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Abstract

CrossMark

Several publications have shown that it is challenging to model the stagnation of positive
streamers. They find that as the streamers propagate, the space charge region at the streamer
tip reduces in size and that the associated electric field increases towards infinity. In a recent
study on streamer propagation in unsteady airflow, we circumvented this problem by relaxing
the local density and electric field approximation in the drift-diffusion model, commonly used
in the past models. The results, recently published, show that the electric field remains
bounded during the streamer propagation. In the present paper, we explore the process of
stagnation further with a more rigorous approach. We confirm that the instability in the electric
field is an immediate effect of the local density and field approximation and that an extended
description of ionization stabilizes the electric field and leads to a decelerating streamer.
Finally, we discuss the role of positive ions in the stagnation and we show that the stagnating
streamer velocity decreases till it becomes comparable to the ion velocities in the streamer
head. This causes a broadening of the streamer head which leads to a sharp decrease in the

streamer tip electric field and the streamer stagnation.

Keywords: positive streamer stagnation, gas discharges, non-local effects, extended models

(Some figures may appear in colour only in the online journal)

Introduction

Streamers are electrically conductive plasma filaments that
may propagate in regions where the ambient field is below the
breakdown field because of the high space-charge electric field
around their tips. Streamers are the building blocks of elec-
tric sparks and lightning, and hence a better understanding of
their initiation, propagation and termination processes can help
us to better understand the dynamics of electric discharges.
The stagnation length of streamers is particularly important,
both for scientific and industrial purposes, since it defines the
length a streamer can reach in a voltage gap, and therefore is a
deciding factor for a breakdown event to occur.
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Several reports have discussed the maximum length or the
stagnation length of positive streamers experimentally [1, 2]
and numerically [3, 4]. The numerical studies found that the
positive streamers develop a sharp drop in the streamer radius,
which in turn leads to an unstable and large electric field in the
streamer tip [3-5]. In [6], we proposed that this unbounded
electric field was a consequence of the local field and den-
sity assumptions made for the drift-diffusion equation, which
we solved by smoothing the ionization source term using a
length scale defined by the local electric field. The smooth-
ing of the ionization front stabilized the electric field and led
to a decreasing field in the tip and eventual stagnation of the
positive streamer.

In this paper, we investigate further the findings of [6] by
using an extended non-local model based on electron den-
sity gradients to relax the local density approximation in the
calculation of ionization source term [7-9]. We show that
the more accurate treatment of the ionization source term

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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and its non-local nature allows us to achieve a stagnating
positive streamer without the apparently unphysical and indefi-
nite streamer tip electric field. We first simulate a streamer with
the local description to illustrate that our numerical model suf-
fers from the same instabilities as observed in [3—5], demon-
strating that the instability problem is inherent of the local
model. We then repeat the simulation with the non-local,
extended description and show that the streamer tip electric
field is well behaved and fades as the streamer stagnates.
Finally, we discuss the physical mechanisms behind streamer
stagnation.

1. Physical model

1.1. Local model

We use the drift-diffusion model with the local field and den-
sity assumption for the charged particle dynamics commonly
used in streamer modeling [10—14]. The ionization source
term is calculated based on the local electron density and
electric field. We have:

aa”; =V DeVne) + V - (peEne)

+ne(Wi — 1) = Si_, + Spn (1.1)
% = V(DY) + V- (upEny)

+ nets — Sr_y — Sty + Spn (1.2)
agt“ =V Dy Vi) + V- (unEny)

+nevy — S, (1.3)

where 7, np, and n, are the densities of electrons, and posi-
tive and negative ions, and E is the electric field vector. 1 and
D are the mobility and the isotropic diffusion tensor; they are
taken from [15, 16] for ions and calculated with Bolsig+ [17]
for electrons. The recombination loss terms are given by S,
and Srn,p with rates coming from [18]. v; and v, are the ioniza-
tion and attachment rates and are calculated using the Bolsig+
software, and depend on the local electric field [17, 19-23].
The attachment rates at low electric fields are important, as
they determine the electrical conductivity inside the stream-
ers and consequently affect the maximum streamer length. The
attachment rates at electric fields below 40 Td are taken from
[18] and for higher electric fields the rates are calculated using
Bolsig+ [17].

