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Abstract

Nanosecond discharges are characterized by a shift in energy branching toward the excitation of
electronic levels and dissociation, making them particularly attractive for plasma chemistry.
Understanding the spatio-temporal structure of these discharges is especially important. This
paper presents a detailed 2D-axisymmetric numerical analysis of a nanosecond discharge
propagating in a long tube and in pure nitrogen. The modeling is conducted using a
self-consistent plasma fluid solver under the local mean energy approximation, including
photoionization. The discharge develops at moderate pressures, 1-10 Torr, in the form of a fast
ionization wave (FIW). Simulations are performed for both negative and positive polarities of
the voltage pulse applied to the high-voltage electrode. The computational results are validated
against available experimental data, including FIW velocity within the studied pressure range,
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electron density, longitudinal electric field, and the radial distribution of N,(C311,) emission on

a nanosecond timescale.

Keywords: nanosecond discharge, fast ionization wave, plasma modeling,
self-consistent simulation, low-temperature plasma, pulsed discharge

1. Introduction

Nanosecond discharges have gained popularity in recent dec-
ades, due to their unique properties related to plasma chem-
istry: the energy branching in these discharges is shifted
toward excitation of electronically excited species and disso-
ciation by electron impact. The availability of commercially
produced nanosecond high-voltage (HV) generators (HVGs),
the development of pulse measurement techniques, ‘ordinar-
iness’ of pico- and femtosecond laser measurements [1, 2]
have rendered nanosecond plasma no longer exotic, which
is currently studied for a wide variety of applications, such
as plasma-assisted combustion and detonation [3-5], plasma-
assisted aerodynamics [6, 7], plasma medicine [8], nitrogen
fixation [9] and many more. These applications require an
understanding of the spatio-temporal structure of discharge
development, often in chemically active mixtures (e.g. in the
case of combustion or detonation). Such an understanding
can be achieved through plasma modeling, validated against
a broad set of experimental data.

The nanosecond discharge in long tubes was first reported
in 1893 by Thomson [10]. He investigated the propagation of
aluminous front in a 15 m glass tube between two vessels with
mercury, which were the electrodes and the constructive parts
of a mercury pump. The voltage at the HV electrode was a
pulse with a calculated decay of about a hundred nanoseconds.
Measured using a rotating mirror, the propagation speed of the
luminescence front was estimated to be ‘approximately half
the speed of light’.

Since then, interest in nanosecond discharges has been
renewed every 20-30 years, in correlation with the develop-
ment of experimental techniques and theoretical approaches.
Works on nanosecond discharges of the XX century are
reviewed in [11]. Therein, the authors suggest the term ‘fast
ionization wave’ (FIW) for nanosecond discharges developing
in long tubes (the length of the tube is much bigger than the
diameter of the tube) and propagating with a velocity of a few
centimeters per nanosecond. The review includes description
of dynamics of the propagation of the FIWs generated by HV
pulses from a few kilovolts to a few hundreds of kilovolts and
duration of a few tens of nanoseconds. Velocities of the FIW
propagation in different gases, from nitrogen, air and helium
to quite exotic like SFg, CCly or acetone vapors are presented.
Non-local effects in the FIWs front, influence of high-energy
electrons on the formation and motion of FIWs are discussed.
Theoretical models of FIWs at that time mainly described one-
dimensional distribution of the electric field and of current in
plasma, special attention being attributed to the run-away elec-
trons in the front of nanosecond discharges at low and moder-
ate pressures.

In the period 1994-2008, a series of papers on the FIWs
was published (see for example, [12—18]), a part of them being
summarized in [19, 20]. The papers were devoted to experi-
mental study of the FIWs in so-called kinetic approach when
the main interest of study is how to link electrical parameters
measured in plasma (the electric field, the electric current, the
deposited energy) to the energy branching in the discharge and
the efficiency of plasma-chemical processes. The FIWs were
triggered in long tubes by pulses of units-tens of kV at mod-
erate pressures, 0.1-100 Torr.

In particular, it was shown that the peak of high reduced
fields [17] in the front of the FIW, up to several kTd (1Td
=10~ V.cm?), does not exceed two to three nanoseconds
in duration. Then the field decreases sharply to hundreds of
Td, optimal for excitation of electronically excited levels of
atoms and molecules [13, 17]. In the pressure range from
units of Torrs to tens of Torr, optimal for the development
of fast ionization waves, the peak value of the electric field
E increases less than twofold; the reduced electric field E/N
decreases almost by an order of magnitude. It was shown, by
means of numerical calculations, that at the FIW front, the
electron energy distribution function, EEDF, is close to the dis-
tribution formed at relaxation of the electron beam in the gas
media with predominance of high energy electrons respons-
ible for the homogeneous organization of the gas [19]. At the
same time, the main production of electrons and major energy
deposition occur behind the front of the FIW, 5-10ns after the
peak. In nitrogen environments, controlling the nanosecond
pulse width has been proven to be very important for enhan-
cing the efficiency of nitrogen vibrational excitation [9], which
underlines the importance of the pulse shape on the obtained
plasma chemistry.

The progress in numerical modeling during the two last
decades opened possibilities for more detailed description of
nanosecond discharges. Topical review [21] considers sub-
nanosecond breakdown in atmospheric pressure gases. The
authors of the review claim that, even if numerical simulation
of fast pulsed discharges does not reproduce all the complex-
ity of the physical processes involved in the discharge devel-
opment (i) it provides a much wider set of discharge character-
istics comparing to experimental measurements; (ii) it allows
easier than in experiment, sensitivity analysis revealing the
main factors responsible for the observed phenomena. Finally,
it is a synergy of experimental measurements and numerical
modeling which provides better understanding of the physical
event under study.

As described in the review [11], the first theoretical/nu-
merical investigations of FIWs date back to the late 1970s
and early 1980s Soviet era. These studies were based on
one-dimensional fluid (hydrodynamic) or long-wavelength
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approximations and self-similar solutions were obtained for
the FIW propagation, which inherently assumes constant prop-
erties in the plasma front. In the same review paper, a more
general one-dimensional approach based on the telegraph and
total current equations is also described which has been used
to describe and comprehend several features of the FIW devel-
opment. Since then, and besides some very interesting theoret-
ical/analytical studies on the solutions of streamer-like planar
fronts [22] and FIW propagation in long shielded tubes [23],
several one-dimensional models (both kinetic and fluid based)
have been used to describe FIWs. Acknowledging the large
computational cost of a kinetic description of plasmas based
on particles [24, 25] (either using a Monte—Carlo—Collision
or Particle In Cell method), which require the solution of
the Boltzmann equation to describe the behavior of single
particle species, and its dramatic increase in 2D systems des-
pite recent advancements [26], most of FIW numerical stud-
ies incorporate the fluid (macroscopic) approximation, where
macroscopic quantities such as density, mean velocity and
mean energy are used to describe the particle species behavior
and which correspond to velocity moments of the Boltzmann
equation (and relevant closure approximations). The corres-
ponding computational cost is largely reduced compared to
kinetic approaches, while the solution of the system of fluid
equations (momentum, continuity, energy) can leverage effi-
cient algorithms and discretization schemes on Cartesian or
unstructured meshes, from the very active computational fluid
dynamics (CFD) community. Further assumptions lead to
more simplified (and thus computationally efficient) models:
neglecting inertia terms in the momentum equation (focusing
on non-magnetized plasma), assuming isothermal conditions
and collisionality, we derive the drift-diffusion model (see
section 3 for details), where each species evolution is governed
by a single continuity equation in a convection—diffusion-
reaction form self-consistently coupled with the electric field
through the Poisson equation. Transport and reaction rates
depend non-linearly on the reduced electric field under the
local field approximation (LFA—I1st order moment model)
or the mean electron energy under the local mean energy
approximation (LMEA—2nd order moment model). Under
the LMEA, non-local effects owed to a considerable variation
of the electric field over the electron energy relaxation length
are accounted for and the model requires the inclusion of an
equation for the electron mean energy.

