28" ICPIG, July 15-20, 2007, Prague, Czech Republic Topic number: 05

Pseudo-spectral 3D simulations of streamers
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A three-dimensional code for the simulation of streamenstisduced. The code is based on a fluid
model for oxygen-nitrogen mixtures that includes drifffuion and attachement of electrons and
creation of new charge carriers through impact ionizatioth photo-ionization. The electric field
created by the space charges is solved self-consistertittycdde assumes that the streamer geom-
etry is not far from an axisymmetric configuration and it isnéfore possible to apply a relatively
coarse discretization in the angular coordinate. The dthercoordinates are represented in adap-
tively refined grids, allowing a fine resolution of the spaterge layer. In order to take advantage of
multiprocessor machines, a pseudo-spectral method (appdyscrete Fourier transform forth and
back at each time-step) was implemented to resolve the angependence.

1. Introduction

One generic process of electrical breakdown in o
large volumes is the streamer: under a high enougl
electric field an accumulation of electron avalanches 1200
can lead to a charge separation and the formation c
a thin, curved layer of space-charge that locally en-
hances the electric field, inducing further ionization
events in its vicinity and thus creating a narrow, prop-
agating plasma channel.

The extremely high, localized electric field close
to the streamer head creates a focused small region «
highly energetic electrons that give streamers their in- 300 200 100 0 100 200 300 0
dustrial and economic relevance. Since the power pro o
vided to the discharge is so accurately focused o0& 1: Ejectron densities of two adjacent negative stream-
small region, streamers are an efficient method for rass in a non-attaching gas such as nitrogen as simulated by

ical production, pollution removal and surface treat‘ﬂgg feguﬂg?]”;?nzgdgéi; ﬁ%ﬁéiﬁ;ﬁﬂlﬁ&éﬂ&?{‘

ment [1]. up to our knowledge, this is the first time that a numerical
In nature, streamers are observed in sprites [S]nulation hasbeen ableto actually show this phenomenon.

bipolar atmospheric discharges that appear at high al-
titudes above thunderclouds.
ely refined grids [4].

The numerical study of streamers faces the chi¥
lenge of their multi-scale nature [3]: the large differ- Most of these developments were, however, lim-
ence in length-scales between the thin space-chai§d to completely axisymmetric systems due to ob-
layer, where most of the relevant physics takes pla¥tus limitations in the available computational ca-
and the much larger streamer body. A numerical silRcity. There are however several topics in streamer
ulation needs to resolve with a very high resolutid?hysics that are calling for the removal of such lim-
the space-charge layer while not expending too ma#gfion. Among them are interacting streamers and
resources in simulating the remaining large volum@&e spontaneous symmetry breaking during streamer
To cope with this difficulty considerable progress h&$anching.
been made in recent years in the development of adap-Today, the arrival of more powerful hardware has
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finally allowed us to remove the assumption of conalescribed in the previous section for axisymmetric

plete cylindrical symmetry from the computationaystems. A 3D simulation scheme should naturally

models. This article aims to describe the implemebuild on those developments and profit from this

tation of such three-dimensional code. know-how. Hence our goal was to produce a streamer
simulation code with the following properties:

2. Fluid streamer model

We consider a model for streamers in oxygen-nitrogedaptive grid refinement. The major problem in

mixtures that includes electrons and positive and neg-  numerical streamer simulations is their afore-

ative ions in which electrons diffuse and drift accord- mentioned multi-scale nature. An efficient al-

ing to the local electric f|e|(E, while ionS, due to gonthm should have a |arge resolution for the
their much larger mass, are considered immobile. The  fine and steep structure of the space charge

charge carriers are generated by impact ionization that layer while the complete streamer is also taken

depends on the local electric field and photoionization  jnto account, albeit at a lower resolution. The

by photons emitted anywhere in the gas area, although  model to follow here is the refinement of the

mainly from the high-field region: grids according to a curvature monitor as de-
scribed in [4, 9].