The photoionization source term Spy, in (1.1) and (1.2) has
been modeled based on the approximation proposed by [24]
and is calculated based on the set of three Helmholtz differen-
tial equations described in [25]. A detailed description of the
photoionization in our numerical model is provided in [6].

1.2. Non-local extended model

In the non-local extended description, the ionization source
term is calculated such that it does not depend solely on the

local electron density. The extended description is derived
according to [7] as follows:

The continuity equation for charged particles are derived
from the Boltzmann equation:

on

— + V- -I'(r,t) =S, 1),

2 " (r,) = S(r,1)
where I'(r,t) is the charged particle flux and S(r,?) is the
source term. The phase-space distribution function of elec-
trons, f(r,v,t), can be expanded in powers of their density
gradient as:

(1.4)

[0 =" f@,0% @ V) On0,,

k=0

(1.5)

where the superscript (k) means a tensor of rank k, and ® is an
inner dot product of order k. Similarly, S(r,¢) and I'(r,t) can
be extended in powers of density gradients [7]. Truncating the
expansion of I'(r, f) and S(r, 1), at k = 1, we have [7]:

L(r,1) = Wi(One — D(1) - Vne
S(r,0) = ne(vi — va) — (Wp(t) — W(1) - Vne,

(1.6)
(1.7)

where Wy, = — i E and Wy = — i E are respectively the bulk
velocity vector and the flux velocity vector and Dy is the flux
diffusion coefficient. Finally and still following [7], we can
rewrite the general diffusion equation as:

one
ot

=V (Df vne) +V- (/J,fEl’le) + ne(Vi - Va)

— (W, —Wp) - Vne — S, + Sph. (1.8)

Tep

This equation can be interpreted as the drift-diffusion
equation (1.1), in which the local ionization source term is
replaced by:

S; = nevy — (Wy — Wy) - V. (1.9)

The non-local nature of this description lies in the inclu-
sion of the density gradient term which weakens the locality
assumption in the estimation of the ionization source term.
Accordingly, the drift-diffusion equation for positive ions is
modified:

Ony

o V- Dy Vnp) +V - (upEny) + nev;

— Wy —Wp)-Vne =S, —§

e-p Tn—p

+ Sph-
(1.10)

A similar model has been developed in [9, 26] utilizing
the approach proposed by [8], where using perturbation theory
they took into account the non-uniformity of the electron den-
sity in calculation of the ionization source term. The extended
model described in [9, 26] is:

one
ot

=V - -DiVne) +V - (1Ene) + ne(v; — v,)

+ k],LLfO[fE -Vne, — Srefp + Sph (1.11)
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,where k; is calculated by [26]:

ky = (| E|) — pe(|E|)
w(|EDog(|E])

where pi; and gy, are respectively the flux mobility and the bulk
mobility [26], and «as is the Townsend ionization coefficient
[26]. Replacing the expression for k; (1.12) in (1.11), we have:

one
ot

(1.12)

=V (vane) +V- (/f’/fEne) + ne(Vi - Va)

+ (up — pup)E - Vne — Sy, + Sph (1.13)

Tep

which shows that the extended ionization source terms in the
two models, (1.8) and (1.13), are identical.

The photoionization source term and the transport and rate
coefficients in (1.8) are calculated as for the local description.
The electron bulk mobilities are calculated using the parti-
cle code described in [27], and are consistent with the values
reported in [26].

The local and extended descriptions are implemented in the
code, previously described in [6], with the same algorithms for
adaptive mesh refinement [6] and the implicit time integration
scheme with exact linear part integration (implicit-ELP) from
[6, 28].

2. Simulations

The simulations are performed in air at standard pressure
and temperature. The configuration is axisymmetric and the
domain is shown in figure 1. A potential of 7 kV is applied
to the anode. The streamer is initiated by placing a Gaussian
patch of neutral plasma on the electrode tip. The patch has a
maximum density of 2.5 x 10! m~3 and an e-folding radius of
0.14 mm. The neutral background ionization is set to 10° m~3
for electron and positive ions densities in agreement with the
background ionization proposed by [29]. It mimics the natu-
ral background ionization due to cosmic rays and radioactivity
when attachment is neglected [30]. The photoionization source
term included in our model raises the ionization level in front
of the streamer head to levels higher than realistic background
ionization densities. Other authors have studied the role of
background ionization for streamer simulations without pho-
toionization. In [31, 32], it is respectively proposed that back-
ground ionization levels of 10> m~3 and 10'* m~2 provide
results in good agreement with simulations that include the
photoionization. These levels are at least four orders of magni-
tude above our background ionization and hence the photoion-
ization included in our model screens any influence of realistic
variations in the background ionization level.

