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Abstract. The dynamics of a nanosecond positive ionization front generated in a pin-
to-plane geometry in atmospheric pressure air is simulated using a 2D axisymmetric
drift-diffusion fluid model. For-a'l6xmm gap and a sharp pin electrode, the plateau of
the applied voltage is varied between 40 and 60 kV and the rise time is varied between
0.5 and 1.5 ns or a’DC voltage is applied. The discharge ignition time and the voltage
at ignition are shown tondepend mostly on the voltage rise time. The connection time,
i.e. the time for the ionization wave to ignite, propagate and connect to the plane is
shown to strongly 'depend on both the values of the voltage plateau and rise time. For
all cases, the discharge has@ conical shape with a maximal radius of about 8 mm as
it connects to the grounded plane. The average propagation velocity of the ionization
front is found teary in the range 3.1 to 8.5 mm ns~!. These values are in rather good
agreement with experiments. Temporal evolutions of the electric field are recorded on
the symmetryaxis,at different positions in the gap. At each location, an increase and
decréase of the electric field is observed as the ionization front, propagating from the pin
tosthe plane, passes the studied point, in accordance with experimental observations.
Finally; for awvoltage plateau of 55 kV and a rise time of 0.5 ns, a temporal sampling of
100,ps is shown to be sufficient to capture the dynamics of the electric field during the
ionization front propagation when it passes close to the middle of the gap. Conversely,
a temporal sampling of 10 ps is required when the ionization wave is close to both
electrodes, or during the fast redistribution of the electric field after the connection of
the ionization front at the cathode.

Keywords: i nanosecond discharge in air at atmospheric pressure, streamer discharge,
fluid simulation
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1. Introduction

Nanosecond discharges in air at atmospheric pressure are of significant interestyboth
from a fundamental viewpoint and for engineering applications. However the detailed
study of these discharges, even in a simple point-to-plane geometry, ds difficultyboth
experimentally and numerically as they may easily branch and then. have eomplex 3D
structures (Tardiveau et al.; 2002; Pancheshnyi et al.; 2005; Briels et al.; 2008; Nijdam;
2011; Teunissen and Ebert; 2016). In the 1970s, Marode (1975a,bjspreposed a set-up to
generate stable and repetitive 2D axisymmetric discharges in air at atmospheric pressure
and room temperature. This set-up consists of a point-to-plane geometry with a gap of
about 1 cm and a low positive DC voltage of up to 20 kV applied:to‘the point electrode.
In these conditions, at a repetition frequency of a few kHz, a positive ionization wave
usually called positive streamer is ignited close to the point electrode and propagates
in the gap towards the plane (Marode; 1975a,b; Dubois et al.; 2007; Eichwald et al.;
2008). The characteristics of the positive ionizatiemfront, for gaps of about 1 cm and for
applied voltages of up to 20 kV have been also extensively $tudied numerically (Marode;
1975b; Babaeva and Naidis; 1996; Kulikevsky; 1998; Pancheshnyi et al.; 2000; Dubois
et al.; 2007; Eichwald et al.; 2008; Celestin et al.; 2009; Marode et al.; 2009). During
the propagation, the maximum electric field in“the ionization front is in the range of
100 to 150 kV cm™! and the radiug 6fithe discharge channel behind the front is rather
constant and is of a few 100s um. The,average propagation velocity of the ionization

! After therarrival at the cathode, there is a very fast

front is about 0.1-0.2 mm ns=
redistribution of electric field and electrical charges in the gap, known as a return stroke
(Sigmond; 1984) which propagates very rapidly in the gap from the cathode towards
the anode. This return stroke i{very difficult to observe in air at atmospheric pressure
due to its fast dynamics/andsvery low optical emission. Conversely, after the return
stroke, light emission is ‘elearly observed close to the point anode and its extension
towards the plane is ealled secondary streamer propagation (Marode; 1975a; Sigmond;
1984; Eichwald et al:5:2008): The development of the secondary streamer relates rather
to a plasma structuration than to a real streamer mechanism. The field in a secondary
streamer is about 30.kV em~! and then is much lower than that in the first streamer.

To study positive'streamer characteristics at higher voltages, pulsed voltages have been
used (Yi and Williams; 2002; Ono and Oda; 2003; Tardiveau et al.; 2002; Pancheshnyi
et al.; 2005; Briels et al.; 2006, 2008; Nijdam; 2011; Komuro et al.; 2013; Ono and
Komur; 2019).. Despite the complexity induced by discharge branching, Briels et al.
(2006, 2008) have carried out detailed experimental studies on the influence of the peak
applied voltage and the voltage rise time on positive streamer characteristics in a point-
to-paneigeometry in air at atmospheric pressure with pulsed applied voltages. In Briels
etpal. (2006), for a gap of 40 or 80 mm, and peak applied voltages between 40 and
60 kV, it is observed that streamer diameters grow with the increase of the applied
voltage between 0.2 and 2.5 mm and the streamer velocity increases with the diameter,
ranging from 0.07 to 1.5 mm ns~!. With voltage rise time varying between 23 and 60
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ns, it is also shown that as the voltage time rate (in kV ns™!) is increased, the relocity
and diameter of the primary streamer increases in atmospheric-pressure air.4ln Briels
et al. (2008), in a 4 cm gap, with an applied voltage of 96kV and a'rise time of 45
ns (i.e. voltage time rate of 6.4 kV ns™!), positive streamers attain diameters of 3
mm and velocities of 4 mm ns™!. Using a array of needle electrodesy Ono and’Oda
(2003); Komuro et al. (2013); Ono and Komuro (2019) have obtaiméd nomybranching
mono-filament-like primary and secondary streamers in air at atmospheric pressure in a
13 mm with pulsed applied voltages. In Komuro et al. (2013), for'peak.applied voltages
in the range 18 to 25 kV, it is shown in 2D fluid simulations that as the;oltage time rate
increasing from 0.11 kV ns™! to 0.52 kV ns™!, there is an inctease of thé diameter of the
streamer channel and of the propagation velocity of the primary streamer from 0.49 to
0.69 mm ns~!. Same trends are observed in experiments. The simulated reduced electric
field of the primary streamer head is shown to remain comnstant and not to depend on
the voltage time rate.

