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Streamer initiation in atmospheric pressure gas discharges by direct particle simulation

B. J. P. Dowds, R. K. Barrett, and D. A. Diver
Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom

~Received 11 April 2003; published 22 August 2003!

A two-dimensional particle code that simulates electrical breakdown of gases by modeling avalanche evo-
lution from the initial ion-electron pair up to the development of a streamer is presented. Trajectories of
individual particles are followed, the self-field is included consistently and collision processes are accurately
modeled using experimentally determined cross sections. It is emphasized that the tadpolelike structure of
well-formed streamer heads is present throughout the avalanche phase, and that the transition to the self-similar
evolution characteristic of the streamer phase merely reflects the continued development of this structure. The
importance of this for conventional fluid simulations of streamers, where the initial conditions for the streamer
are taken to be a structureless Gaussian concentration of neutral plasma with significant density, is discussed.
In the ~realistic! situation where several avalanches are present simultaneously the large self-fields that rapidly
develop lead to a strong interaction between them, in accord with the standard ‘‘cartoon’’ of streamer evolution.

DOI: 10.1103/PhysRevE.68.026412 PACS number~s!: 51.50.1v, 34.80.Dp, 52.25.Jm, 52.65.Cc
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I. INTRODUCTION

Since Raether@1,2# and Loeb and Meek@3# first intro-
duced the streamer mechanism for electrical breakdown
gases, the subject has received increasing attention, bot
perimentally and theoretically. However, due to the e
tremely short time scales involved it has proved difficult
quantify and model the properties of streamers.

Streamers occur when an ionization avalanche form
from the acceleration of a seed ion-electron pair in the
plied field grows to the point where the self-field produc
by the space charge becomes comparable to the applied
@4#. Essentially, individual electrons are accelerated by
applied field until they gain sufficient energy to ionize a ne
tral gas atom. With each set of collisions the number
charged particles doubles, resulting in an avalanche~a
Townsend cascade! where the numbers of charged particl
and their density grow exponentially. A general introducti
to electrical breakdowns and gas discharges is given in
@5#, a comprehensive review of previous gas discharge m
els is contained in Ref.@6#, and extensive literature on thes
subjects exists@7–11#.

Our current theoretical understanding of electrical bre
down in gas discharges is largely based on two-compon
fluid modeling of the streamer phase@12–17#. The majority
of research has focused on anode directed streamers init
on or close to the cathode, although cathode directed stre
ers have also been studied@12,16#. Recent experimental re
sults @18,19# show that there remain discrepancies betwe
simulations and laboratory measurements.

In fluid simulations of streamers several simplifying a
sumptions are usually made. First, the initial distribution
plasma is commonly taken to be a Gaussian concentratio
neutral plasma with a particle density corresponding to
estimated avalanche density (;1014 cm23) at the avalanche
to-streamer transition@12–14#. The avalanche is not itsel
modeled, so its structure at the avalanche-to-streamer tra
tion is not known, and is assumed to be unimportant for
subsequent development of the streamer. This overlooks
fact that the avalanche already has structure within it:
1063-651X/2003/68~2!/026412~9!/$20.00 68 0264
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ionization front is present, charge separation has been se
and there is a self-field that grows in concert with the parti
densities~see Figs. 8 and 5!. The importance of this for
streamer development and modeling in the fluid approxim
tion is discussed below.

Second, fluid simulations assume an initial level of bac
ground ionization ~particle densities in the range from
1 cm23 to 108 cm23) throughout the discharge region. Th
is largely to ensure numerical stability as the streamer pro
gates into the empty region, but the level of backgrou
ionization chosen can have a significant effect on
streamer evolution. The physical justification for this bac
ground ionization is unclear, particularly as in some case
amounts to less than one charged particle in the comp
tional region. The use of a particle simulation to model t
initial avalanche phase overcomes both of these problem
no assumptions about the initial distribution of plasma in
particle code are made.

