ and ‘Ref’ of the reactions 5, 6 and 8 are updated. Several
distinct methods among the literature are used to approximate the V-V and V-T rate coefficients, see sections 4.1 and 4.2,
respectively.
c The ‘Reaction’ containing helium species in [32] (i.e. reactions 7, 9, 10 and 11) are removed.
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Table A3. The additionally considered nitrogen volume reactions in the N2 model compared to our previous work [32]. ‘N2’ in this table
represents N2(v= 0). The rate coefficient units are given in s−1 and m3 s−1 for one- and two-body reactions, respectively. Tg is in K. The
rate coefficient for cases marked with f(ϵ) is taken from a look-up-table calculated via the referred cross-section self-consistently coupled to
the EEDF [58]. The reverse reaction rate coefficients of the electron-impact excitation labeled with a symbol ‘∗’ near the number are
calculated via the principle of detailed balancing [67]. For the ‘Reaction’ labeled with a symbol ‘∼’ near the number, the ‘Rate coefficient’
is estimated in the ‘Ref’.

# Reaction Rate Coefficient References

1
∗

e+N(4S)→ e+N(2P) f(ϵ) [72]
2
∗

e+N(2D)→ e+N(2P) f(ϵ) [72]
3 e+N(2P)→ e+ e+N+ f(ϵ) [72]
4 e+N2 → e+N2(W3∆) f(ϵ) [72]
5 e+N2 → e+N2(B ′3Σ) f(ϵ) [72]
6 e+N2 → e+N2(a ′1Σ) f(ϵ) [72]
7 e+N2 → e+N2(a1Π) f(ϵ) [72]
8 e+N2 → e+N2(w1∆) f(ϵ) [72]
9 e+N2 → e+N2(C3Π) f(ϵ) [72]
10 e+N2 → e+N2(E3Σ) f(ϵ) [72] a

11 e+N2 → e+N2(a ′ ′1Σ) f(ϵ) [72] a

12 e+N2 → e+N2(singlets∗) f(ϵ) [72] a

13 e+N2 → e+ e+N+
2 (B) f(ϵ) [72]

14 N+
2 (B)→ N+

2 1.61× 107 [110]
15 N+

2 (B)+N2 → N+
2 +N2 2.1× 10−16 [110]

16 N(2D)+N(2P)→ e+N+
2 1.92× 10−21 T0.98

g /(1− exp(−3129/Tg)) [73, 111]
17 N(2P)+N(2P)→ e+N+

2 3.2× 10−21 T0.98
g /(1− exp(−3129/Tg)) [73, 111]

18 N(2P)+N2(a ′1Σ)→ e+N+
3 1.0× 10−17 [73, 111]

19∼ N2(A3Σ)+N2(a ′1Σ)→ e+N+
4 3.2× 10−18 [73, 100] b

20∼ N2(a ′1Σ)+N2(a ′1Σ)→ e+N+
4 1.0× 10−17 [73, 112] b

21 N(2P)+N(4S)→ N(2D)+N(4S) 1.8× 10−18 [73, 95, 111]
22 N(2P)+N2 → N(2D)+N2 2.0× 10−24 [95]
23 N(2P)+N2 → N(4S)+N2 3.0× 10−23 [38, 113]
24 N2(A3Σ)+N(4S)→ N(2P)+N2 4.0× 10−17 [73, 102, 114]
25 N2(A3Σ)+N2(A3Σ)→ N2(C3Π)+N2 1.5× 10−16 [73, 115]
26 N2(B3Π)+N2 → N2(W3∆)+N2 7.0× 10−18 [73, 116]
27∼ N2(W3∆)+N2 → N2 +N2 3.0× 10−17 [73, 108, 117]
28 N2(W3∆)+N2 → N2(B3Π)+N2 1.2× 10−16 [73, 118]
29 N2(a ′1Σ)+N2 → N2(B3Π)+N2 1.9× 10−19 [73, 95, 119]
30∼ N2(a ′1Σ)+N2 → N2(a1Π)+N2 1.82× 10−17 exp(−1700/Tg) [73, 100]
31 N2(a1Π)→ N2(a ′1Σ) 1.91× 102 [73, 77, 120]
32 N2(a1Π)→ N2 1.8× 104 [73, 77, 121]
33 N2(a1Π)+N2 → N2(a ′1Σ)+N2 2× 10−17 [77, 121]
34∼ N2(w1∆)+N2 → N2 +N2 3.0× 10−17 [73, 108, 117]
35 N2(C3Π)→ N2(B3Π) 2.74× 107 [73, 77, 122]
36 N2(C3Π)+N2 → 2N2 0.09× 10−16 [110]
37 N2(a ′ ′1Σ)+N2 → N2 +N2 2.3× 10−16 [73, 123] a