Recently, attention has been attracted to 2D axisymmetric diffuse discharges with radii
of several millimeters produced at high overvoltages applied with subnanosecond voltage
fronts. In a recent review, Naidis et al. (2018) present/the results of experimental and
numerical studies of subnanosecond diffuse discharge formation in various gases for
different polarities, geometries and applied woltages. For air at atmospheric pressure
in point-to-plane geometries with gaps ofsabout 1 cm, so far, there is still only a small
number of experimental and numerical studies on diffuse discharges for positive voltages
(in the range 30 to 250 kV) applied at a pointrelectrode with a nanosecond rise time (i.e.
voltage time rate in the range.80-250 kV ns™!) (Naidis et al.; 2018; Tardiveau et al.;
2008; Tardiveau et al.; 2009; Pechereau et al.; 2014; Babaeva and Naidis; 2016b; Babaeva
and Naidis; 2016a; Marodesetral;2016; Tardiveau et al.; 2016; Brisset et al.; 2019). In
experiments, it is observed that after the discharge ignition in the high-field region at
the vicinity of the peint electrodes a large volume positive ionization wave propagates in
the gap towards the grounded plane. As discussed in Naidis et al. (2018), the dynamics
of most of the elegtronsiin ionization fronts produced by high overvoltages applied with
subnanosecond moltage fronts can be described using a classical 2D axisymmetric fluid
approach. Hewever,nforthese conditions, fast (runaway) electrons may be produced
near the point electrode and could have an impact on the formation of x-rays, the gas
preionization and thé dynamics and structure of positive diffuse ionization fronts (Naidis
et al.; 2018; Tarasenko; 2020). So far, comparison studies between experiments and 2D
fluid_simulations have been focused on discharge structure and average propagation
velocity. [n Pechereau et al. (2014), the dynamics of a nanosecond ionization wave
in ‘air at atmospheric pressure has been simulated for a point-to-plane geometry in
conditions close to experiments with a pulsed applied voltage of 30 kV, a rise time of 2
ns and. for a 1 cm gap. A good agreement between experimental and simulated optical
emissions of the discharge has been obtained on : the conical discharge structure when
the discharge connects with the plane cathode, the maximum discharge diameter of 8

1

mm, and on its average propagation velocity of 2.6 mm ns™". For a point to plane
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geometry with a 1.5 cm gap and a positive voltage of 250 kV applied to the point
electrode with a subnanosecond voltage front, a discharge radius of up to l4m and a
propagation velocity in the range of 10 to 100 mm ns™!, similar to experimental data,
is simulated in Babaeva and Naidis (2016b). In Tardiveau et al. (2016) the discharge
characteristics for a pulsed applied voltage of 50 kV with a rise time of:2 ns in a point-
to-plane geometry with a 1 cm gap have been simulated and compazred to experiments.
A good agreement is observed on the global structure of the light emission of the diffuse
discharge but the computed discharge current and the ionization front propagation
velocity are smaller than in experiments. In Brisset et al. (2019), the di@harge dynamics
in a point-to-plane geometry with a 18 mm gap and the same, appliedvoltage pulse as
in experiments with a peak value of 85 kV and a rise time of 2'ns,has been simulated.
A good agreement between experiments and simulations isiobtained at early times on
the maximum electric field, on the position of this maximum and on the propagation
velocity (about 2 mm ns™'). Then in experimentsjithe propagation velocity increases

1

during propagation and is about 10 mm ns™ inaverage.»In simulations, the calculated

radial expansion of the discharge is smaller than in exper?ments and the average value
of the propagation velocity is only of 4.5mm ns .

Very recently, to better understand the physies of positive diffuse ionization waves in
point-to-plane geometry in air at atmospheric pressure, different diagnostics have been
used to measure the time evolution‘of therelectric field in several locations in the gap: in
Brisset et al. (2019) using optical emission spectroscopy and the intensity ratio of two
well-known transitions of molégular nitrogen and in Chng et al. (2019) using the recently
developed Electric Field Induced Second Harmonic (E-FISH) diagnostic. Conditions
studied in both works are close: positively pulsed high voltages (20 to 85 kV) with a
rise time of 2-3 ns applied™t6a point anode with a radius of curvature of 50 to 100
pm in a point-to-plane geometry®with an interelectrode gap of 10 to 18 mm. It is
interesting to note that; no x-ray.emission has been detected in the experimental set-up
studied in Brisset (2019); Chng et al. (2019); Brisset et al. (2019). Even if there are
several limitationg‘to the applicability of the intensity-ratio method for the study of very
transient phenomena, the achieved temporal resolution of electric field measurement is
assumed to be™500 ps,(Brisset et al.; 2019). For the E-FISH diagnostic, in Chng et al.
(2019), the effective timenresolution of measurements is estimated to be 150 ps. These
recent measurements show a high electric field zone propagating towards the plane
electrode (Brisset; 2019). Based on the single shot data with E-FISH diagnostic (Chng
et al.; 2019), the maximum electric field in the ionization front is shown to be moderately
influenced by the applied voltage and varies between 160 and 210 kV cm™!. An electric
fieldienhancement compared to the Laplacian field is measured ahead of the ionization
front during its propagation. Behind the front, the electric field increases with the
applied voltage and values of 20 kV cm™! close to the breakdown field in air have been
measured. The average propagation velocity of the ionization front varies between 6 to
10 mm ns~! for applied voltages increasing from 65 to 85 kV (Brisset; 2019). When
the ionization wave reaches the grounded electrode, the discharge transitions into a
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conduction phase in which the potential is redistributed within the gap. Thefelectric
field increases again, but to lower values.

