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Abstract

This work computationally investigates the morphological transition of atmospheric pressure
positive nanosecond pulsed discharges from a diffuse to a multi-channel regime. Using 2D
fluid models — specifically the Local Field Approximation (LFA), a flux-corrected LFA, and
the Local Mean Energy Approximation (LMEA) — we analyze the influence of voltage
amplitude and rise time on discharge dynamics. Results reveal that a short voltage rise time (2
ns) consistently produces adiffuse discharge(from 56 kV to 85 kV amplitude), which exhibits
significant acceleration athigher voltages but constant-velocity at a lower voltage(56 kV), in
agreement with experimental observation. Both flux-corrected LFA and LMEA better match
experimental results regarding discharge width and average development velocity, with
LMEA showing a generally longer inception delay and faster development velocity.
Conversely, forislower rise times (5.8 ns), the standard LFA model predicts off-axis
branching especially under lower voltage(56 kV). In contrast, both the flux-corrected LFA
and’LMEA models successfully capture the development of a main channel alongside
branching structures. Notably, the flux-corrected LFA model exhibits the best qualitative
agreement with experiments, demonstrating the suppression of branching at higher voltages.
Although limited by its 2D framework, the model provides results comparable to those of 3D
models, clarifying the model-dependent nature of simulated discharge morphologies and
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offering critical insights into the physical mechanisms driving the diffuse-to-branched
transition.

1. Introduction

Positive diffuse discharge is a special type of streamer discharge characterized by a
diffusive morphology, generated by high-amplitude, short-nanosecond pulse rising edges. This
uniform and highly repeatable discharge, which can be produced at atmospheric pressure, holds
promising views and prospects for both fundamental research and industrial applications.:Yet
as pointed out in the work of Tardiveau et al.[1], the discharge morphology is.strongly related
to the voltage rise time: as the pulse rise time increases, the diffuse discharge transitions from
a ‘diffuse regime’ to a ‘multi-channel regime’, thereby losing its unique-characteristics.

Addressing the influence of discharge rise time on discharge characteristics, Briels et al.
[2, 3] conduct a series of experiments on the impact of voltage rise timeon atmospheric positive
filamentary streamers. They found that as the voltage increases and the 4ise time decreases,
both the diameter and the development velocity of the streamer increase, and an empirical
mathematical relationship exists: v=0.5¢> mm-'ns!. Similarpatterns,aré experimentally found
to also apply to the inception cloud[4-7], which is_a propagation mode with a special
morphology that lies between streamer inception and branched filaments, but its diameter is
larger than that of filamentary streamers. It should be noted ghat these studies on filament
streamers and inception clouds mostly use voltage amplitudes of 10-60 kV, rise times above 15
ns, and gaps of 4-16 cm. Thus difficult to form the diffuse discharge morphology described
previously; instead, they remain in the ‘multi-channel regime’. Tardiveau et al.[1, 8] investigate
diffuse discharges generated in short gaps (10-20 mm) by voltages with high amplitudes (above
50 kV) and short nanosecond pulse risestimes (2=5 ns). They find that in the ‘diffuse regime,’
diffuse discharges also exhibit the same pattern: as the rise time decreases and the amplitude
increases, the discharge develops)faster and has a larger diameter. The explanation for this
phenomenon is achieved through 2D axisymmetric fluid simulations. The most classic of these
are the simulations by Komuro et al. [9] for filamentary streamers and by Bourdon et al.[10]
for diffuse discharge, respectively. The former uses voltages with amplitudes of 18-25 kV and
rise times of 46-218 ns to simulate a single filament streamer discharge at atmospheric pressure
within a 13 mm gapx The latter. emiploys voltages with an amplitude of 55 kV and rise times of
0.5-1.5 ns to simulate diffuse discharge at atmospheric pressure within a 16 mm gap. They offer
a consistent explanation»for the same phenomenon: the electric field reaching the breakdown
threshold in ashorter time accelerates the expansion of the ionization region, especially due to
the increase in the radial electric field component caused by elevated local charge density.
Similarly, in the work of\Marode et al.[11], Brisset et al.[12], and Zhu et al.[13], they use
differentyfluid._models to discuss the evolution of the electric field during discharge
development,sand achieve good agreement with experiments, but focus more on the ‘diffuse
regime’. However, these simulation work neglect to explain another important phenomenon:
why diffuse discharge transitions from a ‘diffuse regime’ to a ‘multi-channel regime’ as the
voltage rise time decreases.

For filament streamers, Teunissen et al. [14] reproduce the process where the inception
cloud destabilizes into streamers during the development of positive streamer discharge using
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a 3D PIC-MCC model. They also quantitatively simulate the process of positive streamer
branching with a 3D fluid model that includes Monte Carlo photoionization[15], correctly
predicting important information such as the number of branches and angles. Their simulation
work reveals that stochastic processes and Laplacian instability are the causes of positive
streamer branching under low voltage and slow rise times. Although they fully simulate how
filament streamers emerge from the inception cloud, a specific explanation for the huge
morphological differences under different rise times is still lacking. Especially,the reasonyfor
the discharge mode transition in diffuse discharge caused by different rise times stillrequires
further discussion.

In this work, we primarily focus on the ‘diffuse regime’ and ‘multi-channebregime’ of
atmospheric pressure positive nanosecond pulse discharge under different voltage amplitudes
and rise times. We attempt to explain, through a fluid simulation model, why.a reduction in rise
time of approximately 3 ns causes such a significant difference in discharge mode. In Section
2, we introduce the numerical method used in this paper. In Section 3, We discuss the causes of
diffuse discharge and filamentary streamers under different rise times:»Wefalso make different
corrections to the model to investigate the differences between the specific discharge
characteristics obtained from simulation and those from experiments:

2. Numerical Method

The model we use in this work is a classic: 2D fluid model with local field
approximation(LFA) and local mean energy approximation (LMEA). The LFA part of this
model has been validated through comparison with high-préssure SDBD experiments [16], and
the LMEA part has been validated through moderate-pressure fast ionization wave experiments
[17]. Besides, the model has been used to calculate diffuse discharge at atmospheric[13] and
low pressure[ 18], and achieved good agreementsiwith experiment results. Thus, here we do not
reiterate the mathematical equations of the model.