The particle model presented here realistically simula
an avalanche from the initial ion-electron pair up to and b
yond the avalanche-to-streamer transition by following
trajectories of all particles in the avalanche through the to
field, including the effects of elastic and inelastic collision
Accurate determination of the charged-particle densities
self-potential along with important microphysical data can
obtained. The design of the particle code is such that it
interface easily with a fluid code for continued streamer e
lution to time scales~and particle densities! impractical in a
particle approach. Fluid simulations incorporating partic
modeling do exist@20#, but do not follow all the charged
particles, including only a subset of the electrons. The
thors can find no previously published work in which
solely particle model is used to simulate the avalanche ph

Section II describes, in detail, the particle model. Sect
III presents the results of the model. Finally, Sec. IV conta
our conclusions.

II. PARTICLE MODEL

Previous attempts at discharge models have emplo
fluid simulations@12,15,17,21#. In these simulations the ini
©2003 The American Physical Society12-1
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tial conditions have been a neutral Gaussian plasma pe
bation, which has then been evolved by the fluid code int
streamer. The particle model presented here makes no
assumption. Instead an initial ion-electron pair is placed i
parallel plate gap, containing a uniform stationary continu
of cold neutrals with which the electrons collide.

When a voltage of the order of the breakdown voltage
the gas is applied to the gap, the electron, being greatly m
mobile than the ion, is rapidly accelerated towards the ano
It gains energy from the electric field, and is soon energ
enough so that a collision with a gas atom could liber
another electron, i.e.,Ke>ew whereKe is the kinetic energy
of the electron,e is the electric charge, andw is the first-
ionization potential for the gas. This liberation creates
additional ion-electron pair. The two electrons continue t
process leading to an exponentially increasing numbe
both charged-particle species.

To model this exponential growth of charged-particle de
sity produced by electron impact ionization, the trajector
of the individual electrons and ions are calculated. Furth
more, the self-field produced by the charges themselve
self-consistently taken into account throughout the simu
tion, by assigning space charge density to a grid and solv
Poisson’s equation for the self-potential at each time s
using trigonometric Fourier transforms@22#. In this way we
can include both Dirichlet and von Neumann boundary c
ditions.

After solving Poisson’s equation, the particle trajector
are calculated by numerically integrating the different
form of the equations of motion by a standard fourth-ord
Runge Kutta technique. The relevant equations are

ms

d2ss

dt2
5qsE2Fs,coll , ~1!

¹2fself52
e

«0
~ni2ne!, ~2!

Eself52¹fself, ~3!

E5Eapp1Eself, ~4!

wheress , ms , andqs are the vector displacement, mass a
charge of speciess and Fs,coll represents the effect of sto
chastic collisions~see the following section!. fself is the self-
potential,ni andne are the ion and electron densities, resp
tively. E, Eapp, andEself are the total, applied, and self-field
Nondimensionalizing these equations results in the follow
nondimensional parameter below:

L5
2eQnxnyn1D

«0Eappxgap
, ~5!

where nx ,ny are the number of grid points in thex and y
directions, respectively, andQ is the charge factor which is
measure of the number of charged particles that a given
ticle represents andn1D is a linear density that relates th
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nondimensionalized model densities to their dimensionali
counterparts.Q and n1D will be explained in more detai
below.

The field at the particle is evaluated by a bilinear interp
lation of the fields at the four surrounding grid points.

A. Collisions

In the work presented here only ionizing and elastic c
lisions are considered for simplicity, however it would be
simple extension of the code to incorporate other collis
types.

Once an electron has enough energy to cause ionizati
is considered to be a candidate for such a collision. T
energy dependence of cross section used for ionizing c
sions@23# is

s iz~k!5
1

k FA ln~k!1
B ln~k!1C~k21!

k1D G ,
where

k5
K

Kiz
and k>1, ~6!

whereK andKiz are the energy of the impacting electron a
the ionization energy of the atom.

