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Abstract

In the prebreakdown stage of electrical breakdown of gases under high pressure and high voltage, the space charge field
plays an important role. We present in this paper the results of numerical calculations of negative streamer propagation in
nitrogen making use of two dimensional Scharfetter and Gummel of zero order scheme which allow us to solve numerically
the transport equations under strongly space charge dominated conditions such as occur at the head of propagating streamers.
The algorithm is fully two dimensional (three dimensional with cylindrical symmetry) and is proving stable and capable of
dealing with the steep density gradients which appear
in our calculations. Poisson’s equation is resolved by Biconjugate Gradient Stabilized method. We are interested in using the
computer calculations to aid in understanding the notion of streamer. Different sizes of radii of the initial ionized spot are
simulated in order to define the role of this parameter on the streamer propagation dynamics.

Keywords : Streamer discharge simulation, effects of different radii.

Résumé

Dans la phase de la prédisruption du claquage électrique des gaz a pression élevée et sous haute tension, le champ de
charge d’espace joue un role important. Nous présentons dans cet article les résultats des calculs numériques de la propagation
du streamer négatif dans 1’azote. Nous utilisons le schéma de Scharfetter et Gummel d’ordre zéro pour résoudre les équations
de transport (en deux dimensions) sous les conditions ol une charge d’espace importante a licu a la téte du streamer qui se
propage. L’algorithme est entiérement a deux dimensions (trois dimensions pour une symétrie cylindrique) et se révéle stable
et capable de traiter les gradients de densité abrupts qui apparaissent dans nos calculs. L’équation de Poisson est résolue par
la méthode Biconjugate Gradient Stabilized. Nous utilisons nos calculs informatiques qui nous aident a comprendre la notion
de streamer. Différentes tailles de la dispersion radiale de la gaussienne initiale sont utilisées dans le but de définir le role
de ce paramétre sur la dynamique de propagation du streamer.

Mots clés: Simulation de la décharge streamer, effets de la dispersion radiale.

wadla

Conly eliadl) Ainds Jis  Mall 56300 5 @i yal) Jmdracall i il Jall 5L 5eSU oy yaill & yéill Jd Le Ala yall
Ay plalll aadis e s il e bl e i) LAY Daoel) cillual) 2508 208 ) gdiall 138 b Lalal ) 5
055 Aaga limd dinc o) Ja gyl 8 cpamall ) Jaill ¥ alas Jal jioa da i) e Jagd 5 i LAl 4aall
Ciidl g skl LU aa dla¥)AENE (e ld Lalal A dge ) sall ity (g2l g iudl Gl 5 53 5 5
o Willes asen (B jedad Al 5 lasa¥) 5 )l s pall @l QLUESH aw Jaladll e 3 )08 3 i Ll
BacLuall 13 aaall il aladinl A& (4 saliga (a2 Wi () je S 9230 A8y yla Ao g ol g9 Aalaa Ja
Glo Jalaall 138 50 30a% ga Cangll 5 Aubeay) 48USH ol Caumil Jant dilida aih 5 aUa o jindl agd e
i) L) A€ty

o al) il )5 oy i) a6l Aadaill dalidall clals)

© Université Constantine 1, Algérie, 2013



A. FLITTI

Introduction :

Plasma is a medium in which a number of neutral
molecules is ionized creating a sufficient number of free
charge carriers to affect electromagnetic properties of the
gas. Depending on the degree of equilibration of the plasma
constituents, i.e. the neutral atoms or molecules, the excited
states, the electrons, the ions, one speaks of thermal or non
thermal plasmas. Non thermal or low temperature plasmas
are generated by applying a strong electric field on the gas.
The energy is then transferred to the electrons rather than the
gas, which stays at ambient temperature, whereas the
electrons on the contrary can gain more and more energy so
that the plasma is not in thermal equilibrium. These non
equilibrium plasma discharges appear in various forms
depending on the spatio-temporal characteristics of the
electric field and on the pressure of the medium. Low
temperature plasmas are widely used in industry, e.g. in the
processing of semiconductors, flat panel displays and gas
cleaning. For a detailed review of the industrial applications
of non-thermal plasmas, we can refer to [1], [2].