One of the first two-dimensional numerical studies of reg-
ular ionization waves in long tubes was performed by Brok
et al [27] in 2003. The authors studied the development of
anode directed, DC-excited ionization waves sustained by
thermionic emission in moderate pressure (few Torr) Argon
and demonstrated the capabilities of fluid modeling to qual-
itatively capture the breakdown and propagation mechanism,
while emphasized the importance of dielectric surface char-
ging. The influence of surface charges and memory effects in
such rather slow ionization waves have recently been invest-
igated [28] both experimentally and numerically. FIWs have
been studied self-consistently in dry air and nitrogen [29,
30] but also in Helium [31] and in millimeter and capillary

tubes in low pressure N, discharges [32-35], and very recently
in short gaps in air and CO, [36]. Effects of field emission
and relative influence of runaway electrons have been stud-
ied with 1D PIC simulations for atmospheric pressure nitro-
gen [37, 38]. Although this list of numerical works related
to FIWs is not exhaustive, it showcases that in the current
state of numerical models and high performance computing
infrastructure, fluid modeling is the typical method for two-
dimensional simulations of FIWs. Nevertheless, the compu-
tational cost of fluid models is strongly linked on the highly
discrepant nature of spatial and temporal timescales of FIWs
as well as the dimensions of the simulated discharge region.
Accurate, robust and efficient time integration schemes are
necessary to account for the extremely different temporal
timescales related to electrons and ions drift, assuring that
stability (majorly linked to timestep constraints linked to the
dielectric relaxation time) is guaranteed. In addition, the devel-
opment of FIWs in long tubes (several tens of centimeter long
as the ones studied in this work), require appropriate meshing
in the whole interelectrode gap which renders such 2D sim-
ulations extremely time demanding and only possible when
parallel computing techniques are efficiently implemented.
The influence of photoionization in gases that are known to
efficiently produce photons that can ionize neutral molecules
(such as oxygen-nitrogen mixtures) adds up to the numerical
challenges.

In this work, we present a detailed 2D axisymmetric self-
consistent numerical study of nanosecond moderate pressure
discharge in nitrogen propagating in a long tube as a FIW. The
main goal of this paper is the comparison of self-consistent
numerical simulations with the experimental results on FIW
propagation obtained within the research group of one of the
co-authors and reviewed in [19]. We have deliberately chosen
the results which never were a subject of detailed numerical
analysis. In particular, the dependence of the FIW velocity
and the change in the radial structure of the FIW with pressure
depending on the discharge polarity have never been the sub-
ject of detailed numerical modeling. Thus, the numerical res-
ults are compared with experimental measurements of the FIW
propagation velocity, the reduced electric field, the electron
density and the N »(C311,) number density distribution for neg-
ative and positive polarities of the applied high voltage pulse.
Emphasis is given on both the temporal and spatial develop-
ment of the discharge, aiming to reveal and understand the
particularities of each pulse polarity at different gas pressure
inside the 1-10 torr range.

The article is structured as follows: in section 2, we provide
a brief overview of the experimental setup and findings. In
section 3, we present the physical and numerical models used
in this study. In section 4, we present the computational case
and numerical parameters. In section 5 we present numerical
results on electric current, FIW velocity, spatiotemporal distri-
bution of plasma parameters and produced species, comparing
them with experimental findings and discussing the results. In
section 6, we elaborate on and discuss main assumptions used
in the model. Last, in section 7, we present the conclusions and
propose future directions.
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Figure 1. Typical scheme of the experimental setup with the main experimental equipment. The general scheme of the experimental setup
with the main experimental equipment. TG is triggering generator, HVG is high voltage generator, OSC is oscilloscope, BCS1 and BCS2
are back current shunts, CP is capacitive probe, DT is discharge tube, PMT is photomultiplier tube, ICCD is intensified charge-coupled
device (camera), SP is spectrometer, PC is personal computer. Reproduced from [39]. © IOP Publishing Ltd. All rights reserved.

2. A brief information about experimental methods
and observed results

A typical experimental scheme is presented in figure 1. In the
considered experiments, the HVG is always connected to the
discharge tube (DT) by a long HV coaxial cable. For the most
of experiments with FIWs at moderate (1-50 Torr) pressures,
glass or quartz DTs of different lengths (20-60 cm) and dia-
meters (1-5 cm) are used. Under these conditions, the applic-
ation of a voltage pulse of 10-50kV amplitude, a few nano-
second rise time and a few tens of nanoseconds FWHM to the
HYV electrode, initiates an ionization wave which starts always
from the high voltage electrode and propagates along the tube.
Typically, experiments incorporate a grounded screen linked to
the shielding of the HV cable. However, even in the absence
of the screen, the ionization wave can propagate as the cur-
rent closes over the surrounding space. The end load of the
DT can be different, often set to zero or infinity; or the low
voltage electrode and the grounded screen can be connected to
another coaxial cable. Typically, the nanosecond discharge is
highly repetitive, and it is possible to accumulate any signal at
low frequencies (5-30 Hz) having a subnanosecond synchron-
ization of the discharge and diagnostics.

Spatial structure of the propagating FIW is studied by sub-
nanosecond ICCD imaging (0.5-2 ns typical ICCD gates). To
control the voltage pulse arriving the high voltage electrode, to
measure the current through plasma and the deposited energy,
calibrated custom made back current shunts (BCSs) are used.
They are soldered in the grounded shielding of the high voltage
cable between the HVG and the discharge cell so that the incid-
ent and reflected from the electrical mismatched load pulses
are separated in time. We note here that the voltage on the HV

electrode at the moment of the discharge start is doubled com-
paring to the voltage in the cable as a result of the constructive
interference between the incident pulse and the pulse reflected
from the DT due to mismatch of the electrical load: 10kV in
the middle of the long cable provides 20kV at the HV elec-
trode. A description of the BCS technique in application to
nanosecond discharges can be found in [40].

The velocity of the FIW and the longitudinal electric field
are measured with the help of calibrated custom made capa-
citive probes (CPs). The electron density is calculated know-
ing the current, the field and the drift velocity. Time-resolved
behavior of electronically excited species is studied using
optical emission spectroscopy with the help of a spectrometer
linked to the ICCD camera or to the photomultiplier tube
(PMT). All electrical signals are measured by nanosecond
oscilloscopes.

A general picture of the development of the nanosecond
discharge under mentioned conditions can be summarized as
follows: for both negative and positive polarities of the high—
voltage pulse, the discharge starts from the high—voltage elec-
trode and propagates with a velocity of a few centimeters per
nanosecond [11, 13]. There is a well-defined maximum of the
FIW velocity upon pressure. For example, for the voltage amp-
litude about 10kV in the cable and the tube diameter of a few
centimeters, the maximum velocity is observed around 4 Torr.
The position of the maximum shifts to higher pressures as the
voltage amplitude increases.

The reduced electric field in the front of the FIW is high,
a few kTd [17]. The duration of this high peak is a few nano-
seconds which corresponds, for a given velocity of propaga-
tion, to centimeters or even tens of centimeters in length.
After the high peak of the electric field, the fields optimal for
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Figure 2. Development of the fast ionization wave in air for different pressures and polarities of the high-voltage pulse. The diameter of the
quartz tube is 17.5 mm; the tube length is 50 cm. ICCD gate is 1 ns; spectral sensitivity is 300—800 nm (see text). Conical high-voltage
electrode is on the left-hand side. © [2008] IEEE. Reprinted, with permission, from [15].

excitation of electronic levels of molecules and dissociation,
a few hundreds of Td, are usually installed. These fields keep
constant or only slightly decreasing up to the end of the high
voltage pulse. The first high peak of the electric field during
the FIW propagation is responsible for the main initial ion-
ization of the gas, resulting in diffuse plasma. In the constant
field after the discharge front the electron density can continue
to increase, albeit at a significantly reduced rate.