The constantsA, B, C, andD are obtained by fitting the
formula to experimentally obtained data, from the Nation
Institute of Standards and Technology~NIST! electron im-
pact ionization cross section database@24#. Note that this has
the correct form at high electron energies,s iz}K21ln(K) as
predicted by quantum mechanical calculations; if the form
cross section, particularly at high energy, is incorrect the s
tial distribution of the particles along with their energies
radically different. In order to achieve a distribution of ra
dom path lengths with the correct mean free path~MFP! l
we draw the actual path length for a particle from an exp
nential distribution with meanl. ~In practice, the energy
dependence is folded into consideration of the MFP.!

The products of a ionizing collision are always two ele
trons~the original and the created! and one ion. Total energy
including ionization energy, and momentum are conserve
the collision. As no internal excitations are considered
energy available postcollision is one ionization energy l
than that available precollision. The ion is given a rando
fraction of its maximum possible energy~the maximum
value is dictated by the conservation equations!. The remain-
ing energy is split randomly between the two outgoing el
trons. Fixing the outgoing ion direction and the angle b
tween the outgoing electrons is then sufficient to determ
fully the kinematics of the collision. For ionizing collision
we have assumed isotropic scattering of the charged
ticles: the outgoing ions are distributed uniformly in dire
tion and the angle between the outgoing electrons is cho
uniformly over the range permitted by energy and mom
tum conservation.

Elastic collisions are included in a similar manner. W
have taken the elastic collision cross section for nitrogen
be a constant, with a representative value ofsel51.0
2-2
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310219 m2 @25#. Small variations in this parameter have
negligible effect on the streamer development and do
affect the conclusions we reach. Elastic collisions are
isotropic but have a preference to forward scattering@26#. In
order to mimic suitably this behavior with minimal comp
tational overhead, a simple form for the scattering angleu, in
the range@2p,p#, is used;

u58pS p2
1

2D 3

, ~7!

wherep is a uniform random number between 0 and 1. Wh
using this form@C(p21/2)n#, odd powers ensure the fu
@2p,p# range without an extra computation.

There is no energy threshold for elastic collisions and
resulting trajectories of the neutrals are not followed.

B. Time steps

The size of the time step used is of crucial importan
Too small a time step is computationally impractical: t
large a time step leads to a poorer resolution of the fi
structure because the particle trajectories are less accur
determined.

Given that the MFP is inversely proportional to the cro
section, and the form ofs iz from Eq. ~6!, the MFP for ion-
izing collisions has a minimum at approximatelyk56 ~see
Fig. 1!. The time step is then taken to be 1% of the tim
taken to travel this critical distance under the applied fie
Hence, the time step sizet is

t5
1

100
A 2w

xgapEapp
~kmin

1/2 21!, ~8!

wherekmin is the value ofk at the minimum on the MFP
curve. We believe that this gives us sufficient resolution
the curve without too heavy a computational overhead.

FIG. 1. The fit~solid line! of Eq. ~6! to the NIST data~1!.
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C. Densities

Since the simulations presented here are two-dimensi
~2D!, the relationship between the particle densities we
termine and the densities that enter Poisson’s equation m
be considered. In the earlier discussion of Poisson’s eq
tion, the nondimensionalized constantL included a linear
density term n1D . This was required in the non
dimensionalization of the densities, i.e.,

n* 5
n3D

ngas
5

n2Dn1D

ngas
, ~9!

where n* is the nondimensionalized density,n2D is the
model density with dimensions of m22 ~particles per grid
cell!, n3D ~right-hand side of Poisson’s equation! is the true
density with dimensions of m23, andngas is the characteris-
tic density of the neutral gas.

A linear density is required to transform our 2D mod
density into a density of the same dimension as our cha
teristic density. This transformation is simply done by a
suming that the number of electrons produced in our
Cartesian geometry simulation is the same as that produ
in a 2D cylindrically symmetric geometry. For the purpose
this calculation the (x,y) coordinates of Cartesian geomet
may be taken to be equivalent to the (r ,z) coordinates of
cylindrically symmetric geometry.