The specific geometric configuration adopted for the simulation is shown in Fig. 1 below.
The calculation domain is 50mm*50mm. This calculation domain is chosen because further
increasing it does not significantly affect the simulation results. Conversely, reducing this
boundary further to below 30 mmibegins to influence the discharge volume itself. The red
region represents the high-veltage electrode with the pin positioned at Z=16 mm, and the
ground plane electrode is locatedat Z=0 mm. The electrode geometry is identical to that used
in the experiment, with gpecific geometric parameters labeled in the figure. Within the darker
gray area, which'serves as the plasma computational domain, only the continuity equations are
solved. The Helmholtz equation for photoionization and the Poisson equation for the electric
field are solved throughout the entire 50 mmx50 mm domain.

Boundary/conditions:for Poisson’s equation are set as Dirichlet on the electrode and as
Neumanny on the outer computational domain boundaries, away from the immediate plasma
vicinity. In addition, the ghost fluid method [19] is employed on the electrode surface to avoid
potential serration shape. Concerning the drift-diffusion equation, we implement zero-flux and
homogeneous Neumann conditions for both positive and negative species at the anode, while
reversing these conditions at the cathode. A crucial constraint is the zero radial flux enforced
forall charged species along the central axis. The simulation begins with a neutral background,
where initial densities for both electrons and positive ions are set at 10'® m=3. The positive ions
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include a uniform distribution of 0.2x10'® m O,* and 0.8x10'° m3 N,*. All other species are set to

zero. In addition, a Gaussian electron density distribution is set at Z=15. 75mm, with a peak

density of 10'7 m™ and a radius of 0.25 mm. Gas temperature and pressure are set at 300

101325 Pa throughout the entire calculation domain, with the gas mixture comprising an
mixture of N,:O,.
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A simple chemical reaction system is consider

of [20], in which they focused on the stagnating positi mers with a high electric field at

Reaction rate Ref

flo, E/N) [21]

Ao, E/N) [22]

AE/N) [22]

AE/N) [22]

AE/N) [23]

AE/N) [23]

AE/N) [23]

AE/N) [23]

5%1029X(300/ Tes)? [24]

2.4x1030%(300/ Ty} [24]

R11 » 505 +N,+N, 2.5x1010 [24]
e+0;>0,+ 0, 1.4x106X(300/ T as)*3 [24]

etN;>N,+N, 2x1079%(300/Tgys)" [24]

R14 N3+ O—N+N+0 107 [24]
1 N}+055N+N+ O, 107 [24]
R16 N3+03-N+N+ O; 107 [24]
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R17 1+ 0'=>0+0+0 107 [24]

RIS 1+05-0+0+ 0, 107 [24]

R19 05—1—0'3 —-0+0+ O3 107 [24]

R20 0,4+ O'=0,+ 040 107 [24]
+

R21 0,4+05-0,+ 0+ 0, 107 [24]
+

R22 04+03->0,+ O,+ O 107 [24]

R23 N;+ O >Ny +N,+0 107 [24]

R24 N;+05->Ny+Ny+ O, 107 [24]

R25 NX-%—O% —>N,+N,+ O; 107 [24]

*Unit of rate constants are s, cm? s7!, and cm® s7'.

The three applied voltage profiles used in this paper are shown in Fig. 2. Among these,
CH1 has a rise time 7'9%90% of 2 ns, CH2 has a rise time of 2.95 ns, and CH3 has a rise time of
5.2 ns. To observe the effect of different rise times in the simulation, the starting points of all

voltage profiles are aligned to 8% of their peak value (=0ns)
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Fig. 2 The three voltage profiles with different rise times used in this work.
3. Results and discussion

3.1 The effect of rise times\on the discharge morphologies in the experiment

As reviewed above, iin discharge experiments, the rise time of the applied voltage
significantly determines the discharge morphology. As illustrated in Fig. 3: when a 2 ns (CH1)
rise time is employed, the,discharge consistently maintains a diffusive morphology across
various voltage amplitudes (56kV-85kV). When the rise time is slightly reduced to 2.95 ns
(CH3), similarly, the discharge consistently remains in a diffuse state. The only difference is
that its maximum width,is smaller compared to CH1. These are the ‘diffuse regime’ described
in [1]. In contrast, with a 5:2 ns (CH3) rise time, a branched discharge tends to form, particularly
at lower voltage'amplitudes. Additionally, for CH3, a main discharge channel, beneath the pin
electrode, is consistently observed alongside branched streamers developing along electric field
lines. Thisisthe so-called ‘multi-channel regime’. With increasing voltage amplitude, this main
channel{widens, and the count of branched streamers reduces. Ultimately, only the main
channel‘persists at 85 kV, but its morphology is not a conical diffuse form, but rather more
closely resembles a single, streamer-like discharge filament.

1t should be noted that all these experimental images are obtained at a discharge repetition
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frequency of 10 Hz. However, through experimentation, we find that the discharge frequency
does not significantly affect these branching patterns caused by the rising edge. This is
especially true when the discharge repetition frequency is reduced to 1 Hz and 0.05 Hz; the

branching phenomenon under CH3 remains pronounced.

(85kKV-CHZ | 85kV-CH3

68kV-CH1

6kV-CH1 6kV-CH2 6k H

Fig. 3 The discharge morphologies under different rise.times in the experiment. The gate

used to capture the images is 0.5 ns.

Within our 2D axisymmetric fluid model.in Section'3.2, we attempted to simulate the
discharge morphology under different voltage rise times and sought to elucidate why a slower
rise time process leads to discharge branching in these cases.

3.2 Modeling on the discharge morphology transition under different rise times

3.2.1 LFA modeling on the rise time effect

Since the discharge morphology observed under a 2.8 ns rise time (CH2) closely resembles
that of the 2.0 ns case (CH1)-beth presenting a conical diffusive shape-the comparative analysis
in our simulation focuses on the 2.0 ns (CH1) and 5.2 ns (CH3) rise times.