a Only a limited number of the reaction channels of N2(E3Σ), N2(a ′ ′1Σ), N2(singlets∗) is available in the literature. The
calculated densities of these electronically excited states of nitrogen molecule are potentially unrealistic. However, the inclusion of
these states does not affect the present results, as discussed in appendix C, where the ‘Reaction’ containing these states
(i.e. reactions 10-12 and 37) are removed from the chemical set in an additional simulation for a sensitivity analysis.
b The rate coefficients of reactions 19 and 20 were estimated in [73, 100, 112]. These estimated values used in the reference
chemical set of appendix A are replaced with the rate coefficient values used in [77, 105], which gave the best agreement between
the measurement data and simulation results in [105], in an additional simulation presented and discussed in appendix C.
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Table A4. The neutral wall reactions included in the N2 model. The updates compared to our previous work [32] see notes below the table.
The reaction number in this work corresponds to that in [32]. ‘N2’ in this table represents N2(v= 0).

#d Reaction Probability(γ) References

3 N(2D)+wall→ N(4S) 0.93 [70]
4 N2(A3Σ)+wall→ N2 1 [70]
5 N2(B3Π)+wall→ N2 1 [70]
6 N(4S, 2D)+wall→ 1/2N2 10−6 [124]
11 N2(v)+wall→ N2(v− 1) 3× 10−3 [74]a

−−−−−−−−−−−−−−−
Reactions related to the
additionally considered species
in this work compared to [32]:
14 N(2P)+wall→ N(4S) 0.93 b
15 N2(W3∆)+wall→ N2 1 b
16 N2(B ′3Σ)+wall→ N2 1 b
17 N2(a ′1Σ)+wall→ N2 1 b
18 N2(a1Π)+wall→ N2 1 b
19 N2(w1∆)+wall→ N2 1 b
20 N2(C3Π)+wall→ N2 1 b
21 N2(E3Σ)+wall→ N2 1 b,c
22 N2(a ′ ′1Σ)+wall→ N2 1 b,c
23 N2(singlets∗)+wall→ N2 1 b,c
24 N(2P)+wall→ 1/2N2 10−6 b
a The wall reaction probability γ= 1 of N2(v)+wall → N2(v− 1) used in [32] (referring to a simulation
study [70]) is updated in this work with γ = 3× 10−3 (based on an experimental work [74] which gives a
range of 4× 10−4 to 3× 10−3 for the wall deactivation probabilities of N2(v= 1) under different surface
materials and operating conditions). γ = 3× 10−3, as the maximal value, is chosen for the deactivation
probabilities of N2(0 < v< 58).
b The neutral wall reaction probabilities of the additionally considered higher electronically excited states are
assumed to be identical to those of the lower ones.
c Only a limited number of the reaction channels of N2(E3Σ), N2(a ′ ′1Σ), N2(singlets∗) is available in the
literature. The calculated densities of these electronically excited states of nitrogen molecule are potentially
unrealistic. However, the inclusion of these states does not affect the present results, as discussed in
appendix C, where the ‘Reaction’ containing these states (i.e. reactions 21–23) are removed from the
chemical set in an additional simulation for a sensitivity analysis.
d The ‘Reaction’ containing helium or oxygen species in [32] (i.e. reactions 1–2, 7–10 and 12–13) are
removed.

Table A5. The stepwise dissociation mechanism in the N2 model by a vibrational quantum at the pseudo level v′ = 58. The reaction number
in this work corresponds to that in [32]. The letters v and w represent the vibrational quantum numbers. ‘N2’ in this table represents
N2(v= 0).

#b Reaction References

SD-1 e+N2(v⩾ 0)→ N2(v
′)+ e→ 2N(4S)+ e a

SD-2 N(4S)+N2(w)→ N(4S)+N2(v
′)→ 3N(4S) , v ′ −w= 1− 5 a

SD-3 N2 +N2(v
′ − 1)→ N2 +N2(v

′)→ N2 + 2N(4S) a

SD-5 N2(v
′ − 1)+N2(w> 0)→ N2(v

′)+N2(w− 1)→ 2N(4S)+N2(w− 1) a

a The rate coefficients of these reactions are identical to those of the corresponding reactions in table A2.
b The ‘Reaction’ containing helium species in [32] (i.e. reaction SD-4) is removed.

Table A6. The electron-impact elastic collisions in the model of N2. The reaction number in this work corresponds to that in [32]. ‘N2’ in
this table represents N2(v= 0).