The objective of this work is to study the time evolution of the electric field in different
points of the gap during the ignition, propagation and connection at the cathode of'a
pulsed nanosecond diffuse discharge in air at atmospheric pressure imya pin to plane
geometry using fluid simulations and to compare with recent measuréments (Brisset;
2019; Chng et al.; 2019). For atmospheric pressure studies, the geometry 6f electrodes
and holders and the accurate knowledge of the location of grounded,surfaces around
the experimental set-up is of key importance for comparison between?xperiments and
simulations (Xiong et al.; 2012). In this work, we use botha,simplified geometry and
voltage shape in comparison to experiments. Therefore the comparison will be only
qualitative. In the simulations in Babaeva and Naidis (2016b); Babaeva and Naidis
(2016a), a sphere electrode (radius of 2.5 to 5 mm)/for-anl.5em gap is used. In the
simulations in Marode et al. (2016); Tardiveau et 4l..(2016); Brisset et al. (2019), the
gap is in the range of 1 to 1.8 cm. A parabolicpeint. with a radius of curvature of 50
pm is used and a disc is put as a point holder at 1 ¢ém from the tip. In Pechereau et al.
(2014), for a 1 cm gap, the pin electrode i8a rod of radius 50um ended by a half sphere.
In the present work, similarly as in Pechereawet al. (2014), we use a thin pin electrode
with a simple shape. However a larger gap size and higher applied voltage values are
used in comparison to Pechereau ét alii(2014) to be closer to experimental conditions
in Brisset (2019); Chng et al. (2019).

In section 2, we set out the pifi=to-plane geometry and the 2D drift-diffusion fluid model
used to simulate the nanosecond diffuse discharge in air at atmospheric pressure and
room temperature. In section 3.1, we» first present the simulation of the discharge
dynamics of a diffuse nanesecond. discharge for a reference condition. In sections 3.2
and 3.3, we study the influence of‘the value of the voltage plateau and the voltage rise
time, respectively, on the discharge dynamics and characteristics : propagation velocity,
maximal discharge radius and electric field on the discharge axis. Finally, in section
3.4, we analyze the time evolution of the electric field for several points in the gap of a
diffuse nanosecond discharge and we compare with experiments.

2. Model formulation

The studied comfiguration is a simple pin-to-plane geometry with a positive voltage
applied ‘to the pin electrode set above the grounded plane. In this work, we use a
clagsical 2D fluid model based on drift-diffusion equations for electrons, positive and
negative ioms (with subscripts ‘e’, ‘p’ and ‘n’ respectively) coupled with Poisson’s
equation®in cylindrical coordinates (x,r) to simulate the dynamics of axisymmetric
discharges in air at atmospheric pressure (Kulikovsky; 1997; Tholin; 2012; Pechereau;
2013) :

ONe

ot

-V (ne,ueE) -V (Devne) = Sph + Sea (1)
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a—t" + V- (npppE) = Spu + Sy, (2)
ony
- : n nE = Pn,
5~V (mE) =5 (3)
AV = —ge(np —ny —ne), E=-VV, (4)

where n; and pu; are the density and the absolute value of the mobility sof species i
respectively, D, is the diffusion coefficient of electrons, E is the.electric field and V' is
the electric potential. As in Jansky et al. (2010), on the timescalesof the discharge
dynamics studied in this paper, the diffusion of ions is neglected. ¢4 is the absolute
value of electron charge and ¢ is the permittivity of free space. The'following equations
describe the source terms for electrons S,, positive ions Sprand negative ions S,:

Se = (a[We| =n[We| = Bepnp) ne, (5)
Sp = = (Bepne + Bupnn) np + | Welne, (6)
Sn = = Bupnpnn + n|Welne 4 (7)
where |W.| = |u. E| is the absolute value ofithe eleetron drift velocity, o and 7 stand

for the ionization and attachment coefficients respectively. S, is the recombination
rate coefficient between positive ionstand, electrons and f,, is the recombination rate
coefficient between positive and negative ions. In this work we use the local field
approximation. Then, transpert coefficientsiand source terms of the model are assumed
to be explicit functions of the local reduced electric field £/N, where E is the electric
field magnitude and N = 2.45/x 10%° m=2 is the air neutral density, and are taken from
Morrow and Lowke (1997). The\Sph term is the rate of electron-ion pair production due
to photoionization in the/gas yolume and is modelled using (Bourdon et al.; 2007) with
boundary conditions given it Liwet al. (2007).