Fig. 4 illustrates the tempoal evolution of the electron density distribution obtained from
the 2D axisymmetric fluid simulation under the 2.0 ns rise time(CH1). It can be observed that,
in addition to the main dischargetegion below the pin tip (which first develops spherically and
then conically), two.‘parasitic,streamers’ exist on the pin surface. The upper one is generated
due to electric field enhancement caused by a local protrusion formed as the pin electrode
transitions from conical to cylindrical; it is called a ‘side flare’ in [13] and is also found in
experiments and simulations in [18]. The lower parasitic streamer originates from the surface
of the conicaldegion of the pin, and its generation is due to the Laplacian field caused by the
special’shape of -the pin electrode. In [25], this situation is improved by employing a rod
electrode instead of a pin and a disc holder above the electrode. However, in this paper, to
maintain,consistency with the experiment, we still use the electrode structure that is 1:1 with
the experimental electrode. Subsequent analysis of the discharge completely ignores these two
parasitic streamers and only discusses the discharge generated below Z= 16 mm.

With increasing applied voltage amplitude, the discharge propagates faster, and the time for it
torreach the plane electrode is reduced, where the discharge required 4.9 ns to reach the plane
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electrode at 56 kV, while at 85 kV, this time is reduced to 2.7 ns. Correspondingly, the average
propagation velocity increases from 3.27 mm/ns to 5.93 mm/ns. The maximum discharge width
also exhibits a slight increase. When defining the discharge profile by thel0'® m- electron
density contour line (the black line in Fig. 4), the width grows from 12.35 mm at 56 kV to 13.38
mm at an 85 kV peak. This is consistent with the simulation results of Bourdon et al.[10]
reviewed above.

Fig. 5 presents the temporal evolution of the reduced electric field (E/N) on-axis. The
electric field at the head of the discharge increases with increasing applied voltage amplitude.
Specifically, when the discharge reaches the mid-gap point (8 mm), the peak head £/N increases
from 409 Td at 56 kV, to 459 Td at 68 kV, and further to 526 Td at 85 kV..Additionally, the
discharge propagation velocity is also voltage-dependent: while it exhibits nearly constant
velocity at 56 kV (with only minor acceleration around 4.5 ns, as seen.in the head trajectory),
it undergoes pronounced acceleration at higher voltages. This accelerationsbegins around 2.5
ns (propagates to Z=8 mm) at 68 kV and around 2.0 ns (propagates.to Z=8 mm) at 85 kV. Such
abrupt acceleration after passing the mid-gap at high applied voltages,is also consistent with
the experimental findings of Tardiveau et al. [1].

A new, not fully explained problem emerges here: Whyrdoes diffuse discharge at 56 kV
develop at a constant velocity (except when it develops very close to.the plane electrode), while
discharge at 68 kV and 85 kV begins to accelerate significantly after crossing Z=8 mm? At this
position, the discharge head is still very far from the plane electgode, and the electric field does
not show significant enhancement. We believe this relates to the stability field during the
discharge development process, which is defined as the homogeneous electric field in which a
streamer can propagate with stable width and velocity. This means whether the discharge
accelerates or not is unrelated to the svalue of its head electric field, but rather is related to the
background electric field it is in. However,in sthis work, during the diffuse discharge
development, the value of the background eleetric field at the discharge head changes with time,
rapidly. Therefore, one cannot simply use the background electric field at a certain moment as
a reference. Instead, we consider the internal electric field of the discharge, £, for estimation,
following the method mentioned in [26]. The £, of the diffuse discharge (i.e., the electric field
in the light blue triangularfegionrabove the discharge head in Fig. 5), under the three voltage
amplitudes, has average values of 5.75 kV/cm (23Td), 11.25 kV/cm (45Td), and 13.75 kV/cm
(55Td), respectively.According to the calculations by Francisco et al.[27], the corresponding
homogeneous stability field during positive streamer propagation is 4.65 kV/cm. The larger the
background electric field.is compared to this value, the greater the acceleration during streamer
propagation and the faster the streamer width increases. The 56kV amplitude result is closer to
the homogeneous stability field in ambient air. Therefore, it maintains nearly constant velocity
development. In contrastyat higher amplitudes, the discharge acceleration process is more
pronounced.
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LFA CH1 amplitude: 56kV
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Fig. 5 ic field distribution on the axis under different voltage amplitudes at

ses the remaining gap to the plane electrode. This off-axis branching pattern is

15
Time(ns)

CHI1(2 ns rise time).

the rise time is adjusted to 5.2ns (CH3) in the simulation, a completely

e time (CH3) discharges under different voltage amplitudes. While initial propagation
the symmetry axis towards the plane electrode, a distinct off-axis development
n the discharge head reaches Z=14 mm, redirecting propagation into the R direction.
ently, the axial discharge component ceases, and the radially developing discharge

Page 8 of 28



Page 9 of 28

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-140900.R1

consistently observed at all three voltage amplitudes, while increases in peak voltage accelerate
the propagation and broaden the branched discharge. Defining the discharge by the 10'® m3
electron density contour line(black line in Fig. 6), the maximum width expands from 3.57,mm
(56 kV) to 4.15 mm (68 kV) and 4.95 mm (85 kV).

LFA CH3 amplitude: 56kV

20

4 B |8
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En] ; Unitim™
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Fig. 6 The electron density distribution under different voltage amplitudes in CH3(5.2 ns

rise time).

The evolution of the séduced electric field during the discharge development process for
two different rise times is shown in Fig. 7. With the short rise time (CH1), the location of the
maximum electricfield at the discharge head continuously stays close to the symmetry axis.
However, under the longer rise time (CH3), as the discharge developed to about 14.4 mm (at
=3.0 ns), the peak electric field’s position at the head had already clearly shifted away from
the symmetry axis. Comparing these simulation results with the experimental results, two issues
are apparent: 1) The simulation lacks a main discharge channel developing along the symmetry
axis. 2) In the simulation;ithe discharge at 85 kV still branches, whereas in the experiment, it
does not:

The reason for this lies in a deficiency of the LFA model: when electrons diffuse parallel
to.the electric/field, the LFA fails to fully capture their rapid energy loss process, consequently
causing electrons to diffuse and ionize towards regions of high electric field strength. As noted
in [28], this is a diffusion phenomenon often observed in high electron density regions bordered
by strong electric fields above breakdown. Modifications based on this LFA model will be
discussed in the next Sections.



oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDAMDMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 a@Qaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-140900.R1