After n collisions the avalanche will have a head of 2n

electrons and 2n21 ions, if starting with the one ion-electro
pair. The other 2n21 ions form a trailing tail where the num

FIG. 2. Diagrams of an avalanche.~a! An idealized avalanche
shows the tail of ions and the head of electrons and ions,~b! the
approximation to a parallel plate system with twice as much cha
on the negative plate as on the positive plate,~c! a schematic of the
idealized avalanche.
2-3
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ber of ions increases by a power of 2 at each ion deposit,
to the size of the ion mobility compared to the electrons. T
is shown schematically in an idealized situation in Fig. 2~a!.

In cylindrically symmetric geometry the head of electro
would be spread amongst a volumepr 2dzn , hence, noting
the equivalence to Cartesian coordinates, the density
comes

n3D5
2n

pyn
2dxn

, ~10!

whereyn is the totaly distance traveled by, anddxn is the
width of, the head of electrons.

But in this model this 3D volume becomes a 2D are
hence

n2D5
2n

2yndxn
. ~11!

Now using these two equations and the relation betw
them shown in Eq.~9!, it can be shown that the linear densi
is given by

n1D5
n3D

n2D
5

2

pyn
. ~12!

As n is simply the number of collisions any value cou
be chosen, but it makes sense to choose a value that is
resentative of the system. Hence, the value ofn used is the
value at which the avalanche becomes a streamer.

We will say that the avalanche-to-streamer translation
curs at the moment the self-field of the avalanche beco
equal in magnitude to the applied field, and will refer to th
as the ‘‘streamer criterion.’’ Using this definition the numb
of collisions for the streamer criterion to be met can
found, assuming that the distribution of charge is thin co
pared to the distance between collisions,sx , for example, in
a high-pressure neutral gas with a modest applied field.
ther if all the ions at a distance greater thansx from the
electrons are ignored then the situation can be approxim
to a parallel plate scenario, as shown in Figs. 2~a! and 2~b!.
Through Gauss’s Law the self-field can be calculated, ass
ing that edge effects are ignored, and it is found to have
form

Eself5
3s

2«0
, ~13!

where the direction of the field is from the ions to the ele
trons ~in the opposite direction to that of the applied fiel!
ands is the charge per unit area of the plate. Note that to
the above form of the self-field a parallel plate capacitor w
a s given below is taken, and added to this field is the fie
from a single plate with negative charge of the same quan
on it. Thus the summation of the parallel plates and
single plate gives the situation shown in Fig. 2~b! where the
negative plate has twice as much charge as the positive p
Assuming that the avalanche is three dimensional as it wo
be in reality, and that the distributions of the plates of cha
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are circular, then expressions fors and the self-field of the
plates can easily be generated, hence

s5
2n22q

pyn
2

, ~14!

Eself5
332n23q

«0pyn
2

, ~15!

wheren is the number of collisions,q is the electric charge
and yn is the total lateral distance traveled by the electro
between collisions.

Figure 2~c! shows thatyn is given by

FIG. 3. Ion position during initial parts of an avalanche. T
initial conditions here are the same as those stated in the
Clearly visible is the banded structure of the ions, of which'5000
are shown. Note that all lie within lines of gradient60.55. More
generally the angular spread is a consequence of collisional d
sion.

FIG. 4. Number of collisions required from an initial ion
electron pair, for various applied electric fields and first-ionizati
potentials, in order for the self-field generated to be equal in m
nitude to the applied field.
2-4
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yn5(
i 51

n

syi
5tanu(

i 51

n

sxi
. ~16!

Combining this with the equations of motion it is easy
derive a recurrence relation forn:

Eself
n 5

332n23q

«0ptan2uS (
i 51

n

sxi D 2 , ~17!

sxn
5

w

Eapp1Eself
n21

, ~18!

with

sx1
5

w

Eapp
. ~19!
02641
Hence the number of collisions at which the self-field
equal in magnitude to the applied field, i.e.,n, can be calcu-
lated. The only input parameters needed for this are the fi
ionization potential of the neutral gas and the applied fie
The angleu has to be deduced from the initial stages of
avalanche. It is given by the gradients of the lines enco
passing the ion distribution. In this case, Fig. 3 shows t
the encompassing lines have gradients of60.55, i.e., a cone
angle of'60°.