Streamers are growing filaments of non-
equilibrium, moderately or weakly ionized, non-stationary
plasma, whose dynamics are controlled by highly localized
and nonlinear space charge regions [3], [4]. A streamer can
arise from a seed electron that moves in a gas under influence
of an electric field. On its path, the electron collides with the
neutral gas molecules (or atoms) and if the electric field is
strong enough, it eventually gains energy to ionize a
molecule, thereby releasing a new electron and a positive
ion. The two electrons now gain energy from the field, both
colliding with and possibly ionizing other molecules, thereby
creating an electron avalanche. The mobility of electrons
results in space charge regions, i.e. regions that are
electrically non-neutral. Eventually, the amount of space
charge can become strong enough to alter the background
electric field (geometric field), which in turn influences both
the electron velocity and the ionization rate of the gas
molecules. A streamer whose dynamics are controlled by
non linear mechanisms emerges. Streamers are typically the
initial stage of sparks and arc discharges.

A sizable volume of evidence has been accumulated
showing the importance of streamers or fast ionizing waves
to several aspects of electrical breakdown of gases. Several
workers [5], [6] have investigated this phenomenon using
high speed photographic technique and have explained the
results qualitatively. Unfortunately, the mathematical
description of transport under conditions for which space-
charge fields play an important role proves very difficult to
deal with in general. This phenomenon is an element of the
more general subject of space charge dominated transport
and a detailed study of the motion of electrons and ions in
non uniform fields is necessary to understand the important
mechanism involved. There have been attempts to simulate
streamer dynamics using kinetics models [7, 8]. However,
these models are very time consuming and the vast majority
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of simulations have been done within the scope of the drift
diffusion approximation (hydrodynamic models) and the
calculations of streamer propagation have been performed in
two dimensions [9-11]. In this paper, we develop a two
dimensional code in cylindrical coordinates by using
differing radii. We use Scharfetter and Gummel of zero order
scheme to solve transport equations and Biconjugate
Gradient Stabilized method for solving Poisson’s equation
[12] .This allows us to follow both the radial and axial
development of streamers. We calculate electron density,
electric field (radial and axial) along the axis of propagation,
net space charge density, source term and the current in the
external circuit for a negative streamer (ADS).

2. Mathematical model

In this section, we describe a time dependent hydrodynamic
model. This particular model allows us to investigate
negative streamers and motion under space-charge
dominated condition in general. The streamer is assumed to
be cylindrically symmetrical with the axis z (direction of the
propagation) and the axis r (radial propagation).

s

A

Cathode Anode

The usual physical model of streamer dynamics is the
first order fluid model [9-12] which involves the first two
moments (equation of continuity (1) and equation of
momentum) of Boltzmann’s equation. These two equations
are solved for electrons and positive ions (the gas is nitrogen)
and are coupled with Poisson’s equation (4) for the space
charge field calculation. The momentum equation is
simplified using the drift diffusion approximation (2):

on (T, L -
& + le .]s(r! [) = Dionization(r’ [)

(1)

j.F,y =00, )V, y— VT, YV (T, 1)

2
Where ns represents the number density of species s

(subscripts “e”, respectively refer to electrons and
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p
positive ions). In equation (2), the ﬂuxjS consists of an
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advective part with drift velocity Vs and a diffusion part with

diffusion coefficient Ds. In the right part of the balance
equation, the term source Sionization represents the electron
impact ionization term and is the dominant source term under
high electric field. It is equal to:

S 3

ionization o Wc (?9 Y nc d:st)
o is the Townsend ionization coefficient, ne the electron
density and w. the magnitude of electron drift velocity.

The photo-ionization source term is omitted and replaced
with a fixed pre-ionized neutral background. The pre-
ionization needed for stable advancement of negative
streamer (ADS) is provided by introducing a uniform neutral
background ionization of the gas (108 particles par cm?). Pre-
ionization gives an excessive number of electrons around the
streamer head and may essentially influence streamer
evolution and structure. The electric field must satisfy the
Poisson’s equation:

AD(T, 1) =V W(TI,1)=—— ) n|T,1 4

0 S

@ is the electrostatic potential,

q.| the absolute value of

electron charge , € the permittivity of free space and

E=-V® ©)

Equations (1), (2) and (4) are closed by using the
local electric field approximation which implies that local
equilibrium of electrons is achieved instantaneously in time
in response to the electric field and assumes that the transport
coefficients and source terms are explicit functions of the
norm of the local electric field.