The geometry of electrodes and boundary conditions for Poisson’s equations are
particularly important, for,.the dynamics and structure of atmospheric pressure
discharges. In this work; the pin electrode is a rod of radius 100 pm ended by a half
sphere. The lengthyof the pin electrode is 1 cm. The grounded plane (x = 0 cm) is
located at 1/6 cm'fromr the tip of the pin electrode. The radius of the plane is the same
as the radial expansion of the simulation domain and is 7.52 cm. The computational
domain/is 2.6 cm X 7.52 cm with a Cartesian grid. In the axial direction, close to tip
of the pin electrode (from x = 1.3 to 1.75 cm) a mesh size of 1 pym is used and then
thefmesh sizé is increased following a geometric progression up to 5 pum and is kept
constant in the gas gap down to the cathode. From x = 1.75 cm to the upper boundary
of the'demain, the mesh size is increased from 1 pm following a geometric progression.
In the radial direction, a mesh size of 1 pum is used from the axis of symmetry up to
¥ = 0.07 cm and is then increased to 5 pm and is kept constant up to r = 0.76 cm and
then the mesh follows a geometric progression until » = 7.52 cm. Finally the grid used
is this work is n, x n, = 7252 x 2400. In the following, to present clearly the results,
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we use 1D and 2D figures centered on a smaller domain of 1.8 cm x 0.8 cm.
In this work, we have taken into account simplified boundary conditions for ¢entinuity
equations at the anode and cathode surfaces. On the cathode plane, Neumann boundary
conditions are applied for all charged particle fluxes. At the pin anode, the fluxes
directed outward the electrode are estimated using Neumann boundary conditions for
electrons and set to zero for ions. For Poisson’s equation, at the metallic pinelectrode-
air interfaces, the ghost-fluid method is used (Celestin et al.; 2009) with a Dirichlet
boundary condition. The plane electrode is grounded. At other axial and radial
boundaries (i.e. symmetry axis and the radial border of the compuational domain)
Neumann boundary conditions are used. Other characteristics of{the simulations
(numerical methods and time-step calculation, code parallelization and performance)
are presented in detail in Pechereau (2013). As initial condition, a low uniform density
of 10* cm™3 electrons and positive ions in air is congidered, to be close to single pulse
experiments.
In this work, we study the discharge ignition and dymamics for different rise times and
values of the voltage plateau. Once the voltage plateau is’ reached, the voltage is kept
constant to compare the time needed by the discharge to cross the interelectrode gap for
different applied voltages. First, as a reference, in section 3.1, we study the discharge
ignition and dynamics for a pulsed voltage with a rise time of 0.5 ns and a voltage
plateau of 55 kV as shown on Figtire 15 Then in section 3.2, for the same voltage rise
time, we vary the value of the voltage plateau in the range of 40 to 60 kV. Then, for a
voltage plateau of 55 kV, in se¢tion 3.3, the'influence of the voltage rise time is studied
by applying either a DC voltage orby increasing the rise time from 0.5 to 1.5 ns, as
shown on Figure 1.

N



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-125307.R2

Study of the electric field in a diffuse nanosecond positive ionization wave ... 8
60
50 | 1
40 | 1
2
[«}]
[&)]
o]
© 30 - ]
s>
3
§ ™~
< 20| 1
10 | 1
DC voltage
0.5'nsrise time, —=—
0 1.5 ns rise time ——
0 05 1 15 2 25 3

t[ns]
- 4

Figure 1. Different time evolutions of thesapplied voltage used in this work for a
voltage plateau of 55 kV.

3. Results and discussion

3.1. Reference simulation: Discharge dynamics and characteristics for an applied
voltage of 55 kV and a rise tinwe of 0.5 ns

Figures 2 and 3 show the dyn{mics of the discharge for the reference applied voltage
of 55kV and a rise time of 0.5 ns.. Figure 2 shows cross-sectional views of the absolute
value of the electric field and electron density at ¢t = 0.5, 1, 1.5, 2, 2.45 and 2.6 ns. As
shown on Figure 2, the discharge is axisymmetric during its ignition, propagation and
after the connectionrat, the plane, with a maximum of electric field on the symmetry
axis. Figure 3 shows profiles of electric field and electron density along the symmetry
axis of the computational domain for the moments of time from ¢t = 0.2 to ¢t = 2.6 ns,
with a timegtep of 0.2'ns. We observe that the discharge ignites around the sharp pin
electrode in the first; 0.2 ns and starts propagating axially towards the cathode plane.
Figure 2 shows that at t = 0.5 ns, at the start of the voltage plateau, the discharge
has a spherical structure with a radius of about 3 mm. During the axial propagation
of the discharge, its radius increases to about 8 mm. The discharge connects to the
grounded plane at ¢t = 2.45 ns, and has a conical shape as observed in experiments
(Tardivean et al.; 2008; Tardiveau et al.; 2009) and in simulations for shorter gap and
lower voltage (Pechereau et al.; 2014). In experiments, a short voltage pulse is used to
prevent the transition to a highly conductive spark discharge after the connection. In
our simulations, there is a voltage plateau for ¢ > 0.5 ns. As the study of the transition
to the highly conductive spark discharge is out of the scope of this work, we have stopped
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Figure 2. Dynamics of the discharge for an applied voltage of 55kV and a rise time
of 0.5 ns. Cross-sectional views of the absolute value of the electric field and electron
density at ¢t = 0.5, 1, 1.5, 2, 2.45 and 2.6 ns.
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Figure 3. For an applied voltage of 55kV and a rise time of 0.5 ns: profiles of electric
field and electron density along the symmetry axis of the computational domain for
theimoments of time from t = 0.2 to t = 2.6 ns, with a timestep of 0.2 ns. The tip of
the pin electrode is located at x=1.6 cm.
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simulations at t = 2.65 ns just before the timestep starts decreasing sharply dué to the
increase of the electron density in the conductive channel.

Figure 3 shows that for ¢ > 0.4 ns, E; .4z, the maximum of the electric, field onythe
symmetry axis is less than 220 kV em~!. For, ¢ < 0.4 ns higher values are ebtained: more
precisely, we have checked that E, 4. is higher than 240 kV ¢cm™! ffom ¢ = 0.06 ns
to 0.32 ns and that E, ., reaches a maximal value at ¢ = 0.14 ns'of S70.kV cm™ .
According to Kunhardt et al. (1986), a fluid model is acceptable/for an €lectric field
up to 1000 Td ~ 250 kV ecm™! which is also the lower limit todaécelerate/electrons to
runaway regime (Moss et al.; 2006). In the results obtained in this WOI‘E 1t is interesting
to note that values of electric field higher than 250 kV cm©l are obtained only for a
very short duration. Then, as stated in Naidis et al. (2018), as the residence times of
electrons in these regions are very short, only a very small part of the electrons may reach
runaway energies. In this work, as a first step, we neglect the influence of these transient
high field values on the dynamics of discharge propagation in the gap. For ¢t > 0.4
ns, as the discharge propagates axially, E; .. déereasesidown to about 104 kV cm™!
when the ionization front is close to the middle of the gap’at x = 0.8 cm. Then E; 4
starts increasing again as the ionizationfront gets closer to the plane cathode. It is
interesting to note that during the ionizationyfront propagation, behind the discharge
front, the electric field is low in the discharge.channel, as expected, but increases as the

discharge propagates, to values higherthan. 20 kV cm™!.