The smallest mesh size for the adaptive mesh refinement is
set to 0.25 pum, to accurately determine the density gradient
term in (1.8). The largest variable time step size is 5 ps. The
implicit-ELP time integration scheme is chosen to remove the
time step constraints from the Courant—Friedrich—-Levy (CFL)
stability condition and from the dielectric relaxation time
[6, 33]. The upwind spatial discretization scheme has been
used. The boundary condition at the electrode surface is com-
pletely absorbing.

Figure 1. The central part of the simulation domain and the anode
potential at # = 0. The gap length is 10 cm. The top and bottom
edges are not the actual boundaries of the domain, which extend to a
radius of 10 cm.
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Figure 2. The streamer tip electric field as a function of streamer
length (top) and the electron density profile along the streamer axis
at different instants (bottom) for the local description (1.1).

2.1. The local description

The simulation with the local description (1.1) developed the
same instability in the tip electric field as described in [3, 4].
Figure 2 shows the evolution of the streamer tip electric field
as a function of the streamer length (top) and the evolution of
the electron density profile along the streamer axis during its
propagation (bottom). The electric field at different instances
in time is shown on a colour scale in figure 3. Figures 2 and
3 show that the streamer narrows as it propagates and that the
electric field at its tip increases. When the streamer reaches
1.65 cm at around 92 ns, the streamer rapidly narrows and the
field at its tip gets unbounded, ending the simulation.

2.2. The non-local description

The same simulation is repeated but using this time the non-
local extended model (1.8), and the results are shown in
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Figure 3. Electric field contour plots at 30 ns (top), 60 ns (middle), and 92 ns (bottom) for the local description (1.1).
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Figure 4. The streamer tip electric field as a function of streamer
length (top) and the electron density profile along the axis of
symmetry at different times (bottom) for the non-local description
(1.8).

figures 4 and 5. Firstly, we can note from figure 4 that the prop-
agation velocity of positive streamers are lower when using
the extended model than when using the local model as seen
on figure 2 despite the fact the propagation velocity of nega-
tive streamers have been shown to be faster using the extended
model [26, 34]. This difference arises from the fact that in
(1.8), the sign of the extended term depends on the streamer
polarity which lowers the ionization source term in the posi-
tive streamer tip, while enhancing the ionization source term
in the negative streamer tip and hence a higher electric field
and propagation velocity for negative streamers.

Secondly, we see from figures 4 and 5 that the problem
of the streamer instability is now solved. While the streamer
narrows during its propagation, as in the local description,

the electric field remains bounded, allowing the streamer to
propagate a longer distance. The ratio of the streamer length
to the electrode potential is 3.5 kV cm~!, which is close to
the experimentally evaluated value of 4.4 kV cm™! reported in
[35].

Figure 6 shows the streamer tip electric field (top left)
and the streamer velocity (top right) as functions of time, the
streamer diameter as a function of the streamer length (bottom
left) and the streamer velocity as a function of the streamer
diameter (bottom right). We define the streamer diameter as
twice the shielding radius [36], which is the distance from
streamer axis to the maximum radial electric field.

We see that the streamer velocity increases during the first
few nanoseconds corresponding to the avalanche-to-streamer
transition phase, and then decreases until the streamer stag-
nates at around 300 ns. As the streamer propagates, its diame-
ter also decreases in agreement with previous simulations cor-
relating the streamer diameter and its velocity [29, 37]. The
streamer tip electric field increases as in the local description,
but at a lower rate, and reaches a maximum of 230 kV cm™!
when the streamer is 2 cm in length. At this point, the field
sharply decreases and the streamer vanishes. This behaviour
was also found in our previous work, where we smoothed the
ionization source based on a length scale depending on the
local electric field [6]. We also note that as the streamer veloc-
ity reaches zero the streamer diameter reaches its minimum
diameter of 0.12 mm.