Unit:Td

LFA CH1: amplltude 56kV

The simulated off-axis results presented in .2.1 are obtained under initial
a small, localized region beneath
the pin tip, supplemented by a uniform bac ionization of 10'° m-. When the spatial
extent of the seed electron distribution.i main discharge, which is absent in Fig

6, shows up: By modifying the seed tion from a circular area (0.25 mm radius)

to an elliptical shape elongated n (3 mm length) while maintaining the original
R-direction extent(0.25 mm) sity of 10'7 m-3, we present the corresponding
simulation results in Fig. 8. Eve he main discharge advances along the symmetry axis
following the seed electron di ion, a branch that deviates from the main discharge

of additional branching he main discharge. Nevertheless, the simulation results show
better agreement w
seed distribution of this shape physically represents either a highly
discharge inception or the generation of minute streamer discharges
ception. Given that the discharge frequency used in the experiment is 10
interval between adjacent discharges, there is sufficient time for

. However, it should be noted that due to the unique voltage waveform, the pin
s at 2-4 kV for approximately 10 ns before the 5.8 ns rising edge. Consequently,
ron avalanche can occur, potentially generating electrons with a density of 10'7 m

s) distributed over a relatively large area. It is possible that this avalanche process is
and its ionization degree is low. Therefore, experiments cannot capture this very faint
inous process.
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Therefore, it is possible for main discharge and discharge branching to occur in the
experiment due to the distribution of seed electrons.

LFA CH3 amplitude: 56kV

" elliptical shape seed

Z(mm)

Further expanding the seed electron dist
with a 3 mm radius (covering the branchi location in Fig. 6), the discharge branching

own in Fig. 9. The discharge is limited to

0 5
R (mm)

Fig. 9 Reduced electric field evolution under the 10'7 m-* 3mm circular round shape seed
in CH3.
.2.3 Investigation into the Introduction of Correction Factors for the LFA Model
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The primary concern regarding this phenomenon observed in the simulations is to exclude
numerical instability as a cause. Consequently, extensive testing is performed, including grid
refinement near the axis (Z=8-16 mm, R=0-5 mm, with mesh sizes from 1 pm to 5 um),and
analysis of the continuity equation’s reaction source terms, the phenomenon persisted.

A second concern is whether, under these conditions, the LFA no longer satisfies its
limitations. According to [29], the condition for the LFA limitations to hold is as shown in
equation 1, in which 4 is the energy dissipation length. By calculating the terms on both sides
of this equation in the simulation, it is found that this condition consistently holds throughout
the discharge development process and the maximum reduced electric field does not exceed
1000 Td. Therefore, the LFA applicability condition is always satisfied. However, LFA can
give unphysical results when the mentioned validity condition is fulfilled;

L, 2,
Az,&,t)  E(z,t) ~

E(z,1) @) ~

Thus we consider the observation by Soloviev and Krivtsov [30] that strong electron
density and field gradients can invalidate the local field approximation” (LFA), potentially
causing electric field enhancement and further unphysicaltstreamer behavior: the diffusive
electron flux parallel to the electric field (thus corresponding to aloss of energy) should not
contribute to impact ionization. That is to say, the LEA cannot simulate the ‘electron energy
cooling process’ caused by the electric field. Their propoesedysolution involves applying a
correction factor, f;, to the collisional ionization source term, as formulated below in equation
(2). Within this equation, E signifies the electric field unitvector. I'4ff and I'¥ift correspond to
the electron diffusive and drift fluxes, respectively;with f; being restricted to the range of [0,

1].

BT B (D,Vn,)
Prdrift P /Jene |E|

fe = @

Further, as reviewed in the work of Teunissen [28], there is another method that can be
used to modify the source term near a strong gradient, called the full flux source scheme.
Introducing an effective factor gy given in Table 2, to prevent electrons from generating new
ionization. Following this method, the ionization source term is further modified, and the results
are given in Fig. 10phereinafter, it'is denoted as LFA(g). Upon introducing the effective factor
£[0,1], a main dischargeichannel is established and maintained along the axis, and discharge
branching is noticeably suppressed compared with the results in Fig. 6. Under 56 kV, the
discharge near'the pin electrode is initially compact, showing limited radial spread. This radial
componentsntensifies-as the discharge propagates, leading to a clear separation between the
main discharge and branched channel by the time the main discharge arrives at the plane
electrodey(6.8.ns);/the branch persists even after the main discharge has reached the plane
electrode. This behavior is also observed under 68 kV, where the main discharge-branched
channel separation is also evident upon its arrival at the plane electrode (5.8 ns). However, at
85 kV, the discharge reaches the plane electrode (5.0 ns) without significant branching: The
evolution of the reduced electric field during discharge development at 56 kV and 85 kV is
depicted in Fig. 11. At =4.0 ns, discharges at both amplitudes presented two peaks in the
electric field: one peak at the head along the symmetry axis and another on the right flank of
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1
2
i the discharge profile. With further discharge development, the two electric field peaks at 56 kV
5 amplitude exhibited more pronounced separation, resulting in the formation of a distinct branch.
6 In contrast, at 85 kV amplitude, although the two regions of the discharge’s electric field also
; showed some divergence, the separated ‘branch’ on the right possessed a wider head, thus
9 making it appear still integrated with the main discharge. Ultimately, even after the/main
10 discharge propagates to the plane electrode (=5.4 ns), the right-side branch continues to
1 develop.
1; Table 2. The effective factor
14 Relation between advective and diffusive flux effective factor
15 )
16 balance each other g=|T|/| T4
17
18
19 parallel /. =
20
21 opposite direction g =11 | /| 8|
22
23 orthogonal 1
24
25 " LFA(g) CH3 amplitude: 56kV
26 ]
27 i
28 —
29 £ o] : ] ] 5
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30 N b +23
31 " 1 1.0x10 =

] ] 2.2x10"
32 t=3.0ns 1t=4.0ns t¥6.8 ns 0 ns 5.0x10™
33 0 5 10 5 10 5 10 0 5 10 5 10 1.1x10%'
34 Riimmy . — 25x10°°
35 " LFA(g) CH3 amplitude: 68kV | 56x10%°
36 é ] = 1 3x10*‘2
| 2.8x10"
37 e \ h 6.3x10""”
38 E : | 1.4x10"7
39 =" 3 , ] B 3.2x10''°
40 ; ] Bl 7.1x10*"®
41 N ] —1 1.6x10""°
42 t=30ns | {t=40ns t=/58ns | ]ts5/6.4ns = 35x10""
T 5 5 10 5 0 [ 7.9x10""°

b & - | 1.8x10™
44 LEA(g) CH3 amplitude: 85kV 4 0x10™?
45 ® ] 1 8.9x10""
46 - ] — 2.0x10*"
47 ’ —{ 45x10""°