Close to the tip of the pin
electrode, for t > 0.2 ns and until the connection at the plane, the electric field remains
in the range of 40-50 kV cmi™i. At t = 245 ns, when the discharge connects to the
cathode plane, the maximum eleettic field at the cathode is of 215 kV cm™!. Rapidly
after the connection, there is a fast redistribution of electric field in the conductive
channel, known as return strokey(Sigmond; 1984), with a return wave propagating from
the grounded plane towards the @node as shown on Figure 2 at ¢ = 2.6 ns. Figure
3 shows that the peak» of electri¢ field in the return wave is much more diffuse than
in the first ionization Wave with a maximal value of 53 kV cm™!. At ¢t = 2.6 ns, the
maximal electric field in the gap is located at the tip of the pin anode with a value
of 60 kV cm~!.4lt is interesting to note that after the connection, the electric field is
non uniform and'is in.many points of the gap higher than the breakdown field in air
at atmospheric pressare. ‘The dynamics of the redistribution of electric field in the gap
after the gennectioniat the cathode is studied in more detail in section 3.4.

Figure 3 showshat the electron density in the discharge channel behind the discharge
front evelves during the front propagation and is not uniform axially. The minimal value
of électron density in the channel is observed at x = 0.8 cm and is about 2x 10 cm™3.
For z > 0.8 cm and up to the tip of the pin, the electron density in the channel increases
smoothly'and we note that values higher than 10'® cm ™2 are obtained in the last 200 pum
closerto the anode tip. For z < 0.8 c¢m, as the discharge front approaches the cathode,
the electron density behind the discharge front increases again. After the connection,
a conductive channel is formed between both electrodes, with a minimal density of
2%10' cm™3 in the gap and values higher than 10* ¢cm™ close to both electrodes as
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shown on Figures 2 and 3 at ¢t = 2.6 ns.

3.2. Influence of the value of the voltage plateau between 40 and 60kV for.a voltage
rise time of 0.5 ns on the discharge dynamics and characteristics

In this section, the voltage rise time is fixed to 0.5 ns and we study_the,influence of
the value of the voltage plateau on the discharge dynamics and characteristiés until it
reaches the cathode plane. For applied voltages between 40 and 60kV., Table 1 gives the
values of several characteristics of the discharge dynamics: thé ignition fime (ns), the
applied voltage at ignition (kV), the maximal and minimal yalues of Eg .. (kKV em™!)
during the ionization front propagation in the gap, the connection time of the discharge
to the plane (ns), the value of E, .4, (kV cm™!) at the plame at the €onnection time, the
average propagation velocity of the discharge front insthe gap,(mm ns™!), the voltage
time rate (kV ns™') and the average electric field in the gapn(kV cm™'). The average
propagation velocity of the discharge front in the gap is calculated by dividing the gap
size by the difference between the connection fime of the discharge to the plane and
the ignition time, the voltage time rate is obtained by dividing the value of the voltage
plateau by the rise time and the average electric fieldiin the gap is obtained by dividing
the value of the voltage plateau by the gap length.

First, surprisingly, Table 1 shows that.the ignition time decreases of only 12% from 0.17
to 0.15 ns as the value of the voltage plateau inereases by 50% from 40 to 60 kV. In the
studied conditions, the voltage rise time isithe same for all voltages, then the ignition
voltage will depend on the value of the voltage plateau. Table 1 shows that the ignition
voltage increases of 20% from 14.5 to 17.4 kV as the value of the voltage plateau increases
from 40 to 60 kV. Conversely, as expected, the connection time strongly depends on the
value of the voltage platgau. It decreases by 62% from 5.38 to 2.03 ns s the value of
the voltage plateau increases by 50% from 40 to 60 kV. For applied voltages of 40, 50
and 60 kV, Figure 4 shows cress=sectional views of the absolute value of the electric field
and electron density-at the connection time at the cathode, i.e. at t = 5.38, 3.04 and
2.03 ns, respectively. For all applied voltages, a conical discharge structure is obtained
at the connection time with a maximal radius of the discharge of about 8 mm for all
voltages.

These results suggest that in experiments with pulsed voltages as in Brisset (2019);
Chng et al. (2019); Brisset et al. (2019), the observed discharge structure will strongly
depend-onnthe ratio between the connection time of the discharge and the voltage pulse
duration. If this ratio is less than 1, the pulse duration is too short for the ionization
frontito cross the gap and then the plasma discharge remains located only close to the
pin electrode with a rather spherical shape. If this ratio is around 1, the ionization wave
has just the time to cross the gap, and the conical shape of the discharge connecting
both electrodes will be observed. Finally, if this ratio is larger than 1, the discharge
connecting both electrodes may heat the gas and then the transition to a spark may
oceur.
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&
Applied voltage (kV) 40 45 50 55
Ignition time (ns) 0.17 0.16 0.15 0.15

87
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Ignition voltage (kV) 145 146 14.4 “15.8
Maximal value of E, . (KV cm™!) 829 849 849 &7
Minimal value of E, 4. (KV cm™) 80 88 96 04

—_ = 0
- O

Connection time to the plane (ns) 5.38 3.95
E. maz at connection time (kV em™) 205

_ —a
A WN

Average front propagation velocity (mm ns™!) 3.1
Voltage time rate (kV ns™) 80
Average electric field (kV cm™!) 25

_ —a
N O w»n
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[ee)