The relative importance of the electron density gradient
term of the ionization source term (1.9) is illustrated in figure 7.
The figure shows a comparison of the local ionization source
term, the contribution of the density gradient term, and the
total ionization term at different time instants. Note that the
gradient term for a positive streamer is negative and that the
plots show the absolute value of the gradient term. We see
that as time progresses and the streamer becomes narrower, the
density gradient in the tip becomes more important. Because
the sign of the gradient term is negative, it counteracts the
local source term and limits the ionization in high field regions,
which stabilizes the electric field. In the model using local den-
sity approximation due to the lack of such stabilizing term the
narrowing streamer focuses the ionization in an infinitely nar-
rowing region in the tip which leads to an indefinite electric
field.
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Figure 5. Electric field contour plots at 50 ns (top), 150 ns (middle), and 250 ns (bottom) for the non-local description (1.8).
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Figure 6. The streamer tip electric field (top left) and streamer velocity (top right) as functions of time, the streamer diameter as a function
of the streamer length (bottom left) and the streamer tip velocity as a function of the streamer diameter (bottom right) for the non-local
description (1.8).
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Figure 7. The extended non-local ionization source terms (1.9) on the symmetry axis of the streamer in a small region at the streamer tip at
50 ns (top left), 100 ns (top right), and 150 ns (bottom left). Each panel gives the zero’th (local), first order (gradient), and the total term

(1.9). The bottom right panel gives the ratio of the gradient term to the local term (at the local term maximum) as a function of the streamer
diameter.



Plasma Sources Sci. Technol. 30 (2021) 115014

M Niknezhad et al

2.3. Effects of non-uniform electric field on ionization source
term

The non-local extended model described here, takes into
account the non-uniformity of the electron density in the
calculation of the ionization term. However, there is a rapid
spatial variation of the electric field in the streamer tip which
can influence the ionization term as well. Here, we inves-
tigate the behaviour of the positive streamer when we take
into account the effects of non-uniformities in both the elec-
tron density and electric field as described in [8]. We have
implemented the model described in [8], we have:

one
ot

=V - -(DiVne) +V - (Ene) + ne(v; — 1)

. N E
+ Kivie - Vne + KzneViEV . (N)

E
+ Ksnevié - Vin (ﬁ) — Sty + Spn @2.1)

where N is the gas number density and e is the electric field
unit vector. We refer to this model as the fully extended model
throughout this section. Similar to [38], we have taken the val-
ues of K, and K3 coefficients from [8], while we have used
(1.12) to calculate the K, coefficient. The ionization source
term is:

N E
S; = nev; + K\vie - Vne + Kznevifv . (ﬁ)

E
+ Ksnevie - Vin () (2.2)
N
which depends on the spatial variation of the electric field
as well as the electron density variations. Accordingly the
positive ions equation has been modified to:

0
% =V - DyVnp) +V - (upEny) + nev;

. N E
+ Kjvie - Vne + KzneViEV . (N)

R E
+ Ksnevie - Vin (ﬁ)

—Se = Se .+ Spn- 2.3)

Tep hp

The term with K, coefficient, in our case, is much smaller
than the other terms, and hence we have neglected this term.
The model parameters and schemes are as described for the
previous models.

Figure 8 shows the electric field evolution and the electron
density profiles along the streamer axis during the propaga-
tion of the streamer. The fully extended model (2.1) leads to
a slightly faster propagating streamer as compared to the pre-
vious extended model (1.8), while they both result in slower
streamer propagation compared to the local model. This is due
to the positive contribution of the field-gradient source term to
the ionization in the fully extended model (2.1). In figure 9,
the different terms of the ionization source term (2.2) on the
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Figure 8. The streamer tip electric field as a function of streamer
length (top) and the electron density profile along the axis of
symmetry at different times (bottom) for the fully extended
description (2.1).

axis of the streamer are shown. Although the source terms
due to the density-gradient and the field-gradient are compa-
rable, they are a few micrometers apart and hence they do not
cancel out. The field-gradient term leads to a wider ioniza-
tion source term while the density-gradient term lowers the
maximum local ionization. This effect resembles the model
described in [6], where the ionization front in the streamer tip
was smoothed to account for the non-local nature of the ion-
ization. Moreover, the stabilizing effect of the density-gradient
term that limited the local ionization term is not altered which
describes the stable propagation of the streamer.