_— ] M +10
48 E, o : ] : 1.0x10
49 N ] 1%
50 5
31 t=20ns | Jt=30ns | Jt=40ns |lt750ns | {t=/5.4ns
52 5 10 0 5 10 5 10 5 10 5 10
53 R (mm)
gg Fig. 10The electron density distribution in CH3 after introducing the correction factor.
56 To distinguish it from the LFA model results, this result is denoted as LFA(g).
57
58
59
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. 12 The electron density and reduced electric field on the axis under 2 ns rise
1). To distinguish it from the LFA model results, this result is denoted as LFA(g).
.4 Investigations on the Local Mean Energy Approximation.

To better describe the ‘electron energy cooling process by electric field” mentioned before,
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local mean energy approximation(LMEA) is introduced. Particularly, the energy conservation
equation for electron energy is solved as shown in equation (3a). In which, n, is the electron
density, &, is the mean electron energy, I', is the energy flux(expanded form shown in
equation(3b), D, and u, are the diffusion coefficient and the mobility of the mean electron
energy), P(ey) is the electron power loss in collisions(specific expression shown in equation
(3¢c), N, is the gas density). Under LMEA, both electron swarm data, P;,,/N, and,the rate
coefficients for electron impact reactions are expressed as explicit functionsof ¢, given,by
BOLSIG+,

0
TNV T, =g | ToE-Pe,)  (w)
I',=-ns,uE-DV(ne,) (3b)
P,
P(e,) =ﬁ-Ng ‘n, (3¢) ~

g

Fig. 13 presents the evolution of electron density and reduced electric field simulated under
LMEA in CH3. Its initial and boundary conditions are consistent with those for LFA described
in Section 2 and results in Section 3.2.1. The simulationsfesults show completely different
results compared to those under LFA: Under 56 kV, the discharge branching process
completely disappears, leaving only the main discharge channel. In contrast, the discharge at
85 kV instead exhibits a faint discharge channel branching off from the main discharge channel.
This branch is more evident in the electric field distribution shown in the fourth row of Fig. 13.
At =5.5 ns, even when the main discharge channel reachesthe plane electrode, a streamer with
an enhanced head electric field still exists in space. This situation is largely consistent with the
simulation results at 85 kV under LEA after introducing the correction factor g shown in Fig.
11. This phenomenon occurs because the mainidischarge, generated at higher amplitudes, is
wider and more conical in shape(under bothhLFA and LMEA). This wider discharge creates
another electric field peak at its right boundary, distinct from the field at the discharge head
(see 85 kV, =4.0 ns, electric field), which then initiates a separate discharge. Overall, LMEA
gives different results from the experimental results, indicating that under these conditions,
LMEA does not necessarily yieldresults consistent with experimental observations. The cause
of the differences between LIFA and LMEA has been computed in [31]. LMEA accurately
calculates both théyelectron mobility reduction and the diffusion coefficient enhancement
process at the dischargeshead, matching analytical solutions, while the LFA model fails to
reproduce this phenomenon. Consequently, diffusion flux and drift flux differ between the two
methods, ultimately leading to the more ‘subtle’ branching phenomenon observed in LMEA.

Fig. 14'shows the-discharge development at a 56 kV amplitude in CH1. Compared to the
LFA results indSection 3.2.1, its discharge inception time is later, and its average development
velocitysis slightly faster. This is largely consistent with the LFA(g) results, with both reaching
the plane ele¢trode at 4.6 ns. The other difference lies in the maximum width when the
discharge reaches the plane electrode: under LMEA, the maximum width is approximately 12
mm (alse using the 10'® m- electron density isoline as the discharge contour), whereas in the
LFA results, the maximum width is approximately 10.5 mm. As for the electric field at the
discharge head, when the discharge propagates through the upper half of the gap (Z=16mm-
8mm), there is little difference between LMEA and LFA, with both being around 500 Td. In
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the latter half (Z=8mm-2mm), the head electric field under LMEA remains essentially at 450
Td, while under LFA, it decreases to around 360 Td. As it approaches the plane
electrode(Z=2mm-0mm), the electric field under LMEA reaches a maximum of over 55
whereas under LFA, the maximum is 500 Td. For reference, in this case, the average inte
electric field of the discharge (the light blue triangular region above the electric field
Figure 14) is 7.5 kV/cm (30 Td), which is higher than 5.75 kV/cm in LFA but simila

result of LFA(g). Y
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Q 13 Electron density and electric field distribution in CH3 under LMEA.
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18 Fig. 14 The electron density and reduced electric field on the axisin CH1 under LMEA.
19 In addition to the differences in the main discharge, we also observe that'the length of the
;? streamer develpoed from the pin surface varies with the model,and rise time. Specifically,
2 referring to the discharge development processes at 85 kV shown in Fig. 4/Fig. 6, and Fig. 13,
23 the length of this streamer is summarized in Table 3. Not only'the rise time affects the streamer
24 length on the pin surface, but different models also have antinfluence.However, compared to
;2 the main discharge, the model’s impact on this streamer length is'quite limited. The generation
27 of streamers on the pin surface is due to the strong radial eleetric field at the pin surface(electric
28 field lines generated are perpendicular to the pin/surface); which is similar to the streamer
gg channels created by the discharge branching caused by the strong radial electric field in the
31 main discharge. Therefore, we observe that after introducing LFA(g), the streamer length is
32 significantly reduced compared to LFA and LMEA:Thus, the underlying physical mechanism
g i for this observation aligns with the main discharge.
35 Table 3. Comparison of streamer lengthen the pin surface for various rise times and simulation
36 models.
2373 Rise time Model Streamer length(mm)
39 CHI LFA 3
40 CH1 LFA(g) 1.8
“ CHI Y LMEA 32
43 CH3 LFA 5.7
44 CH3 LFA(g) 5.6
45 CH3 LMEA 6.72
46
47
48 3.2.5 Diffuse discharge under LFA and LMEA: the calculation results comparison
49 In Section 3.2.4, LMEA simulations show that discharges incept later but propagate faster
?1) than in LEA simulations; notably, branched discharges around the main channel also disappear
52 undersLMEA. This raises a critical question for non-branching regime diffuse discharges, in
53 CH1: which<model, LFA or LMEA, yields results more consistent with experimental
gg observations? This section therefore compares LFA and LMEA simulation results against
56 experiméntal measurements. It should be emphasized that the discharge optical width in the
57 experiment here can only serve as a reference, as different results may be obtained depending
gg on the criteria for boundary selection, while its discharge breakdown time is fixed. Fig. 15