Table 1. Characteristics of the discharges obtai voltages ranging from

40 to 60kV, with a rise time of 0.5 ns.
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Figure 4. For applied voltages of 40,50 and 60kV and a rise time of 0.5 ns, cross-
sectional views of the absolute value of the electric field and electron density at the
connection time at the cathode, i.e. at t = 5.38, 3.04 and 2.03 ns, respectively.
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Figure 5 shows the time evolution of E; 4., the maximal electric field on the symmmetry
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Figure 5. For applied voltages of 40,to 60KkV and a rise time of 0.5 ns, time evolution
of Eg maz, the maximal value of the electric field on the symmetry axis of the discharge
until it reaches the plane cathede.
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Figure 6. For applied voltages of 40 to 60kV and a rise time of 0.5 ns, axial position
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axis of the discharge until it reaches the plane cathode for applied voltages between
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40 and 60kV. For all voltages, we note that, first, E, .4, increases and decreases very
rapidly and takes values higher than 240 kV cm™! during less than 0.4 ns. For4> 0.4 ns,
E, maz first decreases as the discharge front propagates axially and increases again.as
the discharge front gets closer to the plane cathode. The minimal value of E, 4, 18
obtained in all cases when the discharge front is around the middletef the gap and
its value decreases from to 111 to 80 kV ecm™! as the applied voltage decteases from
60 to 40kV. We note that the extent of the region with the lowest values of E; 4.
increases when the applied voltage decreases from 60 to 40 kV. To study more in detail
the dynamics of propagation of the ionization front, Figure 6 shows ¢ time evolution of
the axial position of E, 4, until it reaches the plane cathodes As disciissed in Table 1,
the ignition times for all studied voltages are very close and around 0.16 ns and Figure
6 shows that the discharge starts propagating from the pin to/the plane at around
t = 0.2 ns for all studied voltages in the range 40 to 60kV. For ¢ > 0.2 ns, we note
that the propagation velocity of the ionization frontivaries during the early times of the
propagation, then is almost constant and then increases as . the discharge approaches the
cathode. Table 1 shows that the average propagation verocity of the ionization front
increases from 3.1 to 8.5 mm ns™! as the,applied voltage increases from 40 to 60kV,
which is in rather good agreement with experiments (Brisset; 2019).

3.8. For an applied voltage of 55 kV, influence of the voltage rise time on the discharge
dynamics and characteristics

In this section, we study the influeneerof the voltage rise time, in considering the three
voltage shapes shown on Figure 1, i.e. with 0.5 and 1.5 ns voltage rise times and a
DC voltage with a voltage plateau at 55 kV. Figures 7 and 8 show the time evolutions
of E; e and of the axial position of E, ,,4, until the discharge front reaches the plane
cathode. For the three studiedi¢ases, Table 2 gathers the values of several key quantities
of the discharge dymamicsa First, in Table 2 and Figures 7 and 8, we note, as expected,
that the discharge startsito propagate as early as 0.01 ns for a DC voltage and the
ignition time increases from 0.15 ns to 0.25 ns as the voltage rise time increases from 0.5
to 1.5 ns. The voltage at ignition is the highest for the DC voltage and decreases from
15.8 to 9.2 kV. as the voltage rise time increases from 0.5 to 1.5 ns. For £ < 0.5 ns, for a
DC voltdge, the maximal value of E, 4, is at ¢ = 0 ns (3 MV ¢cm ™! due to the sharp pin
electrode) and then decreases very rapidly whereas for an applied voltage with voltage
risedtimes 0f:0:5 and 1.5 ns, for ¢ < 0.5 ns, E, 4, first increases and then decreases.
As shown in Table 2, the maximal value of E, 4, decreases from 870 to 553 kV ¢cm™!
as thewvoltage rise time increases from 0.5 to 1.5 ns. We note that the increase and
decrease of B, ,q, occurs slightly earlier for a rise time of 0.5 ns than for 1.5 ns.

For t> 0.5 ns, for all cases, E; ;. decreases as the discharge propagates axially and
increases again as the discharge gets closer to the plane cathode. The minimal value of
E. maz 1s obtained for all three cases when the discharge front is around the middle of



oNOYTULT D WN =

Study of the electric field in a diffuse nanosecond positive ionization

300

250

200

Ex max [kV_cm"']

150

100

Figure 7. For a DC applied voltage and voltages with rise times of 0.5 and 1.5 ns and
a voltage plateau of 55kV: time evolution of E; 44, the maximal value of the electric
field on the symmetry axis of the discharge,until it reaches the plane cathode.
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4
5 Voltage plateau of 55 kV DC 0.5 ns rise time 1.5 1
6 Ignition time (ns) 0.01 0.15
: Ignition voltage (kV) 55 158 @
9 Maximal value of E; 0, (kV cm™!) 3543 870 V
10 Minimal value of E, . (kKV cm™!) 105 104 3
1; Connection time to the plane (ns) 2.10 3.10
13 E. maz at connection time (kV em™) 234 212
14 Average front propagation velocity (mm ns™!) 7.7 5.6
12 Voltage time rate (kV ns™!) — 36.3
17 Average electric field (kV cm™!) 34.4 34.4
18
19 Table 2. Influence of the shape of the applied volta voltage plateau of 55kV.
20
21
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30 DC rise time 1.5ns
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Figure 9. For a DC applied voltage and voltages with rise times of 0.5 and 1.5 ns and
a voltage plateau of 55kV: cross-sectional views of the absolute value of the electric
field and electron density at the connection time at the cathode, i.e. at t = 2.1, 2.45
and 3.1 ns, respectively.

o L1 L1
O O 00



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-125307.R2

Study of the electric field in a diffuse nanosecond positive ionization wave ... 18

the gap and its value is about 104 kV cm™!.