Previously in [39], it was shown for negative streamers that
the ionization source term correction from the electron density
gradient is more important than the correction from the electric
field gradient. Since the results from the fully extended model
(2.1) and the extended model (1.8) lead to qualitatively same
results, we suggest that the density-gradient term is also more
important for positive streamers and hence extended model
(1.8) with only the density-gradient term is sufficient for the
modelling of positive streamer stagnation. Moreover, as seen
in figure 9 there is a sharp variation in the field-gradient term
in the streamer tip that needs a very fine mesh to capture oth-
erwise it can lead to numerical instabilities. Therefore, the use
of the extended model with only the density-gradient term is
numerically recommended.

3. Stagnation mechanism

From the previous section, we see that the stagnation process is
accompanied by a sharp drop in the streamer tip electric field,
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Figure 9. The profiles of the ionization source terms from the fully extended non-local model (2.2) on the symmetry axis of the streamer
around the streamer tip at 50 ns (top left), 100 ns (top right), 150 ns (bottom left), and 200 ns (bottom right). Each panel gives the zero’th
(local), density-gradient, field-gradient and the total ionization source term (2.2).
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Figure 10. The charge layer thickness / along the streamer
symmetry axis, the streamer diameter d and the streamer tip electric
field as functions of time for the non-local description (1.8). The
time of the minimum of the charge layer thickness is shown by the
vertical dashed line at 250 ns. It also corresponds to the minimum of
the streamer diameter and of the maximum tip electric field.

see figure 4 (top), similarly to the behavior described in [6]. In
the following, we investigate the mechanism behind this final
stage of stagnation which is accompanied by an increase in the
streamer diameter and a sharp drop in the streamer tip electric
field.

Figure 10 shows the evolution of the charge layer thick-
ness along the streamer symmetry axis, streamer diameter
and the electric field at the streamer tip. We observe that the
streamer diameter gradually decreases during the first 250 ns
as the streamer propagates away from the electrode in regions
of lower background electric field. This narrowing down of
positive streamers has been previously described in [1]. Simi-
larly we observe that the charge layer thickness decreases until
250 ns.

The charge layer thickness is linked with the effec-
tive ionization length, §;, which is defined generally as
0; = ve/(v; — 1), where v, is the electron velocity and

v; and v, are respectively the ionization and attachment fre-
quencies [40]. In the Townsend avalanche, the effective ion-
ization length defines the separation of slow positive ions and
fast electrons [40]. In a streamer discharge regime, the effec-
tive ionization length varies significantly in the streamer front
and we estimate its average value in the sheath region in the
local description by:

—1
Siml = ( / teE dx) ( / (v — Va)dX) , (3.1
(E>Ep) (E>Ep)

where the integration is taken above the breakdown electric
field Ej. Similarly, we define an equivalent average ioniza-
tion length for the extended model, where we replace the local
ionization source term by the source term from the extended
model (1.9) to have:

51extended = (/ I’LeE dx)
(E>Ey)

-1
X (/ v — (Wy — Wp).Vne/ne — v, dx) .
(E>E})

(3.2)

Figure 11 shows the evolution of &;___, the charge layer
thickness, and the streamer tip electric field as functions of
time. As the streamer propagates away from the electrode,
Oicyencea Sradually decreases consistent with the decline in
the charge layer thickness, reaching its minimum at 240 ns
where it starts to increase. The streamer velocity decreases
along with the streamer diameter, see figure 6. Similar relation
between positive streamer velocity and diameter has already
been shown experimentally in [2] and numerically and analyt-
ically in [29, 37]. The streamer keeps narrowing down and the
charge layer shrinks as it decelerates until the streamer veloc-
ity becomes comparable to the positive ions velocity in the
streamer tip.
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Figure 11. The average ionization length ¢;, charge layer thickness /
and streamer tip electric field as functions of time for the non-local
description (1.8). The vertical dashed line at 240 ns marks the time
of the minimum of the ionization length.
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Figure 12. The profiles of charge density and ion velocity around
the streamer tip at 250 ns for the non-local description (1.8).