At the dimensions of DTs and the parameters of the HV
pulses mentioned above, the specific energy deposited in gas
(SED) is typically small, on the order of 1074-1073 eV/-
molecule. Typical electron densities are n, ~ 10'2-10'3 cm 3,
providing the ionization degree around 107°-10~%. This
means that the recombination time, 1-10 microseconds, is
much longer than the duration of the discharge, and the elec-
tron density stays constant in time in the discharge and near
afterglow [17].

Although the negative and positive polarity FIWs are sim-
ilar in physical parameters, they differ essentially in their spa-
tial structure. This was observed for air and for nitrogen. An
example of non-filtered ICCD imaging for air is provided by
figure 2 [15]. The spectral sensitivity of the PicoStar HR12 (La
Vision) ICCD camera and lens was 300-800 nm. In air, the
emission over this spectral region is mainly due to the second
positive system of molecular nitrogen, N»(C31I1,) — Na(B311,)
transition [18]. The life time of N,(C>IL,) in air at 1-10 Torr
is long, 40 — 20 ns [18], still the pattern of discharge is clearly
seen. The images present raw experimental data, without the
inverse Abel transform. At negative polarity, the emission is
stronger near the walls, while at positive polarity, the main
emission, especially at low pressures, comes from the near—
axis region.

In nitrogen, FIWs have a similar space structure, often
with more pronounced difference between the axis and the

near-wall region. This can be seen from ICCD images
in rectangular cross-section double-pulse setup [29] or
from N,(CII,) radial profiles in nanosecond capillary dis-
charge [39].

The observed difference in the spatial patterns of the FIW
for each polarity is not well understood until now. Thus, in the
following sections we leverage high-fidelity numerical model-
ing to explain this difference and explain features of the FIW
for both polarities at different gas pressure.

3. Numerical modeling

We employ a fluid (continuum) description of the plasma
which is the core of the physical model used in the com-
putational software COPAIER [41, 42]—a multi-species
and multi-temperature plasma fluid solver allowing for
self-consistent description of the plasma spatial and temporal
evolution (the main author is a co-developer of the solver).
Each of the species, s, considered in the pre-defined plasma-
gas chemistry is governed by a continuity equation :

ongy, = =
'Fs:Sw 1
ot TV M

where S; is the net rate of production of species s due to chem-
ical reactions and it reads:

Ss = ch,rRr + Sph7 (2)

where ¢, is the net number of particles of species s created or
lost in one reaction of type r (so it can be positive or negative).
Note that Sy, is the photo-ionization source term based on the
three-group Helmholtz approximation model [43] (see below).
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The species number flux r'= ngvy is given by the
momentum balance equation which is approximated by the
drift-diffusion equation :

ﬂ = sgn (Qs) nsMsE - ﬁ (nst) - nsﬁv 3

where ¢; is the species s charge, i, and Dy are the species s
mobility and diffusion coefficient respectively, u is the mean
mass fluid convection velocity (assumed zero in this study).
The electric field is defined as E = —V®, with & being the
electrostatic potential defined by the Poisson’s equation

quns, “)

V- (VD) =

where € is the dielectric permittivity and p is the charge density.

In equation (3) the diffusion coefficient is related to the
mobility term by Einstein’s relation, Dy = ukgT/q. For elec-
trons and the mean electron energy (see below), transport
(mobility p) and reaction rate coefficients (k) are tabulated
with an electric energy dependence under the LMEA. Under
the LMEA, transport and rate coefficients depend on the
mean electron energy instead of the electric field (LFA) - see
section 3.1. for more details on the reaction rates.

To justify our choice of the LMEA over the LFA, we calcu-
late the electron energy relaxation length which can be approx-
imated using [44]:

Xe = VDT, (5)

where To 1= 2’"e v +v*, m, is the neutral specnes mass, v is

the elastic colhs10n frequency and v* is the inelastic collision
frequency. In our conditions, we estimate ). in the 5-10 mm
range. The discharge gap, L, is 60 cm and most importantly,
the FIW front (as we will see below) presents strong gradi-
ents of the electric field in length scales that are millimetric,
which indicates that non-local effects are important and the
validity [45] of the LFA and local field equilibrium is violated.

The mean electron temperature can be obtained by the elec-
tron energy conservation given as:

one = =
Te=8, 6
or +V (6)

where n. = nee is the electron energy density and e is the elec-
tron mean energy which by assuming that is a results mainly
from random motion relates to the electron mean temperature
by kT, =2/3e.

The electron energy flux reads :

- 5 5 .
FEZ §€Fe+q- (7)

The heat flux, ¢ is assumed proportional to the gradient of
the electron mean energy :

5
§=—3nDcVe. 8)

The source term, S, includes heating by the electric field
(electron Joule heating) and energy losses in inelastic and
elastic collisions as:

NI’CE]C[ 3 2m
S.=—ele-E— ZAEiVi kbne <

(Te —Tg)vm. (9)
i=1 Mg

The first term in the right hand side corresponds to the elec-
tron Joule heating term. The second term is the sum for each
electron impact reaction, i, of the inelastic electron energy loss,
where AE; is the energy threshold (thermal energy loss) in
reaction i and r; is the rate of progress. The summation is per-
formed over the total number of gas-phase reactions, Nyeacr. The
last term, corresponds to the energy loss due to elastic colli-
sions which can also be approximated with an effective rate
coefficient and integrated directly to the inelastic energy loss
term. In this last term, v/, is the electron momentum-transfer
frequency, T, is the gas density, m, is the heavy species
particle mass, m, is the electron particle mass.

The density of the dominant background species (here N;)
is given by the ideal gas law :

p= Z ngkpTy.

Surface charge accumulation on dielectric surfaces is taken
into account by assuming that particles stick to the dielectric
surface and no diffusion occurs. Thus the surface charge is

given by:
o= / j- e,
where the plasma current density reads :
i=> aT
s

Lastly, we include a photoionization model involving the
solution of three Helmholtz type equations [43] in the form:

(10)

Y

12)

V2o, — (Ap)* = —Aip*Lion (13)

for j = 1,3, where Sy is the photoionization source term
in m?/s for equations j = 1,3, the gas mixture pressure is
denoted as p and Iy, is the ionization rate. The total photoion-
ization source term is then simply given by:

3
Son = Zsph,.
j=l1

The six coefficients, \; and A; are exponentially fitting para-
meters for the photon propagator function which is given as:

3
— )Y e
j=1

The function ®y—— oor) has been calculated for pure nitro-
gen in low pressure using the PHOTOPiC software [46, 47].
The fitting coefficients have been calculated by minimizing an

(14)

5)
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Table 1. Fitting coefficients for the photoionization three-group
Helmholtz model.

j Aj A

1 4.6657 x 1072 0.51102
2 3.8146 x 10~* 0.951

3 7.4994 x 10~* 4.2468

A in cm™2Torr—2
Ajincm ™! Torr !

ordinary least square cost function and are presented in table 1.
Although photoionization occurs more efficiently when small
amounts of oxygen are present in the gas as UV photons
mainly produced from radiative decay of nitrogen excited spe-
cies ionize oxygen molecules, the mechanism is present in
pure nitrogen [48] also (although poorly understood and stud-
ied), and our numerical results showed that its inclusion is
important for a correct representation of the FIW propagation
speed, especially when a low initial electron density is used. A
more elaborated discussion on photoionization effects is given
in section 6.

A detailed description of several numerical schemes avail-
able in the COPAIER solver can be found in [41, 42, 49]. Here
we summarize the main features used in this specific study.
A finite volume approach is used to solve the drift-diffusion
equations. The Scharfetter-Gummel flux scheme [50] is used
here to discretize the convection—diffusion operator of species
continuity equations. Temporal integration for the species sys-
tem of continuity equations is performed via an implicit time-
marching algorithm based on the Gauss—Seidel technique [51].

In equations (6) and (9), the evaluation of the energy loss
source term explicitly can lead to non-physical oscillations
that can damage the stability of the whole system. In order
to circumvent this issue, an implicit treatment of the joule
heating source terms has been adopted based on [52]. The
energy loss source term is treated fully implicitly as well as all
electron-impact reaction source terms involving neutral spe-
cies as reactants. The finite element method has been used
to solve the Poisson and Helmholtz equations, with a P1-
finite element formulation. A semi-implicit formulation for
the Poisson equation, similar to the one proposed in [53] has
been implemented, allowing to circumvent the dielectric relax-
ation timestep constraints. The numerical solver is parallelized
based on the MPI paradigm and a non-overlapping domain
decomposition method.