The results of this recurrence relation for a wide range
applied fields and first-ionization potentials are shown in F
4. For nitrogen gas (w515.58 eV), and applied field of 5
MV/m, the self-field should be equal to the applied field af
21 collisions. Hence, the streamer criterion should be m
when 221'2.13106 ions and electrons are present in t
avalanche.

These calculations yield a useful check on the numer
simulation, albeit only an order of magnitude result given t
inherent assumptions.
units of
of these
FIG. 5. Results of the high resolution simulation. The panels show, from the top, the electron density and ion density, both in
m23, the self-potential in volts, and the magnitude of the self-field in V/m. The panel sequence from left to right shows the evolution
properties in time and thex andy dimensions representx(1023 m) andy(1023 m), respectively.
2-5
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D. Decimation

There is a limit on the number of particle trajectories th
can be followed on any individual computer. This number
set by the available memory, e.g., 43106 particles require
'1 Gbyte~Gb! of memory. If this limit is reached before th
required criteria for finishing the simulation are met, then
technique we term decimation can be employed: we r
domly disgard half of the particles from the simulation, a
give each of the remaining particles twice their form
charge. The simulation then continues with fewer partic
but with impaired resolution.

Note that the simulations presented here were condu
on individual processors of a 24 processor~Athlon 2200MP!
Beowulf cluster, each with 1 Gb of random access mem
A parallel implementation@using Message Passing Interfa
~MPI!# is under development.

III. RESULTS AND DISCUSSION

The results of two simulations are presented. Both sim
lations use initial conditions that are common in stream
discharge simulations but at a higher resolution than ge
ally used in such models. Results showing the evolution o
single avalanche and the interaction of several avalanche
presented. Both the simulations are started with a cha
factor ofQ51 and concluded when the streamer criterion
met.

The conditions taken to be representative of previo
work in this field are drawn from Ref.@12#, namely, both
simulations are evolved in atmospheric pressure N2 gas in a
parallel plate gap with a 5 MV m21 applied field. The com-
putational grid used was 10243512 grid points, and they
dimension was always half that of thex dimension, the plate
separationxgap .

For both simulations the plate separation was

FIG. 6. A slice through the middle of the avalanche showin
from the top panel through to the bottom, the ion and elect
distributions and the space charge (ne2ni) at 0.229 ns. The bande
structure is clearly present in the ions but not in the electrons.
space charge also has a clear banded structure.
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31024 m. This, along with the difference in coordinate sy
tems, is the key difference to that of Ref.@12#. This allows us
to achieve a higher resolution and although the bounda
are brought closer to the developing avalanche they are
sufficiently far away to have a minimal effect.

With this reduced plate separation we are able to achi
a resolution of'0.5 mm in both directions, but@12#, with a
plate separation ten times larger, achieves a resolution
5 mm in the z direction and for the initial 0.1 cm of ther
direction with a reduced resolution of 40mm over the re-
maining region.

As these conditions are the same for both simulations
following parameters are fixed:

L523.6931022, ~20!

,
n

e

FIG. 7. A surface plot of the magnitude of the self-field,
which the banded structure of the ions can be seen. The arr
above the plot show the direction of the self-field. The time is 0.2
ns and corresponds to the final column in Fig. 5.

FIG. 8. The electron and ion density distributions, self-potent
and magnitude of the self-field at streamer criterion for a simulat
using the same resolution and initial conditions as Ref.@12# and
with the same initial seed positions as the single-avalanche ca
2-6
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FIG. 9. The evolution of three initial seeds into interacting avalanches. The panels show, from the top, the electron density
density, both in units of m23, the self-potential in volts, and the magnitude of the self-field in V/m. The panel sequence from left to
shows the evolution of these properties in time and thex andy dimensions representx(1023 m) andy(1023 m), respectively.
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t51.6731022, ~21!

n1D59730 m21. ~22!

A. Single avalanche

The ion-electron pair is placed close to the cathode w
the electron being 1 nm and the ion 2 nm from the catho
both withy50. In this simulation the streamer criterion wa
reached with'3.93106 particles of each species but ea
with a charge factor ofQ532, a factor of 55 greater than ou
estimate.