presents a comparison of the propagation of diffuse discharge length and width obtained from
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simulations under LFA, LFA(g), and LMEA, at amplitudes of 56 kV and 85 kV in CH1, against
those measured experimentally. For the determination of the width and length of the diffuse
discharge, we follow the method described in [18]. After performing an Abel inversion on the
discharge images, we use the integral of the light emission profile in both directions to
determine its width and length. Moreover, in diffuse discharge, the width(optical diameter) is
not half of the space charge layer in modeling, as is the case with classic streamers[32,33], but
is close to it. It should be noted that in both experiments and simulations, the discharge incepts
only after the voltage is applied for a certain period. However, the time required for discharge
inception is not the same in experiments and simulations; generally, the time required, in
simulations is shorter. To better compare the simulation results, the inception time in the

experimental data is shifted according to the time difference between their tespective.inceptions.

This adjustment is to ensure that the discharge size at the moment, of inception is not
significantly different between the two. At 56 kV, the discharge incéptiontimes for LFA and
LFA(g) are essentially the same, while LMEA is slightly slower by 0.2/ns. However, the times
at which LFA(g) and LMEA discharges reach the plane electrode ate almost identical. This
indicates that LMEA has the fastest average development velocity, crossing the entire gap in
only 4.2 ns, whereas LFA and LFA(g) take 4.7 ns and 4.3 nsjrespectively. Overall, LFA(g) and
LMEA are closer to the experimental results in discharge length. Theresults for discharge width
are opposite: in the LFA results, with a maximum width of 12.31 mm, which is greater than the
11.76 mm and 10.93 mm for LFA(g) and LMEA, respectively, and is closest to the experimental
value of 12.73 mm. At 85 kV, the inception time for LMEA is also later (by 0.35 ns). It crosses
the entire gap in 2.4 ns, whereas LFA and LFA(g), although they incept earlier, both require
2.55 ns. These crossing times all differ significantly from the experimental results, with
discrepancies of 0.3-0.5 ns. As for the maximum discharge width, the results from all three
models are relatively close to the experimentalwvalue, around 14.1 mm. Furthermore, at the
higher amplitude of 85 kV, the LFA(g) and'LFA results are more consistent with each other
and differ more significantly from the LMEA results. This is reasonable because at higher
amplitudes, the discharge develops faster, the head electric field is stronger, and the electron
diffusion flux is smaller compared to the drift flux; consequently, the LFA(g) and LFA results
are largely consistent. It should alsorbefioted that the slower discharge propagation in LFA and
the later discharge inception/in LMEA are both determined by the characteristics of their
respective assumptions. As summarized in the calculations in [31], LFA calculations near
electrodes are less reliable compared to LMEA. According to their results, when the discharge
approaches the cathode, the sharp increase in electric field strength causes LFA to misestimate
diffusion and4onization rates. Before discharge inception, LMEA simulates the decrease in
number density due torthe absorption of slow electrons by the anode, a phenomenon LFA
cannot simulate dueto its'excessive reliance on the background electric field.

Asscalculated.in [13], the computational accuracy of LFA and LMEA depends not only on
the discharge tself but also on the gas pressure and the grid size. For the atmospheric pressure
diffuse.discharge, the used grid size is 3um-5um. This coincidentally falls at the boundary of
the computational accuracy for both LMEA and LFA in [13], meaning both can achieve
relatively accurate results. By comparison, the calculation results from all three methods are
considered relatively close to the experimental results. However, the slow inception time in
EMEA leads to a more ‘significant’ discrepancy than LFA and LFA(g).
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Fig. 15 The diffuse discharge characteristics(length and width) in experiments and
simulated results in CH1. The determination of the discharge edge follows the method
described in [18]. After performing.an Abel inversion on the discharge images, we integrate
along the radial and axial directions separatelysxThe 15% value of the maximum integral is
taken as the discharge edge. This value has been found suitable as the optical radius for
diffuse discharge after comparison.

By comparing the differences in electric fields under different models presented in Fig. 5,
Fig. 12, and Fig. 14, with the ‘electron density distributions shown in Fig. 4, Fig. 12, and Fig.
14, we further analyze thé calctlations of electric field strength and electron density under
different models.

Regarding the'reduced electric field, the average value of the reduced electric field at the
discharge head in LFA‘isiaround 400 Td. When the discharge propagates to the electrode center
(Z=8 mm), the head electric field is 400 Td. Throughout the propagation process, the average
electric field within the discharge is 38 Td. In LFA(g), the average value of the reduced electric
field at the hiead is around 420 Td, and the electric field at Z=8 mm is 417 Td, with an average
internal electri¢ field of 44, Td. In LMEA, the average value of the reduced electric field at the
head is;around.445/Td, the electric field at Z=8 mm is 450 Td, and the average internal electric
field is 46 Td /It can be seen that the electric field values obtained from LFA(g) and LMEA are
both higher than those from LFA.

Regarding electron density, taking Z=15.8 mm (near the pin electrode) and Z=8 mm (center
of the gap) as examples at the moment of discharge breakdown, the electron densities under
LFAare 2.3x10?! m3 and 2x10" m?3, respectively. Under LFA(g), they are 2.3x10?! m- and
3x10'" m?3. Under LMEA, they are 1.8x10?! m~ and 3.4x10'" m. The results given by the
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three models show high consistency, with the specific numerical values being quite close.