3.1. Plasma chemistry model

We choose to use a reduced N,-plasma chemistry, where nine
(9) modeled species are included, consisting of electrons, pos-
itive N;r and NI ions, neutral N, molecules as well as the
following excited states: No(A3Y}), NZ(B3Hg), N»(C311,),
N,(a’'y,). Sixteen (16) chemical reactions (in addition to
photoionization) are taken into account which are listed in
table 2. Transport coefficients for electron and electron mean
energy equations as well as the reaction rates for R1-R6
have been calculated using the two-term Boltzmann solver,
BOLSIG+ [54] including electron-electron, electron-ion and

superelastic collisions and under the exponential growth (PT)
model. These transport and rate coefficients have been tabu-
lated with a dependency on the mean electron energy (f(¢)).
We assume a gas composition of 100% N,. The ionization
degree is assumed 107, the electron density 10'® m—3 and the
gas temperature 300 K. Cross-sections for N, used as inputs in
BOLSIG+ have been taken from the Phelps database [55] and
includes 26 electron-neutral scattering cross sections describ-
ing dissociative attachment, effective momentum transfer, ion-
ization, rotational, electronic and vibrational excitation. The
direct electron-impact ionization (15.6 eV) cross section data-
set has been extended to high electron energies based on [56,
57]. To include associated electron impact energy losses, all
excited (rotationally, vibrationally in different levels and elec-
tronically) species which are not tracked have been lumped to a
single species, denoted as N, (lump) which is also not tracked
(assumed as Nj). The rate coefficient for R15 is then calcu-
lated as follows: we equate the sum of contributions of all these
untracked reactions to the inelastic power loss term, with the
loss of the fictitious lumped reaction (R15). Assuming that the
energy threshlold for R15 is 1 eV, we get the following for-
mula for the rate coefficient:

n

klump = Z (AElkl) )

i=1

(16)

where AE; and k; are the energy threshold and rate coefficient
for reaction i, and n are the total number of excitation reac-
tions (not tracked). N atoms are not tracked (assumed as 0.5 N,
in R8) as well as vibrationally excited N, states (assumed in
ground state of Nj). This reduced chemistry set is of course
rather simplified but provides a good balance between accur-
acy and required computational time, allowing us to capture
the main features of the FIW dynamics, while stabilizing the
numerical algorithm under the LEA scheme, by incorporating
the main electron energy loss mechanisms (see section 6 for
further elaboration).

Reduced ion mobilities for N;r and N4+ (in N») have been
taken from LxCAT swarm data (Phelps and Viehland data-
bases [55, 58]). Constant (reduced) diffusion coefficient of
1.98 x 107> m?s~! was assumed for all neutral species. We
neglect gas flow dynamics as their timescales are much larger
than the simulation time-scales. The gas temperature (75) is
assumed constant at 300 K. This is a good approximation on
the nanosecond FIW propagation timescales, as (i) we mainly
consider the FIW front propagation, at this time scale the
heating can be neglected; (ii) the specific energy delivered to
plasma is low.

Electrons and positive N;r and NZr ions are initialized with
a number density of 2 x 10'* m~3 and 10'* m~3 respectively,
rest of neutral excited species with a low density of 10°> m~3
while N, species initial density is calculated by equation (10)
depending on the gas pressure. The initial electron (and ion)
density was chosen so that it allows for the initiation of the dis-
charge and for approaching the FIW dynamics (mainly FIW
speed) observed in the experiments. In section 6, we elabor-
ate on this choice and try to justify the source of such seed
electrons before (or right after) the initiation of the discharge.
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Table 2. Chemical reaction model used in the simulations.

Reaction Rate coefficient Comment—Source
Rl:e+ N, — NJ + 2 f(e) AE; = 15.6 eV, [55]*
R2:e + N, — N + 2e f(e) AFE; = 18.8eV
N (B*X;) excitation, [55]*
R3:e +No— Np(A) +e f(e) v0-4, [55]*
Rd:e + Ny - Nao(B) + e f(e) [55]*
R5:e + Ny = N (C) + ¢ f(e) [55]*
R6:e + Ny — Ny(a') + ¢ f(e) [55]*
R7:e + N — Ny + N, 2 % 107%(300/T,)%3 [591°

R8: e + N — N + N(2D)

2 % 1077(300/T¢)%3

N atoms not tracked
(assumed 0.5 N»), [59]*

R9: N»(C) — Na(B) + hv 2.45 % 10 [601¢

R10: N2(C) + N — Na(a’) + Na(v) 1x 10! Vib. state not tracked
(assumed N») , [59]°

R11: N2(B) + N2 — N2(A) + Na(v) 1x 1071 Vib. state not tracked
(assumed N»), [591°

R12: Na(a’) + Nz — Na(v) + Na(v) 2x 1071 Vib. state not tracked
(assumed N»), [59]b

R13: Na(A) + Na(A) = Ny(C) + Na(v) 1.6 x 10710 Vib. state not tracked
(assumed N»y), [59]b

R14: N2(A) + Na(A) — Nao(B) + Na(v) 7.7 x 1071 Vib. state not tracked
(assumed Ny), [59]°

R15:e+N; =+ Ny +e f(E) Lumped state—see text,
[551*

R16: NS +2N; = N + N, 5x107% [591°

? From Bolsig+. e in eV.

b Units of cm?®s—!. T, in K.

¢ Units of cm®s—!.

4 Units of 1 /s 1.

A floor density of 10° m~3 is used for all charged species to
emulate the effects of cosmic rays induced, background ion-
ization. These values also correspond to the floor density for
each species respectively. The secondary electron emission
(SEE) coefficient for the electrode and dielectric boundaries
is set to 1072, The influence of these parameters on the dis-
charge evolution is rather small and a parametric study falls
outside the scope of this work—a discussion is provided in
section 6.

4. The case under study, computational and initial
parameters

The computationally domain mimics the experimental setup:
a 60 cm long quartz tube is used with inner diameter, 17.5 mm,
outer diameter, 21.5 mm, with metallic electrodes at the ends
of the tube. The HV electrode has a 25 mm long conical
shape with a cone angle of 30 degree. The low-voltage (groun-
ded) electrode is plate-shaped. Thus, while the inter-electrode
gap, L, equals the tube’s length (60 cm), the axial distance
between the HV electrode’s apex and the ground electrode
is approx. 56.7 cm. The tube is surrounded by a cylindrical,
grounded, metallic shield of inner diameter 60 mm. Figure 3
presents an illustration of the computational domain and rel-
evant dimensions.

In the experiments, a pulse of 13.5 kV amplitude, 25 ns dur-
ation at half width and 6 ns rise time was supplied from a HVG

with a 40 Hz repetition frequency. In the simulations, we apply
a similar waveform (one pulse) but with amplitude of 27kV
to emulate the constructive interference between the forward
and backward propagating pulses. In table 3, we summarize
the geometrical and operational conditions for the simulations
(see also figure 3).

The computational mesh is an unstructured one, created in
the Gmsh [61] software, properly refined near the electrodes
and near the dielectric surface. It consists of 589.445 trian-
gular cells. The minimum cell size is approximately 10 ym
at the ‘boundary layer’ zone near the electrodes and adjacent
to the dielectric surface in order to resolve all plasma-related
aspects such as sheaths and cathode layer formation. The com-
putational mesh at the region around the HV electrode tip is
shown in figure 3. The domain has been decomposed in 32
sub-domains and the calculations were run on a local HPC
workstation (Dell PowerEdge R7515) over 32 computational
units (AMD EPYC 7352), leveraging MPI-parallelism.