The evolution of the electron and ion distributions, t
self-potential, and magnitude of the self-field are shown
Fig. 5. The banded structure in the ion deposits is clea
visible even at the earliest time. However at late times,
banded structure becomes less distinct; consequently, th
sumptions used to estimate the number of particles requ
at streamer criterion are no longer valid. This in part expla
the discrepancy between the estimated and actual va
02641
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Also visible in the early stages of the avalanche is a ban
structure in the electrons. This is simply a result of the do
bling of the electron number in the ionization bands, which
smeared out by diffusion at later times. The self-field ve
quickly, in less than 0.23 ns, reaches the magnitude of
applied field, but in the opposite direction. Though in t
initial stages the self-field is small in comparison to the a
plied field it can be seen that it plays a pivotal role in det
mining the dynamics of the system. By the time the stream
criterion is met the banded structure in the electron distri
tion has been replaced by a smooth, continuous distribu
with a low density tail and a high density head which form
the ionization front, clearly seen in the middle panel of F
6, which shows slices through they50 line of the electron
and ion distributions and the space charge.

Figure 6 also clearly shows the banded structure pre
in the ions. The distance between the peaks is character
of the distance between ionizing collisions, that is, the d
tance required for an electron to reach threshold energy
ionization and then undergo an ionizing event. The ban
2-7
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DOWDS, BARRETT, AND DIVER PHYSICAL REVIEW E68, 026412 ~2003!
structure is not present in the electron distribution and he
the banded structure in the ions carries on through to
space charge also shown. Consequently, this structur
present in the self-potential and the self-field, the magnit
of which is shown in Fig. 7. The self-field in the interio
region of the avalanche, the region behind the ionizat
front, has a magnitude almost equal but opposite in direc
to the applied field. The charges in this region experie
comparatively small fields.

From Figs. 5 and 6 it is clear that the spatial distributio
of the charged particles are far from being consistent wit
circular Gaussian when the streamer criterion is met. Mo
over, there is a nonzero space charge which leads to a
nificant self-field, which are evolving self-consistently~the
streamer is simply the continued development of this s
consistent structure!, and play a key role in determining th
dynamical evolution of the system. Even at a lower reso
tion this analysis still holds, as shown in Fig. 8, where t
results of a simulation performed at the same resolution
Ref. @12# are shown.

The non-Gaussian particle distributions, of both spec
are in disagreement with the initial particle distributions
most fluid models. In addition, the avalanche progresse
considerable distance (;0.17 mm) before the streamer cr
terion is met and the particle density is as high as 1020 m23

~the starting density for the simulations of Ref.@12#!. As a
result, it is not possible for a streamer to begin on the ca
ode. Furthermore, it is commonly assumed in fluid mo
that the electron and ion distributions are initially identic
leading to a zero space charge, a zero self-potential, a
zero self-field. In all the simulations presented here this
clearly not the case. As the particle distributions of ea
species differ there is a finite space charge, which ultima
produces a highly significant self-field. This is in disagre
ment with the initial assumptions of most fluid models.

B. Multiple avalanches

Having seen that significant self-fields can be develo
in the avalanche phase, it is possible that multiple avalanc
could significantly interact with each other before the on
of the streamer criterion. In order to investigate this a sec
simulation was undertaken. The applied conditions were
same as in the single-avalanche case. However, three in
seeds were used. These were located at (1024,0), (60,35),
and (60,235), all measured in microns. With these positio
the interaction of two avalanches evolving at the samy
position and the effect of an avalanche evolving through
trailing ions of previous avalanches could be investigated

Figure 9 shows the evolution of the electron and ion d
tributions and the self-potential and magnitude of the s
field, all at the same times as the single-avalanche cas
the early stages all three seeds evolve into a similar a
lanche, as their interaction with each other is not yet imp
tant in determining their dynamics. However, as the a
lanches grow so does their interaction.