The external circuit consists of a resistor R in series
with the gap. If V() represents the voltage on the discharge
gap and V the externally applied voltage then the current in
the gap is given by [13]:

q . ~ - -
L) =—={J,(CYILY ) Egepmeic () AT (0)
g Vg (t) i( p } g t
Vi) = VR I(0) ™

3. Numerical implementation :

We know that a streamer propagates rapidly (its
speed is about 1/100 of light speed). During this rapid
transient process, electron, ion densities and electric field
vary fastly with time and space. For simulating the flux in
transport equations, the numerical method must have two
main properties:

-First, it has to be sufficiently accurate to describe the fast
variation of charged particles;

- Second, it must avoid inducing negative values of
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densities. Different numerical schemes were proposed in the
literature. With a scheme of first- order accuracy (e.g.
Upwind scheme), the solution is strictly positive but a
numerical diffusion occurs. With a scheme of higher
accuracy (e.g. Lax Wendroff scheme), the numerical
diffusion is less but the solution is no more positive [14].
Kulikovsky [16] proposed a modified version of the
original explicit Scharfetter Gummel method (noted SGO in
our paper) that improves the accuracy of the original scheme
[15] significantly without requiring the use of a fine grid. All
the details on the scheme can be found in [16].We present
the main characteristics of the method. Kulikovsky’s basic
idea is to put a pair of virtual nodes one on each side of the
cell interface where the flux has to be calculated. The
distance between these virtual nodes is chosen to be small
enough to satisfy the condition for which the Scharfetter
Gummel method is accurate. Densities at virtual nodes are
obtained using an interpolation of the density between two
grid nodes (we choice an exponential interpolation).Then
based on the densities at the virtual nodes, the flux at the cell
edge can be calculated accurately using the Scharfetter
Gummel scheme. It is interesting to note that in the original
Scharfetter Gummel method, the electric field is assumed to
be constant between the virtual nodes. Kulikovsky [16] has
proposed a more accurate approximation of the flux, in
which the field is assumed to vary linearly between the
virtual nodes. In [16], it was shown that accounting for the
linear field profile has a minor influence on the results
obtained on a simplified test case. In the modified Scharfetter
Gummel scheme, the determination of the location of the
virtual nodes is essential and Kulikovsky [16] has proposed
a criterion with a constant factor € which has to be selected.
He suggests that a value of € in the range [0.01, 0.04] gives
good results in most cases.
For streamer simulations, the electric field is a key
parameter for two reasons:

-First, the transport parameters and source terms have a non
linear dependence on it;

-Second, the electric field is directly related to charged
species densities. The electric field is derived from the
electric potential given by Poisson’s equation. A small error
in the calculation of the electric potential leads to large
fluctuations in the electric field which may lead to
considerable errors in the simulation results. Usually,
Poisson’s equation (4) is solved by using a centered second
order scheme. Bi-conjugate gradient stabilized method [17,
18] is used in our paper to solve equation (4). It is an iterative
algorithm and we consider that the solution is obtained as
soon as the maximum of residual defined as

Res = max |V2CI)f‘i —p:‘i| becomes less than a value

ReSmax =3, max(|p§fj|)+p0.The values 8, =107 and p,=1

are used in the present paper and lead typically to 50-100
iterations. (We remember that subscripts i and j are related
to radial and axial directions respectively, k enumerates time
levels).
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4. Domain of simulation, initial density, transport
parameters and boundary conditions :

The computational domain is a cylinder of radius R
(figure (1)). This domain is limited by two infinite parallel,
planes, circular and metallic electrodes separated by a
distance d equal to 0.5 cm. We have taken V, (t = 0) 26 kV
giving a geometric field 52 kVem™! and corresponding to 47
% overvoltage. The gas nitrogen is at atmospheric pressure
(760 Torrs). The initially quasi-neutral plasma spot of
Gaussian profiles in the radial and axial directions takes the
same form for electrons and positive ions:

2 2
n(Z, rt= 0) =n,exp _EEJ _[Lj +npreionization (8)
(&)

z Gr
n, =10"cm™
108 3
npréionisation = 10"em
c, = 0.021 cm
c,= 0.027 cm

By placing the initial electron and ion densities at the left
electrode (z = 0, axis of symmetry), we can simulate the
propagation of negative streamer (ADS) moving from the
cathode (voltage = 0 kV) to the anode (voltage =26 kV). The
choice of a high value of the Gaussian height ny equal to 10'4
cm in the expression (8) provides immediate formation of
the streamer in the gap space (with this value, we by-pass the
avalanche stage). The following transport parameters are
available for nitrogen:

lonization
coefficient
Electron Me=2.910°/P
mobility
Electron axial
diffusion Dea = 1800 cm?s?
coefficient
Electron radial
diffusion Der = 2190 cm?s?
coefficient

a =5.7 P exp (-260 E/P) cm?