5. Results and discussion

Figure 4 presents an example of the synchronized voltage
and calculated current waveforms for nitrogen, 10 Torr pres-
sure. The voltage waveform is the initial data of the problem,
while the current waveform is calculated during the simula-
tions. Different shapes of the current are observed for negative
and positive polarity: the current behavior at negative polarity
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Gas Dielectric Electrode

Computational Mesh — zoom at
the HV electrode

L.

Figure 3. Illustrative graph of the discharge tube. The axisymmetric computational (CPU) domain corresponds to the upper half.
Dimensions not in scale. The unstructured mesh refinement near the HV electrode tip is also shown. Similar refined regions are used near

the dielectric surface and both electrode surfaces.

Table 3. Geometrical and operational conditions for the
simulations.

HV electrodehalf-angle 0 =15 degrees

Discharge tube internal diameter Dy =17.6mm
Discharge tube external diameter Dy =21.6mm
Shielding cage diameter D3 = 60 mm
Inter-electrode gap L=60cm
Relative permittivity of dielectric 32

is similar to the surface discharge, when two peaks of differ-
ent polarity are observed at rising front and falling edge of
the high voltage pulse; the current at positive polarity is high
after the front. Typical values for current for both polarities are
tens of A.

5.1 FIW velocity

Velocity, measured as a gradient of the electric charge along
the DT [62] and maximum velocity calculated from the
propagating front and the position of maximum total charge (in
absolute value), are presented together for negative and posit-
ive polarities in figure 5. Increase of the FIW velocity up to a
few Torr and then decrease is confirmed by results of the mod-
eling. A reasonable agreement between the calculated and the
measured absolute values of the velocity for negative polarity
and a quantitative agreement for positive polarity are clearly
seen. Typical values of the FIW propagation speed along the
tube are 2—4 cm per nanosecond.

We note here that (i) at negative polarity, a double structure
of the ionization wave, with a lower amplitude (‘a precursor’)
has been observed [13]; (ii) the calculated values have been
extracted only from the saved output data from the simulations
and not at every time step (to reduce the generated data and
due to storage limitations) and as such, the maximum velocit-
ies reported here might deviate slightly from the reality. This
fact also can explain the small jump observed at 8 Torr under
positive polarity.

In any case, the observed trends and orders of magnitude are
quite satisfactory when compared with the experimental find-
ings. We also need to emphasize that the calculated velocities

represent the maximum velocity of the FIW: under most of the
conditions studied here, the calculated FIW velocity quickly
increases to the maximum value and then slowly decays dur-
ing its propagation, thus the velocity is non-constant.

The optimum pressure for development of a nanosecond
discharge for given amplitude of the HV pulse, nitrogen pres-
sure and the DT diameter is about 5 Torr. The trends observed
in the numerical results (which are in good agreement with
the experimental data) suggest a rather complex dependence
of the propagation speed on the plasma structure and the dis-
charge main parameters (electric field, plasma density etc). As
we will see in the following sections, under different polarities
and different background pressures, the plasma development
and properties differ significantly which renders a straight-
forward explanation of the FIW speed behavior difficult to
obtain. Nevertheless, we can extract some interesting inform-
ation based on the theoretical work [23]. Therein, the authors
provide analytical self-similar solutions of the (averaged over
the cross-section) problem of high-speed ionizing wave (FIW)
propagation in long shielded tubes. A rather simple equation
is then provided to describe the FIW speed:

7@’/(7})
w= L=

E, e an

In the above formula, ¢y, Eo and v(T.) are the electrical poten-
tial, the maximum of the electric field and the ionization fre-
quency at the FIW front, respectively, while e is the base of the
natural logarithm. Note that we have used the electron temper-
ature dependence of the ionization frequency, v(7, ), due to our
LEA modeling approach. All these parameters are direct out-
puts of our simulations and can be used to plot the analytical
dependence of the FIW speed over pressure for both polarities.
This is shown in figure 6, which demonstrates a good qualitat-
ive agreement with the calculated values from the simulations.

Our calculations (see following sections for details) show
that, for a negative polarity FIW, the potential ¢, and the max-
imum electric field at the front, Ey, increase monotonically
with pressure by nearly an order of magnitude, while their ratio
remains constant. Consequently, the speed of the FIW front is
approximately proportional to the ionization frequency v/(T).
Will note that, despite their increase, the potential and electric
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Figure 4. Experimental voltage waveforms (orange dashed curves), used as applied voltage in the numerical solver; calculated current
through the discharge cell, (solid blue curves). Measurements are made by capacitive probe; the velocity is calculated by the 0.5 level from
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Figure 5. Experimental (filled symbols) and calculated (half-filled symbols) velocities of the fast ionization wave (FIW) propagation.
Nitrogen, (a) negative polarity; (b) positive polarity. Reproduced with permission from [62].

field remain approximately half of the corresponding values
observed for positive polarity. This behavior reflects the fact
that, under a negative polarity pulse, electrons propagate ahead
of the FIW front region. With this pre-ionization, the FIW can
propagate even in a relatively low field.

For a positive polarity FIW, electrons move backward, to
the plasma bulk. Both the potential ¢, and the maximum elec-
tric field at the front, E(, remain nearly constant over the stud-
ied pressure range. With the electric field being constant, the
reduced electric field E/N decreases by an order of magnitude
between 1 and 10 Torr. The calculations reveal a sharp drop
in T, with pressure increase. Consequently, at low pressures,
ionization efficiency, electron density, and FIW speed remain
low, and E/N exceeds the optimal values for ionization. At
high pressures, on the right decaying branch of verw, E/N falls
below the optimal one for ionization, with the maximum value
of vgrw occurring at an intermediate pressure.

So for both polarities of the HV pulse, the main para-
meter influencing the FIW propagation speed according to
formula (17) is the ionization frequency v(7T,) at the FIW

front. Discrepancies in the absolute values of the FIW speed
between the analytical formula and results of calculations
(see figure 5) can be attributed to the choice of values at
the FIW front and limitations of the self-similar analytical
approach.

The electron density as a function of pressure exhibits a
maximum at approximately the same pressure as the FIW
front speed. On the right decaying branch of vgw, the con-
ditions are optimal for dissociation through the excitation of
molecular electronic levels, with the dissociation degree reach-
ing its maximum at a higher pressure than the FIW speed max-
imum. Experimental data on electron density measured via
microwave interferometry [63] and O3 production measured
via UV absorption [64] strongly support this reasoning regard-
ing the dependence of discharge parameters on pressure and
the relative positions of the maxima.

To trace the most characteristic interval of the FIW
propagation and retrieve information on discharge aspects that
influence the FIW speed for both polarities, simulation results
are presented below for 1, 5 and 10 Torr.
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Figure 6. Analytical velocities (equation (17)) of the fast ionization
wave (FIW) for positive and negative polarity versus pressure.

5.2. Spatiotemporal distribution of electric field, electron
temperature, charged species densities and density of
N»(C3I1,)

Calculated spatiotemporal distribution, represented as x —¢
diagrams, of the electron and ion densities, density of
N,(C?IL,), the longitudinal component of the reduced elec-
tric field |E.|/N, and the electron temperature 7, for negat-
ive and positive polarities of the HV pulse are presented and
discussed in this section. All values are taken on the axis of
the discharge, at r = 0. The point (Z;¢) = (0;0) corresponds to
the HV electrode, Z =60 cm corresponds to the low-voltage
electrode, and ¢ > 30 ns corresponds to the falling edge of the
HV pulse. Note that for visualization purposes, the graphs of
electron temperature and reduced electric field are excluding
the sheath zones near the electrodes (where very high values
are observed). Similarly, minimum values of E/N, T, and spe-
cies density limited to 0.1 Td, 0.1eV and 10'*m~3 respect-
ively, also for visualization purposes, while maximum values
for species densities are limited to 10°° m~—3 (only in the cases
of positive polarity such limitation acts in the near-electrode
regions).