The interaction of the two leading avalanches introduce
slight skewness, compared to that of the single-avalan
case, to their ionization fronts, shown by the black conto
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in the right-hand panels of Fig. 10. This figure shows t
direction and magnitude of the self-field via the arrows, t
location of the leading ionization fronts by the black co
tours, and the space charge in the background image, w
we can still see the banded structure. It is seen that the l
ing edge of the leading ionization fronts experiences v
little self-field. That is, they are exposed almost solely to
applied field and so are continually accelerated and are
to cause ionization. However, behind these ionization fron
in the interior region, there is again very little net field, ju
as in the single-avalanche case.

The two leading ionization fronts just continue to prop
gate in a similar fashion to their previous propagation.
deed, if the simulation were allowed to continue it is possi
that the two leading ionization fronts would merge into o
that would be of similar shape to that of the single-avalan
case. This scenario would most likely be initially seen in t
potential, where it is seen from the evolution that the th
distinct potential fields of the three avalanches merge i
one of similar shape to the single-avalanche case, sugge
that the leading two avalanches are merging into one.

However, for the trailing avalanche the ionization front
split, easily seen in the left hand panel of Fig. 10. Clea
what should have been one contour representing the one
ization front has been split in two. Further, as the net sp
charge in these regions is small it can be deduced that
ionization front of electrons has been split by the traili
ions, deposited by the two leading avalanches, that we kn
are present from the single-avalanche case.

The key difference this makes is that, compared to the
leading ionization fronts propagating into neutral gas,
trailing ionization front is traveling into plasma. The field i
this region is opposite and almost equal to the applied fie
Hence, the trailing ionization fronts are traveling in a regi
with approximately no net field. In this case their dynam

FIG. 10. A closeup of the trailing and leading ionization fron
are shown. The image is of the space chargene2ni in m23, with
the arrows showing the direction and magnitude of the self-fie
Note that the applied field has a magnitude equal to the lon
arrow and points from a higher to lowerx direction. Finally, con-
tours showing the locations of the ionization fronts are denoted b
thick black line. This contour is of an electron density equal to 70
of the maximum electron density in the region plotted.
2-8



la
ar

tly
e

e
n
a

n
om
h
t t
h
e
ic
m
ifi

sma
ield
a

ita-

n-
re.
ther
tial
uta-
o

ill

ith
C

STREAMER INITIATION IN ATMOSPHERIC PRESSURE . . . PHYSICAL REVIEW E 68, 026412 ~2003!
will be influenced almost solely by the local charge popu
tion, whereas the dynamics of leading ionization fronts
determined by the applied field.

IV. CONCLUSIONS

A 2D particle code capable of modeling self-consisten
an avalanche from the first ion-electron pair up to stream
conditions has been produced and is reported here. Th
sults from this code demonstrate that the initial conditio
usually adopted for fluid models of streamer discharges
unrealistic because of their neglect of the self-field.

The particle code has shown that the streamer criterio
met not on the cathode, as is commonly assumed in s
fluid simulations, but at a noninsignificant distance from t
cathode. Furthermore, the particle code has shown tha
charged-particle distributions at streamer onset are hig
non-Gaussian and differ from each other. The consequ
nonzero space charge yields a significant self-field wh
strongly influences the subsequent evolution of the strea

These self-fields develop rapidly and account for sign
p

s

. E

02641
-
e

r
re-
s
re

is
e

e
he
ly
nt
h
er.
-

cant interaction between avalanches. The onset of pla
behavior can be seen by the ability of space charge to sh
itself from externally applied electric fields. It is clear that
self-consistent particle model is vital for accurate quant
tive modeling of discharge evolution.

Note that no density ‘‘spike’’ appears at the streamer o
set, in contrast to some fluid simulations in the literatu
Instead the density distribution here is self-consistent, ra
than reflecting the persistence of the inappropriate ini
conditions assumed in some fluid models. Future comp
tional work in the fluid regime ought to take this int
account.

Parallel implementations~under MPI! of this 2D code and
a full 3D particle model are being developed and results w
be presented shortly.
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