cm?Vist

Hp = 2.6 105/ P

lon mobility cm2Vist

lon axial

diffusion Dpa= 10 cm?s?
coefficient

lon axial

diffusion Dpr= 10 cm?s?t
coefficient

Table 1. Transport parameters

The primary ionization coefficient o and the electron
and ion motilities are given by [19]. The electron diffusion
coefficients are given by [20].

The boundary conditions for the potential are chosen to
satisfy:
® =0 )
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®,_,=V,(t=0) (10)

V. (t=0)
Dy :gTZ (11)

Conditions (9) and (10) mean that the potential at the anode
and the cathode is fixed; condition (11) means that the
electric field is undisturbed at the side surface of the
computational domain. For potential, the axial symmetry of
the problem imposes condition (12) and for particles
condition (13):

0o
= =0 12
Or (r-0) -
on

S - 0
O (1=0) 4

Boundary conditions at the electrodes are as follows:

on,
0Z (2-0)

=0 (14)

on
: =0
0Z (1-d) (1

The conditions (14) and (15) mean that the
electrodes don’t influence the particles fluxes and provide
continuity of current.

6. Results and discussion

To determine the effect of the initial ionization
conditions on negative streamer propagation, we carry out
several calculations in which differing radii of the initial
Gaussian distribution are assumed. The first results are in
one dimension.

1015

10% 4

10 4

1012 4

101 4

1010 4

Electron density (cm™)

109 4

—— 0.021cm

————0.028cm
108 4  —-—-—- 0.041cm
0.058 cm

T T T T
0.0 0.1 02 03 04 05

Position (cm)

Figure 2. Electron density along the axis of propagation for
time =2 ns
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Figure 3. Electric field along the axis of propagation for time
=2ns

Figures (2) and (3) compare the profiles of the
electron density and of the magnitude of the electric field for
four differing radii or half width in the radial direction
(0.021, 0.028, 0.041 and 0.058 cm) at a fixed time t = 2 ns.
All other parameters are fixed (height of the Gaussian or
peak density, background ionization, voltage, pressure...).
Once the quasi steady-state is reached, the four streamers
with different radii propagate with different speeds. The
streamer that originates from a wider initial distribution
propagates faster and has a peak electric field (126 kV cm™)
which is smaller than the peak electric field of the streamer

that originates from a narrower distribution (135 kV c¢m™).

The smaller diameter streamer produces the higher
streamer density in the channel, the steeper gradient density

at the tip and the lower background charge.

We remember that the mechanism of propagation of
an anode directed streamer (ADS) is as follows: the electron
drift is along the direction of the wave propagation. The
electrons move forward to shield the bulk of the plasma left
behind; this causes the peak of electric field to move forward
and the electron density near the peak grows due to electron
impact ionization. The new charge created shields itself; in
the bulk of the plasma (see figure (4)), due to shielding, the
electron and ion density are nearly the same, but ahead of the
streamer, the electron drift velocity caused the electron

density to be higher than the ion density.
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Figure 4. Profile of densities along the axis of propagation for
time =1 ns
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Figure 5. Net space charge density along the axis of propagation
for time = 2 ns
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Figure 6. Source term along the axis of propagation for time =2

ns

The net space charge density for an anode directed
streamer is negative and this is shown in figure (5). Since the
ionization coefficient o is a very strong function of the
electric field, the maximum growth of the electron density

takes place when the field is the highest. This remark is also
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valuable for the net space charge density (figure (5)) and the

source term (figure (6)).