Ome = V- (nepeB) + DeVne (1) Efficient computation of the photoionization
+5Si 4 Sph — Vne, source. Calculating the photoionization source
Oy = S;+ Sph, 2 can be quite expensive if one naively translates
on_ = vne, 3) the integral equation (5) into a sum over all
pairs of grid-points. A more efficient procedure
wheren,, n4. andn_ are the electron, positive ion and is possible if one approximates the integral ker-
negative ion densities respectively, is the electron nel by a carefully selected expansion [10] such
diffusion coefficient and- is the rate of attachement that one can reduce the computations to the so-
of free electrons to neutral oxygen molecules. The im- lution of a set of elliptical partial differential
pact ionizationS; is given by Townsend'’s approxima- equations which can be solved much faster and
tion, fit well into a refinement scheme.
o - _By/|E| Parallelism. An axisymmetric simulation usually
Si = nepie|El|a([E]) = nepe|Elage @) lasts from several days up to several weeks, de-
in which o is the ionization coefficient. The pho- pending on varoius factors such as the initial
toionization term is given, following the model for conditions and the external field. A 3D sim-
oxygen_nitrogen mixtures Of Ref [5], by ulation would natura.”y require several times
s as many computations and hence up to several
() = - / f(plr = x'|)Si(x)d3 (pr) months if a single processor were to perform
b 47T D + Dq |pr — pr’l2 ’ all the work. There was therefore a strong pres-
() sure towards a parallel code. While the time-
wherep is the gas pressurg, is the quenching pres- integration of the fluid equations (1) in multi-
sure of the photoionizing singlet states of nitrogen, ple processors is straight-forward to parallelize
which we take to be, = 60 Torr [6, 7] and f(pr) the solution of the Poisson equation (6) and the
is the absorption function of photoiopizing radiation calculation of the photoionization term is con-
in the wavelength rang&80 — 1025A by oxygen venient to work in Fourier space.
molecules [5, 8] (corresponding tbriy/p in the no-
tation of Ref. [8]). We developed a code that fulfills all these require-
The electric fieldE is determined through Poisyhgnts at the expense of assuming that during most of
son’'s equation for the electric potential, its lifetime, the streamer remains close to a cylindrical

axis. This approach unfortunately prevents us from
V2 = ﬁ(ne —ni+n.), E=-Vé, (6) simulating very complicated structures, such as a fully

€0 branched tree of streamers. However, even in those

wheree is the elementary charge. extremely complicated cases, simple electrostatic ar-
guments can convince us that a consideration of all the

3. A 3D streamer code branches adds little value to our understanding, since

In recent years a set of computational tools was devitle dynamics is still driven by the small scale physics
oped to simulate accurately and efficiently the modgbse to the heads of the streamers, where everything
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can again be approximated by an almost cylindric
streamer that moves in a given external field.

The code represents its variables in cylindrical ¢
ordinates:n.; = n.i(r, z,0) and uses locally refined
grids in ther, z projection while the grid spacing of the

6 variable,A@ is constant in all the simulated domair
In order to solve the Poisson equation (6) a discre 1100
Fourier transformation is performed én
1000
Or(r2) =Y 6(ry2,0a)e ™, (D)
e _ 900
3
whereN is the number of grid cells in thé direction 2 a00
andé@,, = 27mn/N. Then for each separate mokdle
Helmholtz equation has to be solved: 200
Vi G L), ®)
kT )2 k——EO Nik — Nek); 600
where a tilde represents the Fourier transform of
quantity andwy|? = z5z (1 — cos kAG). 100
50 0
. : : 0
4. Example: repulsion of two negative streamers in -50 -100
Nitrogen y [wm] X [ m]
FIG. = 3: Surface  of constant electron den-

sity in an advanced state of the evolution of
two adjacent streamers advancing downwards.

1400

% % with negligible photoionization and attachment, such
as pure nitrogen. We selected two seeds at a distance
12007 Ej Qi 1 of 115 um at atmospheric pressure, under a field of
80kV /cm pointing upwards and we simulated them
\ / with an angular resolution akf = 27 /64 (N = 64).
I 1 Figures 1-3 show that the effect of the streamers on
\j Q/ each other is a significant repulsion. This, of course,
& d results from the electrostatic repulsion of the charges
in their heads.

3 1000

800

5. Conclusions and prospect

We have described a code that allows the numerical

investigation of streamers under not completely ax-

300 -200 -100 0 100 200 300 isymmetric conditions. The code implements adaptive
@ [pm] refinement to accurately represent the space-charge

layer of a streamer and a pseudo-spectral method and

FIG. 2: Equal time steps (separateddiyps) of the evolu- harg|le| Poisson solver that allows it to benefit from
tion of the space charge layers of two adjacent streamers.

Plotted is the half maximum line of the space charge déRbltiple-processor machines.
sity on the plane that intersects the centers of both strsame There are several investigations currently per-

(y = 0). The homogeneous background fieldskV/cm.  f4rmed with the aid of this code, such as the spon-
taneous symmetry breaking during the onset of the
When two streamers are close together their ipranching instability and the various ways in which
teraction can also be roughly modelled by our cod#o or several streamers can interact while they are
Therefore a good example and test of the capabilitidsse enough.
of the presented code is the simulation of two identical Acknowledgements: A.L. was supported by the
streamers propagating at a close distance in a mediDotch STW project CTF.6501, C.M. by the FOM/EW
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