5.2.1. Negative polarity. Figures 7-9 show the spatiotem-
poral behavior for negative polarity discharge at gas pressure
P=1,5 and 10 Torr respectively. The discharge onset and
formation of high electron density is clearly seen in the inter-
val 5-10ns, depending on pressure. The discharge velocity is
higher at the beginning, decelerating as the FIW propagates
along the tube. This is a distinctive feature of the negative
polarity discharge, which is more pronounced for low pres-
sures: for example, for P =5 torr, the discharge velocity gradu-
ally decreases from 2 cmns ™! (at 13.64 ns) to 0.68 cmns ™' (at
32.1ns) as the FIW develops in the gap.

The front of the FIW, or a region with a high electric
field, lasts a few nanoseconds, in agreement with experimental
observations. The duration of this high peak of E-field is a

function of pressure, decreasing from 5—10ns at 1 Torr to 1—
2ns at 10 Torr. At 1 Torr, a plasma sheath with thickness of
approx. 0.6 cm is clearly visible near the left electrode (at dis-
tance z = 0). The electron density produces mainly in the FIW
front. The front represents a gradient of both electron and N;“
ions, with a length of approximately 4 cm. Behind the FIW
front, the quasi-neutral plasma body sustains electron and N;“
densities in the order of 10''~10'> cm3. Electron-ion recom-
bination for such a period of time can be disregarded and the
decrease of the level excitation rate is caused by a decrease
of the electron energy. Hence, the electron density monoton-
ically builds up during the impulse and becomes stationary.
Behavior of density of N ions repeats the behavior of elec-
trons; the densities of other ions are much lower.

In the plasma bulk, increasing electron density, and still
high despite the decreasing electric fields, lead to efficient
excitation of N, (C3TL,,)-state, producing a major part of optical
emission of the nanosecond moderate pressure discharges in
nitrogen. The delay between the FIW front and N,(C’IL,)
excitation is clearly seen. The density of N, (C3I1,,)-state inside
the plasma bulk is in the order of 10'' cm~3. The picture cor-
responds completely to experimental observations of paper
[17] describing population of nitrogen molecule electron states
and structure of the FIW.

The calculated reduced electric field and electron temper-
ature inside the plasma bulk are in the order of 10—100 Td and
1-5eV while the FIW front sustains quite high fields in the
order of 1000 Td and higher, with electron temperatures in the
10-30eV range. Such high values of E/N are in agreement
with several modeling results [32-34].

5.2.2. Positive polarity.  Figures 10—12 show x — ¢ diagrams
of the electron and ion densities, density of N, (C311,), the lon-
gitudinal component of the reduced electric field |E;|/N, and
the electron temperature 7. for positive polarity of the HV
pulse. As everywhere in this work, the discharge is in nitrogen.
Similar to the negative polarity discharge, the discharge
starts from the HV electrode at approximately 8 ns. Differently
from the negative polarity, the FIW propagates at an almost
constant velocity, especially for lower pressures. Similar to the
negative polarity, the FIW front presents a gradient of both
electron and Nz+ ions, with a length of approximately 4 cm.
Behind the FIW front, the quasi-neutral plasma body sustains
electron and N;L densities in the order of 10'2-10'3 ¢cm—3, with
higher values observed at lower pressure. N,(C*II,,) distribu-
tion follows the FIW development, but densities inside the
plasma bulk are higher and in the order of 10'? cm™3.
Atmoderate and higher pressure, and similar to the negative
polarity discharge, N,(C>I1,) front presents a weaker gradient
with a length of more than 10 cm, owed to a convolution of
increasing electron density and decreasing electric field. Even
if, similar to the negative polarity discharge, the electric field
in the FIW front is much higher than behind the front, the
difference between the field in the front and after the front
is much higher for positive polarity. The calculated reduced
electric field and electron temperature inside the plasma bulk
are similar to negative polarity (in the order of 10-100Td and
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Figure 7. Negative polarity at 1 Torr: axial distance vs time contour plot of electron, N3, N»(C>IL,) species density [m~>], axial component
of reduced electric field magnitude [Td] and electron temperature [eV] at r = 0. All plots in log-scale.

1-5eV respectively) but the FIW front sustains substantial
higher fields in the order of 10000 Td , resulting to electron
temperatures around and even higher than 100eV. As men-
tioned also before, such high values of E/N are consistent with
several modeling results [32-34]. Without going into details,
will note that so high values of electron energy observed in
numerical simulation in the FIW front, may indicate the neces-
sity to take into account non-local effects in the front. Non-
locality is beyond the scope of this paper, will just mention that
the over-population of the EEDF of nanosecond discharge of
positive polarity in N, at 5 Torr by high energy electrons was
indirectly observed in experiments [13].

12

At P =5Torr, the calculated FIW propagation speed is
substantially higher and equals approximately 3.17 cmns~".
Owed to this high velocity, the FIW is reaching the groun-
ded electrode in less than 30 ns. At P = 10 Torr, the FIW speed
slightly decreases, reproducing the experimental observations.

The experimental results on charge behavior in space and
time for P = 5 Torr nitrogen discharge for both polarities [13]
are presented in figure 13. Two major differences are observed
in the experiment for negative and positive polarities: (i) the
presence, at negative polarity, of the developed precursor—a
primary wave of low amplitude which the main wave catches
up with only at a distance of ~30 cm from the HV electrode;
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Figure 8. Negative polarity at 5 Torr: axial distance vs time contour plot of electron, N, N»(C*I1,) species density [m 3], axial component
of reduced electric field magnitude [Td] and electron temperature [eV] at r = 0. All plots in log-scale.

(ii) slowing down of the velocity of this precursor with increas-
ing the distance from the high voltage electrode, while the
velocity of the ionization wave initiated by a positive polar-
ity pulse on the HV electrode, is constant. The latter effect is
well reproduced by numerical simulations of the present work
(compare to figures 8 and 11 respectively).

5.2.3. Temporal profies of E/N and electron density. It
is interesting to compare calculated absolute values of the
reduced electric field and the electron density as a function
of time with the experimental data available in the literature.
As far as CP allows measuring only longitudinal component

of the electric field, E,, all the discussion below is about
the longitudinal component. It is also important to mention
that the CP has a space sensitivity function, and experiment-
ally observed peak of the field should be smoother than in
reality.

The experimentally measured waveforms of the longitud-
inal electric field at 13cm from the HV electrode and of
the averaged over the cross-section electron density [13] are
presented in figure 14. The duration of the high fields in the
front of the FIW is 2-3 ns for any of the polarities. For neg-
ative polarity, the peak values of the reduced electric field
do not exceed 500 Td, decreasing after the front to approx-
imately 100 Td. For positive polarity, the fields are higher
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Figure 9. Negative polarity at 10 Torr: axial distance vs time contour plot of electron, N5, N»(CIL,) species density [m ], axial
component of reduced electric field magnitude [Td] and electron temperature [eV] at r = 0. All plots in log-scale.

than 1000 Td in the front, decreasing to 40 Td after the front.
The electron density is lower at negative polarity, ng = ~ 4 -
10'2 cm™3, while for positive polarity ng* ~ 10'3 cm 3.
Figure 15 shows the same temporal profiles extracted from
the numerical simulations. The calculated E/N is noticeably
higher at the plasma front for positive polarity compared to
negative polarity, which agrees with the experimental data.
Similarly, good agreement is observed on the electron dens-
ity values, which are lower for negative polarity. After the
front, the reduced field is decreasing to values close to the
ones observed in the experiments and around 100 Td for both

polarities. The build-up of the electron density in numerical
modeling is sharper than in the experiment. This might be due
to uncertainties on the ionization rate coefficient in the region
of very high electric fields (which occur at the FIW front)
and the numerical overestimation of this rate (and underes-
timation of energy losses) which can result to a faster ion-
ization and thus a steeper temporal profile of the electron
density. The delay between the field onset and the increase
of the electron density is about 3-5ns in both experiments
and modeling results (with slightly shorter delay observed in
the experiments), which might be another indicator that in
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Figure 10. Positive polarity at 1 Torr: axial distance-time contour plot of electron, N3, N»(C>IL,) species density [m~

3], axial component

of reduced electric field magnitude [Td] and electron temperature [eV] at r = 0. All plots in log-scale.

moderate E/N values, the reaction rates relevant to ionization
are less prone to errors. The differences observed might also
be related to the initial ionization levels used in the simula-
tions, an overestimation of which, can result to a faster build-
up of the electron density. The higher values of both electron
density inside the plasma bulk and electron temperature in the
FIW front at positive polarity, lead also to higher values of the
photoionization source term which is concentrated at the FIW
front (i.e. an order of magnitude difference between positive
and negative polarities at 5 torr and at the same time-instant).
These aspects can explain the higher velocity observed under
positive polarity, as volume ionization (both electron-impact
and photo-related) is stronger in this case.