For the three cases, Figure 9 shows cross-sectional views of the absolute value of the
electric field and electron density at the connection time at the cathode, i'e. .at t = 2:l.ns
for the DC voltage and t = 2.45 and 3.1 ns for voltage rise times of 0.5 and 1.5 ns;
respectively. As expected, we note that the shortest connection time isdbtained for the
DC voltage and that the connection time increases as the voltage riSe’ time,increases.
Figure 9 shows that at the time of connection, in the three conditions, the discharge has
a very similar conical structure, with in particular the same maximal radius of about
8 mm. =

Figure 8 shows that for all studied cases, the propagation welocity of the ionization
front varies during the early times of the propagation, then is almost constant and then
increases as the discharge approaches the cathode. Table,2 shows that the average
propagation velocity of the ionization front decrease$ from. 7.7 to 5.6 mm ns~! as the

voltage goes from a DC voltage to a voltage appliedwith a rise time of 1.5 ns.

3.4. For an applied voltage of 55 kV and a rise time of 0.5 ns, time evolution of the
electric field for several points in the gap

To compare qualitatively with recent electric field measurements (Brisset; 2019; Chng
et al.; 2019), in this section, we study for the reference case of an applied voltage of
55 kV and a rise time of 0.5 ns, the time evolution of the axial electric field E, on the
symmetry axis of the discharge for different axial positions in the interelectrode gap.
We define d as the axial distance from the tip of the pin electrode and we study results
at d = 2,5,8,11 and 14 mm./For £'«,2.45 ns (i.e. before the connection time at the
cathode) Figure 10 shows that for all positions, a peak of electric field is observed with
a time shift showing the axial propagation of the ionization front from the pin to the
plane, in agreement with experiments (Brisset; 2019). As already shown on Figure 5,
the value of E, .. dépends omsthe studied axial position. Figure 10(a) also shows that
the shape of the peak of electric field depends on the studied axial position. We note
that the width of the peak of electric field increases and the value of E, ., decreases as
the studied point moves from d = 2 mm to d = 8 mm. Then as the studied point gets
closer to the‘cathode from d = 8 mm to d = 14 mm, the width of the peak of electric
field decreases and the value of E, ,,,, increases. Figure 11 compares the time evolution
of E,, the electrieffield on the symmetry axis of the discharge, at d = 2 and 14 mm with
the time evolution of the Laplacian electric field at the same positions. The Laplacian
electrie fieldvat d = 5 mm is also shown. The Laplacian electric field is obtained by
solving Poisson’s equation for same electrode geometry and applied voltage at a given
time, but«with volume charge densities set to zero. As expected, during the voltage
rise time of 0.5 ns, the Laplacian electric field increases at all studied points. Due to
the pin-to-plane geometry used, the Laplacian electric field is highly non-uniform in the
gap with higher values close to the pin electrode. For ¢ > 0.5 ns, when the voltage
plateau is reached, the Laplacian electric field remains constant at all studied points.
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Figure 10. For an applied voltage of 55kV and a rise time of 0.5 ns : time evolutions of
the axial electric field E, on the symmetry axis of the discharge at different distances d
from the pin electrode. (a) : with a time sampling of 10 ps. (b) : with a time sampling
of 100 ps.
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Figure 11. For an applied voltage of 55kV and a rise time of 0.5 ns : time evolution
of the axial electric field E, on the symmetry axis of the discharge at d = 2 and 14
mm and time evolution of the axial,Laplacian electric field on the symmetry axis at
d= 2,5 and 14 mm.

It is interesting to note that ‘athd = 2 mm;, the Laplacian electric field for the voltage
plateau (i.e. ¢ > 0.5 ns) is 3207 kV cm™!, higher than the breakdown electric field
whereas the values for d = 5 and 14 mm are only of 10.8 and 4 kV cm™!, respectively.
We note that initially, the evolution of the electric field in the discharge simulation is the
same as the Laplacian electri¢ field but, as early as ¢ = 0.18 and 0.21 ns for d = 2 and
14 mm, respectivelyy the electricfield in the discharge simulation becomes higher than
the Laplacian electrie field. We note that the slope of the electric field increase in the
discharge simulation is wery sharp for the studied point d = 2 mm, close to the tip and
much smoother for d = 14 mm. This increase of the electric field ahead of the ionization
front, also observed in.experiments (Chng et al.; 2019), is due to the redistribution of
the electric fielddin the gap as the ionization front propagates. It is interesting to note
that dueboth to thé geometry (sharp point in a pin to plane geometry) and the high
applied/ voltagesithe electric field ahead of the discharge front becomes higher than 30
kV cm-*as early as t = 0.22 and 1.07 ns, at d = 2 and 14 mm, respectively. After the
peak, at all studied points, the decrease of electric field is much faster than its increase
as observed in experiments (Chng et al.; 2019). In Figure 10(a), we note that after the
peak, the electric field goes down to a minimal value which increases as the studied
poifitsmoves from the anode to the cathode. It is 4.75 kV cm™! for d = 2mm, 9.5 kV
e¢m~! for d = 8mm and 40 kV cm™! for d = 14mm.

For ¢t > 2.45 ns, i.e. after the connection of the discharge at the plane, Figure 10 shows
a sharp peak of electric field occurring first at t = 2.49 ns at d = 14 mm with a maximal
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value of 77 kV em™!, followed by a lower and wider peak at d = 11 mm with a maximal
value of 56 kV cm ™! at t=2.56 ns. These two peaks correspond to the fast propagation
of a return wave from the cathode towards the anode. We note that for points cleser
to the pin electrode (i.e. for d < 8 mm on Figure 10), only an increase of eleetric field
is observed, and this increase is larger for points which are closer to the cathode.This
means that a fast return wave starts propagating from the cathodesbut rapidly slows
down. At t = 2.6 ns, we note on Figure 3 that the maximum of electric field due to the
return wave is located at x = 0.55 cm and is of 53 kV em™!. As also ebserved on Figure
3, Figure 10 shows that rapidly after the connection, the electric field is not uniform
in the gap and is in many points of the gap higher than theibreakdown field in air at
atmospheric pressure and also higher than the average electric field of 34.4 kV cm™!
simply calculated by dividing the applied voltage by the gap. distance.