In regions of high field gradients, such as the streamer head, LFA overestimates the
ionization rate as it assumes electrons instantaneously acquire energy from the local field. In
contrast, LMEA solves the energy conservation equation, thus necessitating a stronger local
electric field to achieve the ionization required for streamer propagation. Despite this difference
in the underlying field dynamics. The convergence of the electron density predictions across
the models indicates that the structure of the conductive plasma channel is a well-constrained
outcome of the discharge.

3.2.5 3D modeling results under LFA

In the above sections, we use a 2D axisymmetric fluid model to investigate diffuse
discharge behavior (including branching streamers) under varying voltage risestimes and
amplitudes. To analyze the branching process of discharges, however,.3D modeling remains
the most appropriate approach. As demonstrated in [15], a 3D fluid‘modelswith- Monte Carlo
photoionization can quantitatively simulate branching phenomena in‘low-pressure streamer
discharges. Nevertheless, large-volume diffuse discharges generated /by high-amplitude
nanosecond pulses at atmospheric pressure require substantially finer spatial resolution-
employing 10 um square grids would necessitate over 108¢omputational elements even with
adaptive mesh refinement concentrated on high-field tegions near discharge fronts. This
imposes prohibitive computational demands. Thus_this, study exclusively conducts 3D
simulations of discharge behavior localized near the pin electrode.

Maintaining consistent boundary and initial conditions with the 2D model, electron density
distributions calculated through simple 3D modeling under 56 kV with different voltage rise
times are shown in Fig. 16. To better visualize discharge morphology, a linear color bar is
employed instead of the logarithmic seale used in'previous sections. In CH3 under LFA, similar
to 2D axisymmetric results, discharge branchingoccurs even earlier (at Z=15 mm) yet lacks an
experimentally observed main discharge channel. In contrast, the CH1 case maintains spherical
diffuse morphology without branching tendencies after | mm propagation, but computational
constraints prevent full development calculation due to excessive grid requirements. Through
simple 3D simulation results, 2D LFA calculation results are close to the experimental results
to a certain extent, and aredlso consistent with the 3D results to a certain extent: under the same
amplitude, the discharge tends to ‘branch under long rise time, while maintaining a diffuse
morphology under‘short rise time:

LFA CH1:amplitude: 56kV LFA CH3: amplitude: 56kV

i | ! 6.8x10°'
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Fig. 16 Electron density distribution under LFA in a simple 3D modeling.
3.2.6 Discussion on runaway electrons
Furthermore, in diffuse discharges, especially at very high overvoltage levels
(corresponding to discharges at an 85 kV voltage amplitude in this work), the discharge is likely
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to develop from electron avalanches initiated by field-emitted electrons [34, 35]. This further
enhances the electrons at the avalanche head and generates runaway electrons, thus making the
discharge more diffuse.

As Tarasenko mentioned in the review work [36], the runaway electrons observed in
experiments are primarily concentrated in negative polarity streamers (i.e., anode-directed). In
contrast, fast electrons are not easily generated at the head of positive polarity streamers.
However, their heads can be ionized by X-rays. Similar content is also mentioned in Nijdam et
al.’s review work [37], where they also concluded that higher energy electrons are more readily
produced in negative polarity discharges. Therefore, for the diffuse discharge process generated
under positive polarity in this work, the probability of generating runaway,electrons at the
discharge head is lower than in negative polarity discharges at the same voltage.amplitude.
Instead, they are more likely to be generated near the pin surface.

In the computational work of Marode et al. [11], through simple estimations combined
with fluid model simulation results, they concluded that runaway electrons may appear near the
electrodes in positive polarity diffuse discharges, potentially bombarding the electrodes and
producing X-ray radiation. In Brisset’s work [38], X-ray radiation detection was performed
under the exact same voltage amplitude and electrode setup,as in,this work. However, the
experimental results did not detect any significant X-ray radiation.”Although this could be due
to the need for improved detector sensitivity, it still reveals,that the diffuse discharge process
under the same conditions in this work is not agcompanied by the generation of runaway
electrons.

Fluid models have an inherent disadvantage when ealculating runaway electrons. Their
assumptions prevent them from accurately simulating discharge processes where runaway
electrons play a significant role. This limitation has been highlighted in the computational
works of Marode et al. [11] and Diaset.al. [39];:both LMEA and LFA are unable to describe
this process. To accurately calculate discharge processes under such conditions, only PIC-MCC
models or fluid/PIC hybrid models,can be used. A typical computational work is that of Ren et
al. [40], who used a 2D PICAMCC model and artificially introduced micro-protrusions to
enhance this process, calculating the generation of runaway electrons due to field emission on
the electrode surface during negative polarity diffuse discharge.

In summary, it is possible for runaway electrons to be generated near the pin in our positive
polarity diffuse discharge in this work. However, the experimental results reveal no significant
X-ray radiation. Furthermore, the positive diffuse discharge characteristics obtained from the
fluid model simulationin this work are relatively close to those observed experimentally.
Therefore, it can be approximately assumed that the fluid model in this work is effective for
simulating this positive-polarity diffuse discharge process. However, to further investigate the
generation and development of runaway electrons, a PIC-MCC model is essential, which is
currentlyyoutside the scope of this work. In the future, perhaps the development of hybrid
models will aid in better calculating this process.

4. Conclusions and outlook

In this work, we investigate the morphological characteristics of positive diffuse discharge
under atmospheric pressure fast-rising nanosecond pulse discharges with different voltage
amplitudes and rise times using different 2D fluid simulation models (LFA, LFA with
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correction factors, and LMEA). We obtain the process by which the discharge gradually
transitions from a ‘diffuse regime’ to a ‘multi-channel regime’ by decreasing the voltage rise
time.

At a 2.0 ns rise time (corresponding to CH1 in the above results), the discharge maintains
a diffuse discharge morphology at all voltages from 56-85 kV. Before propagating halfway
across the electrode gap, it propagates forward as a spherical shape, and after propagating
through the latter half, the discharge head gradually protrudes and propagates in@conical shape.
Notably, among the three voltages studied, only the discharge at 56 kV propagates forward at
a constant velocity. At amplitudes of 68 kV and 85 kV, the discharge shows significant
acceleration after crossing halfway through the electrode gap, which is consistent with the
experimental results of Tardiveau et a/ [1]. Through analysis, this is because the intemnal electric
field of the diffuse discharge generated only at 56 kV is close to the stability. field in the air.