Will now consider more in details the radial distribution of
different components behind the FIW front, and how this dis-
tribution influences N, (C>I1,,) density, and so the optical emis-
sion from the discharge).

5.3. Radial distribution of electron density in the nanosecond
discharge. Comparison to the experimental discharge
appearance measured by optical imaging

5.3.1. Negative polarity. = Comparative studies are presented
herein for the case of negative polarity. In figure 16, we plot
the electron density contours in the whole DT, at t = 32.68 ns
for different gas pressure.
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It is clearly seen that the discharge propagates further
with increasing pressure, featuring a less wide sheath near
the HV electrode. The radial distribution of the electron
density is non-uniform in all pressures, with higher densit-
ies observed near the dielectric walls. To shed more light
on this, in figure 17, we plot the radial profiles of electron,
N and N,(C3II,) densities at + = 32.68ns and at a dis-
tance of 6.75 cm from the HV electrode’s tip for different gas
pressures.

All species follow the same radial distribution, show-
ing maximum near the dielectric walls. The density gradi-
ent is higher at high pressure than at lower ones e.g. at
10 Torr, the plasma density near the dielectric reaches values

of almost 10" m~3 while at the axis, is one order of mag-
nitude lower. At low pressure (1 Torr) the sheath formed near
the dielectric is more pronounced as expected by plasma
theory. As the emission relates mainly to the density of
N,(C?II,), the numerical results confirm the experimental
observations of higher emission near the walls for negative
polarity.

5.3.2. Positive polarity. ~ Comparative studies are presented
herein for the case of positive polarity. In figure 18, we plot
the electron density contours in the whole DT, at t = 32.68 ns
for different gas pressure.
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Here, the discharge propagates further with increasing
pressure until it reaches a maximum speed, which is then
reduced—at 5 Torr the discharge has already filled in the gap
at this time-instant, while at 1 and 10 Torr it stops propagating
before bridging the gap. The radial distribution of the electron
density is rather uniform at 1 Torr while it begins to take a non-
uniform profile with increasing pressure. Near the HV elec-
trode, an intense discharge is produced which is in agreement
with the experimental emission profiles. As in the negative
polarity case above, and to shed more light on this, in figure 19,
we plot the radial profiles of electron, N2+ and N, (C311,,) dens-
ities at = 32.68 ns and at a distance of 6.75 cm from the HV
electrode’s tip for different gas pressures.

Similar to the negative polarity case, all species follow
the same radial distribution. In contrast to the negative polar-
ity though, the discharge is more uniform at low pressure,
showing maximum near the axis or presenting a smoother
density gradient. As the pressure increases, the discharge
seems to obtain a non-uniform radial profile and approach the
distribution of the negative polarity case. The sheaths formed
near the dielectric are thicker at all pressure levels in this case.

The change of radial profiles observed between the neg-
ative and positive polarities is related to the presence of the
dielectric and associated surface charging effects. Similar to
nanosecond surface dielectric barrier discharges (DBDs) [65],
the effects of surface charge accumulation as well as SEE
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Nitrogen, pressure 5 Torr.

on the dielectric surfaces, which are both dependent on the
voltage polarity and thus the orientation of the electric field
vectors which dictate charged species transport towards the
dielectric tube, seem to play an important role on the discharge
dynamics.

The calculated distribution of discharge emission over the
cross-section reproduces the main features observed in the
experiment. To provide better comparison, figure 20 presents

a direct Abel transform of the calculated radial distribution of
N,(C>11,) density taken from figures 17 and 19. The forward
Abel transform is done using the online PlasmAbel software
[66]. The ICCD images of N(C?II,) — N,(B*Il,) emission
in air are shown in the same figure (see section 2 for more
details). Excellent qualitative correlation between ICCD ima-
ging and [N,(C3I1,)] calculations is observed. Will underline
that, in spite of visible ‘homogeneity’ with a weakly expressed
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minimum, at negative polarity on the HV electrode, the dis- more (see figure 17), and this should be taken into account in
charge develops near walls, leaving the near-axis part ‘empty’. any measurements of the density of active species. At posit-
The difference between the density of particles produced near ive polarity of the HV electrode, especially at low pressures,
the walls and on the axis can reach an order of magnitude or the discharge develops along the axis, the distance between a
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quasi-neural plasma and the walls (sheath thickness) can reach
2 mm for a tube diameter of 20 mm.

6. Discussion

As in any modeling approach, several parameters might influ-
ence the numerical results. Although the scope of this study
is not to provide a detailed parametrization and assessment of
the numerical accuracy versus the large number of uncertainty
and error sources in plasma modeling (which would require
a separate and demanding study on its own, including aspects
on the discretization schemes), we summarize below and elab-
orate on the main assumptions used in our model as well as
limitations, focusing on physical aspects.

(i) Memory effects, seed electrons and pre-ionization mech-
anisms: the FIW dynamics depend strongly on the exist-
ence of residual charges (memory effect) in the discharge
gap [67] as well as preionization and various seed electron
mechanisms [68]. A memory effect owed to the repetit-
ive pulse and accumulation of electron-ion pairs between
each pulse is unlikely in the case studied here, as the
pulse repetition frequency is rather low (40 Hz) and the
electron-ion recombination time scale is much shorter
(in the microsecond range). Nevertheless, seed electrons
can be generated via other mechanisms [69]: in nitrogen,
positive ions produced by collisions of long-lived meta-
stable atoms and vibrationally excited species can bom-
bard the cathode and generate secondary electrons in the
early afterglow. In addition and in late afterglow, nitrogen
atoms (especially N(*X) which recombination time lasts
several hours) produced by collisions between the afore-
mentioned molecules and the quenching with neutral spe-
cies or collisions with the dielectric walls of metastable
atoms, can also recombine on tube walls and electrodes
to produce metastable N»(A3Y}F) molecules. These meta-
stable molecules can also release electrons from the elec-
trode through collisions [70, 71]. The role of remnant sur-
face charge on the dielectric surface might also influence
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the FIW dynamics especially at high repetition rates. In
addition, pre-ionization mechanisms owed to high-energy
electrons (runaway), x-rays, and ultraviolet radiation can
also provide means for elevated electron density ahead
of the FIW front [31, 38, 72]. In [38], the authors show
that both low and high (producing ionizing x-rays) energy
runaway electrons, can ionize the background gas. Such
runaway electrons can be produced near the high voltage
electrode or at the FIW front, where electric fields are very
high and owed to their very long energy relaxation length
can travel in a nearly collision-less environment [73] and
provide uniform ionization inside the tube.

In our simulations, we chose a relatively high initial
electron (and ion) density to emulate the existence of
residual and seed electrons between each pulse and the
effect of pre-ionization caused by fast electrons. In our
(hydrodynamic) modeling approach, such fast electrons
cannot be modeled and as such we have assumed that
during the pulse, fast electrons are indeed produced near
the HV electrode and/or at the FIW head and ionize the
tube volume uniformly and instantaneously. The initial
density has been chosen so that we ensure the initiation
and propagation of the FIW with speeds close to the
ones observed in the experiments. We have confirmed
that lower initial densities, produce slower FIWs com-
pared to experiments, which strengthens our hypothesis
and choice of rather high preionization/remnant charges
inside the tube—e.g. our simulations show that for an ini-
tial electron density of 10> m~=3 (for the positive polar-
ity 5 torr case) leads to a reduction of the FIW speed by
approx. 30%. Acknowledging that the assumption made
is quite simplified, it is common in similar modeling
attempts (with different initial densities considered) and
allows us to obtain important insights on the FIW dynam-
ics. A fully kinetic or hybrid kinetic-fluid approach could
allow the self-consistent modeling of electrons with dif-
ferent energies and the various pre-ionization mechan-
isms. The modeling of several pulses (i.e. timescales of
several seconds) with a more detailed chemistry and sur-
face reaction mechanisms, could also allow to calculate
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the densities and distribution of long-lived species and
various seed mechanisms. Both approaches present severe
limitations in multi-dimensional simulations due to their
extremely demanding nature in terms of computational
time.