Axial position (cm)

Radial position (cm

Figure 7. Cross sectional view of the initial electron density
(cm™); radial dispersion 0.021 ¢cm, logarithm scale

Axial position (cm)

Radial postion (cm)

Figure 8. Cross sectional view of the initial electron density
(cm™); radial dispersion 0.058 cm, logarithm scale

We present also a two dimensional picture of
streamer propagation. The initial distributions of the electron
density are shown in figure (7) where the radial dispersion is
0.021 cm and in figure (8) where the radial dispersion is
0.058 cm. For the two cases, the z-distributions are the same.
We see that for the second radius, we have the wider electron
density. Figures (9,10) and (11,12) show respectively the
cross sectional views of the distribution of electron density
and the electric field for two differing radii (0.021 cm and
0.058 cm) at a fixed time t = 2 ns. Figures (9-12) present two
main regions of the streamer: a crescent shaped high field
region produced by the streamer head and a low field region
behind the streamer head where the field is lower than the
breakdown field and which corresponds to the high electron
density region (channel) caused by streamer propagation.
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Axial position ()

Radal positon (cm)

Figure 9. Cross sectional view of the electron density
(cm™); radial dispersion 0.021 ¢m, logarithm scale

Axial positian (erm

Lk 2 AN Rl e 1% il 0 ik} 1%

Redial postion (en)

Figure 10. Cross sectional view of the electron density
(cm™); radial dispersion 0.058 cm, logarithm scale

Axial position (cm)

45 Pk 15 010 205 000 s A 018 k1]
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Figure 11. Cross sectional view of the electric field
(kV cm™); radial dispersion 0.021 cm
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4% 420 415 010 005 00 005 010 015 k]
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Figure 12. Cross sectional view of the electric field
(kV cm™); radial dispersion 0.058 cm

Axial position (em)

Radial position (cm)

Figure 13. Cross sectional view of the radial field
(kV ¢cm™); radial dispersion 0.021 cm

Axial position (crm)

Readial position (cm)

Figure 14. Cross sectional view of the radial field
(kV ¢cm™); radial dispersion 0.058 cm

Figures (9, 10) show that the radial profile of the
streamer after its formation is wider than the initial charge in
both cases but the streamer that originates from the initial
charge of bigger radius continues to propagate with a bigger

radius. Although the initial background and the applied field
are the same, the space charge field to the initial charge
distribution shapes the density ahead of the streamer.

The difference in the radius of two streamers is also
apparent from the axial and the radial fields shown
respectively in figures (11, 12) and (13, 14). The field is
depleted over a bigger radius for the streamer with a wider
electron density. We see also that the values for radial field
don’t change for the two streamers.

Figures (15, 16) and (17, 18) show respectively the
cross sectional views of net space charge density and source
term for radius 0.021 cm and 0.058 cm. Anode directed
streamer for the two cases is created with space charge of the
opposite sign at its head; it is surrounded by an electronic and
narrow coat. This space charge takes the form of a horse shoe
with the maximum value at the tip (head). The source term
is also maximum at the head of the streamer. As the two
parameters are function of the electric field, they reduce as
the electric field becomes smaller for the radius 0.058 cm.

Axial position (crm)

Radial position (cm)

Figure 15.Cross sectional view of net space charge density
(C em®), radial dispersion 0.021 cm

Axial position (em)

Rk} Rk} 15 10 0% i} il o s o 05
Readial pesition {cm)

Figure 16.Cross sectional view of net space charge density
(C cm™), radial dispersion 0.058 cm
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Figure 17.Cross sectional view of source term (cms™), radial
dispersion 0.021 cm
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Figure 18.Cross sectional view of source term (cm™s™), radial

dispersion 0.058 cm
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Figure 19. External electrical current as function of time (ADS)
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Figure (19) shows the external circuit for the anode
directed streamer for the two radii 0.021 and 0.058 cm. The
initial current results from the initial ionization and decreases
as the initial charge shields itself from the external field. At
later times, the current starts to rise exponentially because of
the exponential growth of the electron density in the main
body of the plasma due to the penetration of electric field.
The current for the radius 0.058 cm is more important than
for the radius 0.021 cm (the avalanche multiplication of
ionization density is more important (see figure (10)).

7. Conclusion

In this paper, we study the effect of differing radii

on the propagation of negative streamer. We find that:

-The radial size of the streamer is influenced by the radial
size of the initial charge although the steady state streamer
radial size is larger than the initial radial size.

-The streamer parameters groups (streamer dimensions,
velocity and current) essentially depend on the spot radius
and are sensitive to the processes in the streamer channel.
-The shape of the streamer and of the streamer head near the
anode are similar for both radii, we conclude that the
dynamics of the streamer head are not controlled by initial
conditions.
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