At a 5.8 ns rise time (corresponding to CH3), the situation becomes more complex, with
different models yielding different results. In the LFA model, the discharges at different voltage
amplitudes all exhibit a pronounced ‘off-axis’ phenomenon. As the,voltage increases, this
branching phenomenon occurs later, but they generally show the same shape. The reason for
this phenomenon is that the position of the electric field peaks at the discharge head, under a
slow rise time, shifts, deviating from the symmetry axis, Furthermore, this is determined by the
characteristics of the applied electric field and the_discharge itself and is not caused by
computational instability or grid size. During the calculation precess, the condition that makes
LFA effective is consistently maintained at all ‘times, and no situation arises where the
assumption fails. A significant flaw in the LEA resultsyis the absence of a main discharge
channel developing along the symmetry axis imthe simulation. Yet 3D simulations confirm that
such a result is entirely possible. By adjusting the distribution of seed electrons to an elliptical
shape, the main discharge channel can appear in'the discharge, and this seed distribution is also
plausible in experimental conditions. By adopting the full flux scheme correction method to
modify the LFA model, more accurate simulation results can be obtained by reducing the
diffusion flux of electrons along the parallel electric field. The simulation results with the
introduced correction factor indicate that in this situation, the discharge, while maintaining the
presence of the main discharge channel, still produces branching discharges that deviate from
the main discharge channel. Howeyer, by increasing the voltage, the branching becomes less
pronounced, whichyis more consistent with the experimental results. Results after adopting
LMEA are slightly closer.to those of the corrected LFA, both maintaining the presence of the
main discharge channels, However, their discharge branching phenomenon persists at higher
voltage amplittides, which is inconsistent with the experimental results.

Finally; by comparing the results from different models with the highly repeatable diffuse
discharge from the {experiment, it is found that compared to LFA, the results under LMEA
exhibitsay generally higher discharge inception delay and a faster discharge development
velocity. Ovetall, the LFA with the introduced correction scheme and LMEA provide
simulation results that are closer to the experiment.

Although this work uses an axisymmetric model to simulate the ‘multi-channel regime’
discharge, there is still a fundamental discrepancy with the actual branching phenomena
observed in experiments. However, the overall trend of the discharge transitioning from diffuse
to.branched is consistent with the experiment. Furthermore, the most suitable 3D simulation
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model for this research subject requires a massive computational load due to high gas pressure
and strong electric fields, making it nearly impossible to complete. In this work, we compare
and validate with a simple 3D simulation model and a 2D axisymmetric model, which
preliminarily confirms the reliability of the simulation results. However, a more accurate
description of this phenomenon still requires further computation using a 3D model.
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Appendix A

In the reaction system described above (Table 1), we do net consider the influence of
stepwise ionization processes on the discharge. However, in nanosecond pulsed discharges,
stepwise ionization may play a significant role, éven affecting the overall discharge
morphology by influencing the ionization strength.Therefore; based on the original reaction
system, we have added the relevant reactions shown in Table A1 to investigate the impact of
stepwise ionization reactions on diffuse discharge.

Table Al Reactions added to the original reaction system”

Reaction Reaction rate Ref
R1 e+N, = Ny(A)+e flo, E/N) [21]
R2 e+N,&N,(B)+e flo, E/N) [21]
R3 e+N, > No(€)+e flo, E/N) [21]
R4 No(B)+ Na »N,(A)+N, 1011 [24]
RS No(©)+Na=Nod N, 101 [24]
R6 No(C)>N,(B)+hv 3x107 [24]
R7 N,(C)+Fe=>N+N+e AE/N) [41]
R8 N,(C)+& —>N,(B)+ e AT [41]
R9 No(B)+ e »Ny(A)+ e AT [41]
RI10 N>(A)+ e—Nj+ete AE/N) [42]
RI1 Ny(€)+ e-Ni+ete AE/N) [42]
Rd2 N5 (A)+ Ny(A) 5N, (C)+ Ny(X) 1.5x10°10 [24]

*Unit of rate constants are s™!, cm? s, and em® s7!. T, is the electron temperature calculated
based on BOLSIG+ with cross sections indicated in the table.

Fig. A1 shows the electron density distribution during the discharge process under CH1
and,CH3 at a voltage amplitude of 56 kV, both before and after adding the reactions from Table
Al. The results indicate that at the same time, the discharge morphologies under the two
reaction systems are quite similar. However, the discharge develops slightly faster after adding
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the new reaction system. Furthermore, the electron density within the discharge channel is also
higher after adding the new reaction system compared to when it was not added.

- -3
nit:m
1.0x10°%
2.2x10%
5.0¢10™"
1,110
25x10°
5.6x1077
1.3x10

c

20
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Fig. A1 Electron density distribution of discharge in CH1 and CH3"at.a veéltage amplitude of
56 kV, with and without the reactions from Table A1l. The leftiside of each subplot shows the
results without the added reactions, and the right side shows:the results after their addition.

Fig. A2 presents the electron density and reduced electric field strength extracted along
the axis at 4.0 ns for the diffuse discharge process at. 56 kV. under CH1. In terms of electron
density, the overall electron density increases after’adding the geactions. However, within the
discharge channel, although the electron density value increases, the magnitude of the increase
is not significant. The most substantial increase.occurs atthe pin, where the maximum electron
density rises from approximately 1x10%2 m=to 3%10?> m- after adding the new reactions.
Regarding electric field strength, it can be observed thatthe development speed of the ionization
wave front only increases by about 0.1 mmy and the head electric field increases by

approximately 5 Td, indicating a relatively small change.
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Fig«A2 Electron density and reduced electric field distributions along the axis of diffuse
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discharge in CH1 at a voltage amplitude of 56 kV, with and without stepwise ionization. (a) is
the electron density. (b) is the reduced electric field

In summary, stepwise ionization indeed influences the electron density distribution during

the discharge process. Specifically, it results in an overall increase in electron density within

the discharge channel, a sharp increase in electron density near the pin electrode, and a slight

increase in discharge width. However, the overall discharge morphology does not change
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significantly compared to the case without the added reactions. This suggests that the impact of

stepwise ionization on diffuse discharge under these conditions is likely limited.
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