#a Collision References

2! e+N(4S)→ e+N(4S) [72]
3! e+N2 → e+N2 [72]
! Compared to our previous work [32], the ‘Ref’ is updated.
a The ‘Reaction’ containing helium or oxygen species in [32] (i.e. reactions 1
and 4–9) are removed.
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Appendix B. Variation of power-on duration and
peak power value

The validation of the electron density and the ratios of the
N2(v= 1,2,3,4) densities to the gas density is conducted with
a variation of the power-on duration & peak power value.
The parameters used in this study are (a) 200 ns & 17 kW
see figure 4, (b) 250 ns & 17 kW and (c) 200 ns & 29 kW
see figures B1 and B2, respectively. For the sake of simpli-
city, the power set (a) 200 ns and 17 kW is considered in
all the simulation results in section 5, whereas the sets (b)
and (c) are merely used in appendix B. The outcomes of
figures B1 and B2 in appendix B are similar to those of figure 4
in section 5.1.

Appendix C. Additional simulations considering
two different chemical sets compared to those in
appendix A

Additional simulations considering two different chemical
sets compared to those in appendix A are conducted for a
sensitivity analysis. For the sake of simplicity, these addi-
tional simulation results considering the ‘ChemSet 1’ or the
‘ChemSet 2’ (explained below) are only compared to the ‘Sim.
(SSH)’ results presented in figure 4(using the reference chem-
ical set in appendix A).

The first chemical set ‘ChemSet 1’ is that the electronic-
ally excited states of nitrogen molecule N2(E3Σ), N2(a ′ ′1Σ),
N2(singlets∗) are removed from the reference chemical set
in appendix A due to the limited number of their reac-
tion channels available in the literature and the possibility
of N2(singlets∗) accounting for some pre-dissociative states,
which result in potentially unrealistic species density cal-
culations. Specifically, reactions 10–12 and 37 in table A3
and reactions 21–23 in table A4 are excluded in the particle

balance equation (see equation (2)), and only the electron
energy loss of reactions 10–12 in table A3 is considered in the
electron energy balance equation (see equation (7)). The same
electron density and ratios of the N2(v= 1,2,3,4) densities
to the gas density are obtained between the simulation results
using the reference chemical set in appendix A and using the
‘ChemSet 1’ in appendix C, see figure C1. The sameN2(v= 0)
density within one pulse period is acquired between these two
cases (not shown here). The simulation results investigated in
this work are not sensitive to the reaction channels of N2(E3Σ),
N2(a ′ ′1Σ), N2(singlets∗) considered in the reference chemical
set in appendix A.

The second chemical set ‘ChemSet 2’ is that the rate coef-
ficients of reactions 19 and 20 in table A3 from the reference
chemical set in appendix A are replaced with the rate coeffi-
cient values used in [77, 105], which gave the best agreement
between the measurement data and simulation results in [105].
Specifically, the estimated value 3.2× 10−18 m3 s−1 [73, 100]
of reaction 19: N2(A3Σ)+N2(a ′1Σ)→ e+N+

4 is replaced
with the experimentally-defined value 1.0× 10−17 m3 s−1

[77, 105], and the estimated value 1.0× 10−17 m3 s−1

[73, 112] of reaction 20: N2(a ′1Σ)+N2(a ′1Σ)→ e+N+
4 is

replaced with the experimentally-defined value 5.0× 10−17

m3 s−1 [77, 105]. The same ratios of the N2(v= 1,2,3,4)
densities to the gas density are obtained between the simula-
tion results using the reference chemical set in appendix A and
using the ‘ChemSet 2’ in appendix C, see figure C2. However,
it is predicted that the electron density in the early afterglow
calculated with the reference chemical set is a little bit smal-
ler than that calculated with the ‘ChemSet 2’, e.g. the former is
smaller than the latter around by a factor of 1.28 at 400 ns. This
is ascribed to the following two points: (i) reactions 19 and 20
in table A3 play a role in the electron production during the
early afterglow, and (ii) the rate coefficients of reactions 19
and 20 from the reference chemical set are smaller than those
from the ‘ChemSet 2’.
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Figure B1. As in figure 4, but for 250 ns power-on duration.

Figure B2. As in figure 4, but for 29 kW peak power value.
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Figure C1. As in figure 4, but the N2-N2 V-V rate coefficient scaling law is only calculated with the SSH approach. The electron density
and the density ratios are calculated by the 0-D model using the reference chemical set provided in appendix A ( ) and using the
chemical set ‘ChemSet 1’ explained in appendix C ( ).

Figure C2. As in figure 4, but the N2-N2 V-V rate coefficient scaling law is only calculated with the SSH approach. The electron density
and the density ratios are calculated by the 0-D model using the reference chemical set provided in appendix A ( ) and using the
chemical set ‘ChemSet 2’ explained in appendix C ( ).
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