Figure 12 shows the streamer tip charge layer and the
ion velocity on the streamer axis. As the propagation of the
streamer becomes slow, the propagation speed of the charge
layer becomes comparable with the speed of positive ions and
the drift motion of the positive ions increases the thickness of
the charge layer and the streamer head radius which in turn
leads to a drop in the streamer tip electric field.

3.1. The role of positive ions motion

To understand better the role of the positive ion motion on the
streamer stagnation, we have investigated the stagnation with
and without the ion motion. Accordingly, we removed the drift
term, V - (u,Eny), from the equation of motion of the positive
ions (1.10), and we ran the simulation again. Figure 13 shows
the evolution of the streamer diameter and of the charge layer
thickness from 150 to 300 ns. We can see that without con-
sidering the ion motion, the streamer keeps narrowing down.
With considering the ion motion, the streamer head broadens

160 w w 35
-e-Streamer diameter
~-Charge layer thickness
140
= —
S g
el ~
120 -
150 200 250 300
t [ns]
160 w w 35
-o-Streamer diameter
~-Charge layer thickness
140}
El
3
=l
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Figure 13. Evolution of the charge layer thickness and streamer
diameter with (top) and without ion motion (bottom) for the
non-local description (1.8).

from around 250 ns. This result further emphasizes the role of
positive ion motion on the behaviour of the positive streamer
stagnation. Streamer models commonly assume that ions are
stationary, we show that it is valid when the streamer velocity
is large as compared to the drift velocity of ions. For stagnating
streamer this is no more valid.

We should note that uncertainties in the ion mobility param-
eter does not alter the mechanism of the stagnation process or
the final streamer length. The latter comes from the fact that
the ion velocity becomes important only when the streamer
is already too slow to propagate significantly before the full
stagnation.

If we go back to the local model description for the study
of streamer stagnation, we observe that the average ionization
length and the streamer diameter keep narrowing down until
the streamer tip electric field becomes unstable, see figure 14.
The streamer velocity decreases until the end of the simula-
tion, however it never reaches the velocities that are compara-
ble to the ion drift velocities. Therefore, the local description
does not capture the role of ions in the streamer stagnation and
inevitably experiences an instability in the streamer tip electric
field.
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4. Conclusion

In this paper, we investigated the stagnation of positive stream-
ers using two drift-diffusion models with different descriptions
of the ionization source term. The first model uses the local
density approximation in the ionization source term which
result in an instability in the streamer head, where the elec-
tric field grows towards infinity, similar to [3—6]. The second
model is a non-local fluid model [7, 8, 26] where the field
remains limited and fades as the streamer stagnates. This result
suggests that the instability of the streamer originates in the
non-local nature of ionization in the high electric field regions
which the local model fails to capture. Therefore, the use of the
extended model or models involving higher moments of the
Boltzmann equation [41] is suggested, which provide a more
accurate estimation of ionization in the streamer tip. We also
showed that the results from the fully extended model includ-
ing both the electron density and electric field gradients agree
well with the extended model including only the density gra-
dient term. Moreover, we found that the motion of positive
ions plays a major role in the stagnation of positive stream-
ers. It suggests that streamer models with the assumption of
immobile ions are not suitable for the stagnation of positive
streamers.

This study led to the following observations on the stagna-
tion process:

e The streamer propagation is accompanied by a decrease
in equivalent ionization length, charge layer thickness,
and streamer diameter along with an increase of streamer
tip electric field. The streamer velocity continuously
decreases.

e When the streamer velocity becomes comparable to the
positive ions velocity in the streamer tip, the streamer
charge layer thickness and streamer diameter start to
increase leading to a drop in the streamer tip electric field
eventually leading to the streamer stagnation.

To summarize the above-mentioned points, in this paper we
have presented for the first time a stable modelling of pos-
itive streamer stagnation, and have described the underlying
mechanism of stagnation. The model allows the calculation of
the maximum length a streamer can reach in a laboratory dis-
charge gap. One can note that the results presented here are
obtained in the framework of non-local extended fluid mod-
els. Further investigation of the complex problem of positive
streamer stagnation with higher order fluid or particle models
might be required.

300
=200
=
]
100 ‘ ‘ ‘
0 25 50 75 100
t [ns]

the streamer diameter (right) for the local description.
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