Instantaneous results in Figure 10(a) and 11 are shown with a time sampling of 10 ps.
In the recent experimental works (Brisset; 2019; Ghng et al:;72019), the shortest time
resolution for electric field measurements on the dischargeaxis is estimated to be 150 ps.
Figure 10 (a) and (b) compares instantaneous fesulfs obtained with a time sampling of
10 and 100 ps. We note that for our studiéd.conditions, a time resolution of 100 ps would
allow to capture the dynamics and maximal walues of electric field during the diffuse
ionization wave propagation for a studied pesitioniclose to the middle of the discharge
gap. However, for studied points cloger tarboth electrodes, a time resolution of the order
of 10 ps would be required to capture the.dynamics and maximal values of electric field.
Figure 10 also shows that with,a time resolution of 100 ps, the redistribution of the
electric field after the connection can be observed, but only a time resolution of about
10 ps allows to follow accurately its fastrdynamics.

A S

4. Conclusions

In this paper, thedynamicsof a diffuse nanosecond positive ionization wave generated
in a pin-to-plané geometry in atmospheric pressure air is simulated using a 2D
axisymmetric.drift-diffusion fluid model. For a 16 mm gap and a pin electrode with
a radius of eurvature of 100 um, the plateau of the applied voltage is varied between
40 and 60.kV<{and the voltage rise time is varied between 0.5 and 1.5 ns or a DC
voltagefis applied. In this work, we have focused on discharge characteristics that could
be compared with experiments: propagation velocity, maximal discharge radius and
ele¢tric field on the discharge axis. In all studied cases, we show that the discharge
has a large conical shape with a maximal radius of about 8 mm as it connects to the
grounded plane, which is in rather good agreement with experiments (Brisset; 2019;
Chng. et al.; 2019) The discharge ignition time and the voltage at the ignition time
are shown to depend mostly on the voltage rise time. The connection time, i.e. the
time for the ionization wave to ignite, propagate in the gap and connect to the plane
electrode are shown to strongly depend on both the value of the voltage plateau and
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the voltage rise time. The connection time decreases by 62% from 5.38 to 2.03 n§ as the
value of the voltage plateau increases by 50% from 40 to 60 kV for a rise time of 0.5
ns. As expected, for a value of voltage plateau of 55 kV, the shortest ‘connection time
is obtained for DC voltages, and the connection time increases as the voltagexise time
increases. These results suggest that in experiments with pulsed voltages, the observed
discharge structure will strongly depend on the ratio between the conmeetion time of the
discharge and the voltage pulse duration. If this ratio is less than 1, the pulse duration
is too short for the ionization front to cross the gap and then"the plasma discharge
remains located only close to the pin electrode with a rathern sphericEl shape. If this
ratio is around 1, the ionization wave has just the time to créss.the gap, and the conical
shape of the discharge connecting both electrodes will be observed.

For all studied cases, we show that the propagation velocity of the ionization front varies
during the early times of the propagation, then is almost eonstant and then increases as
the discharge approaches the cathode. For a rise timie of 0.5 ns, the average propagation
velocity of the ionization front increases from 3.1%60'8.5 in ns~! as the applied voltage
increases from 40 to 60kV. For a voltage plateau/of 55 k\/, the average propagation
velocity of the ionization front decreasesifrom 7.7 to 5.6 mm ns™! as the voltage goes
from a DC voltage to a voltage rise time of 1.5 ns. These values are in rather good
agreement with experiments (Brisset; 2019).

The time evolution of the maximum value of\the electric field on the discharge axis
E. maz at different locations of the gap isistudied for applied voltages between 40 and 60
kV with a rise time of 0.5 ns. Forx all cases, Eg 4, is shown first to increase and decrease
very rapidly and takes values higher than 240 kV cm~! during less than 0.4 ns. For
t> 0.4 ns, as the discharge propagates axially, E; ,q. first decreases and increases again
as the discharge gets closertothe plane cathode. In all studied cases, the minimal value
of E; mas 1 obtained when the discharge front is around the middle of the gap and its
value decreases from.to 111to 80°kV cm~! as the applied voltage decreases from 60 to
40kV. The time evolution of the electric field on the symmetry axis at different locations
of the gap for 55 kV ' with.a rise time of 0.5 ns is qualitatively compared with experiments.
At each studiedslocation; an increase and decrease of the electric field is observed as
the ionizationdfront, propagating from the pin to the plane, passes the studied location,
in accordange with experimental observations (Brisset; 2019). For all studied points,
the increase of electric field is shown to be slower than its decrease, as observed in
experiments (Chng et al.; 2019). The shape of the peak of electric field is shown to
depend ‘on. the studied axial position. The width of the peak of electric field increases
and the maximum value of the electric field decreases as the studied point moves from
the wicinity of the point electrode to the middle of the gap. Then as the studied point
gets closer to the cathode, the width of the peak of electric field decreases and the
maximum value of the electric field increases. As observed in experiments (Chng et al.;
2019), after the discharge ignition, the electric field ahead of the ionization front becomes
rapidly higher than the Laplacian electric field. Simulations show that this is due to the
redistribution of the electric field in the gap as the ionization front propagates. After the
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peak, the electric field goes down to a minimal value which increases as the studiéd point
moves from the anode to the cathode. After the connection of the discharge at4he plane;,
a very fast redistribution of electric field in the conductive channel is observed with«a
fast wave propagating from the cathode towards the anode. Just after the connection,
The electric field is shown to be non uniform in the gap and may be imsmany points of
the gap higher than the breakdown field in air at atmospheric pressure:

Finally, for the reference case with 55 kV and a rise time of 0.5/ns, we §how that a
time resolution of 100 ps would allow to capture the dynamics and maximum values of
electric field for a studied position close to the middle of the discharg\e gap. However,
only a time resolution of about 10 ps allows to follow accutately the fast dynamics of
the electric field during the propagation of the ionization wave for.studied points close
to electrodes or during the redistribution of the electric after the connection of the
ionization wave at the cathode.
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