(ii) Plasma chemistry: as noted in section 3.1, the plasma
chemistry model is quite simplified but is adequate to
describe the first nanoseconds of the FIW development
and propagation. In this timescales (lower than 50 ns), the
main reactions that influence the FIW dynamics are the
electron impact reactions (R1-R6). Transitions between
vibrational states have been included in order to obtain
a fair estimation of the N,(C>IL,) population which can
be directly compared with the experimental profiles. The
error induced by the lumping procedure of excited states
should be definitely studied in more detail, but for the
purposes of this study (the FIW dynamics) we con-
sider a fair trade between accuracy of electron losses
and computational efficiency (as tracking of each excited
species would increase substantially the computational
time needed for each simulation). In addition, associat-
ive ionization has been excluded from this set. Despite
the important role of these reactions (which involve col-
lisions between excited states) on the electron popula-
tion during the afterglow phase [34], our focus on the
discharge phase renders this influence rather weak. A
more detailed chemistry model is necessary in order to
accurately describe the early and late afterglow phases of
the discharge, which should not only include the afore-
mentioned separate species and reactions, but also addi-
tional reactions between heavy species (including pro-
cesses involving metastables).

(iii) Photoionization: photoionization is another possible
mechanism of seed electrons in front of the FIW, able to
sustain its propagation (especially under positive polar-
ity) even in pure nitrogen [74]. Our simulations show
that the photoionization source term ranges between
10?2 — 10*m—3s~! (depending on pressure and polar-
ity) near the FIW front, which means that in a nano-
second timescale it can produce electron densities of
10" — 10" m—3, promoting the FIW propagation and bal-
ancing electron losses.

In [34], the authors studied the influence of photoioniz-
ation (using a plasma fluid model) on the FIW dynamics
in capillary tube at 27 mbar. They show that a background
ionization on the level of 4-6 10> m~3 is adequate to
approximate the FIW propagation dynamics even without
considering photoionization. In our case, and under the
initial conditions used (electron density on the order of
10" m~3), we have confirmed (running cases without
photoionization) that photoionization does not strongly
modify the FIW dynamics or the radial distribution of the
species—the initial electron density is high enough to play
the role of a background seed source. Nevertheless, pho-
toionization leads to a slightly higher propagation velo-
city especially under negative polarity, which approaches
closer the experimental findings. Owed to the uncertain-
ties of seed electron mechanisms (as explained at the first
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point of this section), the level of residual charges present
inside the DT or its preionization, it is not straightforward
to conclude on the influence of photoionization on the
phenomena studied here. In addition, the spectrum emis-
sion intensity, the photoionization yield and the absorp-
tion coefficients used to calculate the fitting coefficients
(table 1) contain uncertainties which might lead to errors
in the photoionization source term. Nevertheless, we have
chosen to include this mechanism and accept such errors,
in order to provide a more complete description of the
FIW propagation and integrate the non-local character of
the photoionization mechanism in our model. A detailed
analysis of the influence of photoionization (and the fit-
ting parameters) on the FIW dynamics is left for a future
study, where the combined effect of residual charges and
electron seed with the photoionization effect should be
examined.

(iv) SEE and other surface kinetics: surface kinetics are only
included here as direct recombination of all charged spe-
cies in dielectric and metal surfaces. We employ a typical
formulation (under the plasma-fluid modeling approach)
for including the SEE kinetics through the positive ion
boundary flux. Nevertheless, the SEE is subject to uncer-
tainties in both the ion-impinging energy, the secondary
electron energy, as well the values of the coefficient itself
(which depends on the surface material and structure).
We have confirmed that the influence of the SEE coef-
ficient in the obtained results is negligible (by removing
SEE effects and by adjusting the SEE coefficient to dif-
ferent values in the 107°~10~? range)—a result which
is expected as SEE should not influence the FIW in the
short timescales studied herein—FIW development and
propagation mainly relates to the high values of E/N found
at the FIW front under the nanosecond time-scales of the
HYV pulse and any preionization/seed electron mechan-
isms. That said, the role of SEE in long time-scales (in late
afterglow between pulses) might be important for gener-
ating memory effects as described at the beginning of this
section.

7. Conclusions

In this study, FIWs propagating along a cylindrical coaxial dis-
charge setup are investigated using 2D-axisymmetric numer-
ical modeling. FIWs are initiated by a single nanosecond pulse
with a 27 kV amplitude applied to the HV electrode. The pulse
has a FWHM of 25 ns and a rise time of 4 ns, corresponding to
a voltage increase rate of OU/0t ~ 6 kV ns~!. Both negative
and positive polarity pulses are considered. The study exam-
ines pressures ranging from 1 to 10 Torr in molecular nitrogen.
The numerical results are validated against available experi-
mental data.

Consistent with experimental observations, the numerical
modeling reveals a characteristic temporal behavior of the
FIW front: the electron density builds up following a sharp
and brief (a few nanoseconds) peak in the electric field. The
peak electric field reaches approximately 10° Td, with values
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20%-30% higher for positive polarity pulses. After the front,
the field drops to around ~100 Td. The electron density behind
the FIW front is in the range of 10'" — 10'?> cm? s~! for FIWs
initiated by negative polarity pulses and 10'?> — 10'3 cm3 s~!
for FIWs initiated by positive polarity pulses. The synchron-
ized waveforms of E/N(t) and n.(t) observed in experiments
are reproduced by the numerical modeling.

For both polarities, FIWs originate at the HV electrode and
propagate along the tube. The numerically obtained FIW velo-
cities are in good agreement with experimental results, exhib-
iting a clear maximum as a function of pressure. For a given
voltage amplitude and DT diameter, this maximum occurs
at 5-6 Torr, with FIW velocities of 2-3cmns~! for negative
polarity pulses and 3—4 cmns~! for positive polarity pulses.

Furthermore, the radial distributions of densities of elec-
trons, ions and N, (C>II,,) molecules are analyzed. The numer-
ical modeling indicates similar radial distributions for n(t)
and [N,(C?IL,)] for all considered cases, while a well-
pronounced sheath with a non-compensated charge of pos-
itive ions is observed near the tube wall. The sheath thick-
ness reaches about 2 mm at P =1Torr for a positive polar-
ity pulse. The density of N, (C>II,) reaches 10" — 10'> cm—3,
with higher values for positive polarity pulses. The pressure-
dependent radial distribution of optical emission is well
explained by the modeling and shows a good agreement with
experimental observations. At negative polarity, the FIW in
nitrogen develops near the tube walls, resulting in electron
and N»(CIL,) densities in the tube center that can be an order
of magnitude lower. At positive polarity and low pressures,
the significant sheath thickness creates the impression that the
FIW propagates in a beam-like mode along the tube axis.

Thus, the proposed modeling approach successfully repro-
duces key features of FIW development in nitrogen at mod-
erate pressures and can be used as a valuable tool for optim-
izing nanosecond discharge experiments. Further parametriz-
ation for a broader pressure range, different gas mixtures
(e.g. air), tube geometries (e.g. diameter to length ratio) and
pulse characteristics as well as investigation of the sensitiv-
ity of the results to chosen parameters (namely the chosen
plasma-chemistry set) are left for future studies. A detailed
benchmarking between various modeling approaches able to
describe the FIW dynamics versus experimental datasets,
would be an essential step in the future to create a mapping of
validity range and error estimates for each of these methods.
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