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Streamer initiation in atmospheric pressure gas discharges by direct particle simulation
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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 (realistig 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.
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[. INTRODUCTION ionization front is present, charge separation has been set up,
and there is a self-field that grows in concert with the patrticle
Since Raethef1,2] and Loeb and MeeK3] first intro- ~ densities(see Figs. 8 and)5 The importance of this for
duced the streamer mechanism for electrical breakdown cftreamer development and modeling in the fluid approxima-

gases, the subject has received increasing attention, both €N is discussed below. -
perimentally and theoretically. However, due to the ex- Second, fluid simulations assume an initial level of back-

tremely short time scales involved it has proved difficult to9r0Und ionization (particle densities in the range from

qguantify and model the properties of streamers. 1 cm ® to 1¢° cm ) throu'ghout th_g discharge region. This
Streamers occur when an ionization avalanche formedf Iarggly to ensure numerl_cal stability as the streamer propa-

from the acceleration of a seed ion-electron pair in the apdates into the empty region, but the level of background

plied field grows to the point where the self-field producedionization chos_en can have_ a _sigr_1i_fica_nt effect_ on the
by the space charge becomes comparable to the applied fieffeamer ev oll_mor). The physmall JUSt'f'Cat'o.n for this back—.
[4]. Essentially, individual electrons are accelerated by théround |on|zi':1t|on 'r? unclear, rf)artmglarly _als n sohme cases It
applied field until they gain sufficient energy to ionize a neu-2Mounts to less than one charged particle in the computa-

tral gas atom. With each set of collisions the number oﬁiqnal region. The use of a particle simulation to model the
charged particles doubles, resulting in an avalan¢he initial avalanche phase overcomes b(.)th (.)f these problgms, as
Townsend cascaglevhere the numbers of charged particles no assumptions about the initial distribution of plasma in the
and their density grow exponentially. A general introductionP2rticle code are made. - .

to electrical breakdowns and gas discharges is given in Ref. The particle model prg;en.ted here realls.tlcally simulates
[5], a comprehensive review of previous gas discharge moc" avalanche from the initial |on-electr_0_n pair up to a_md be-
els is contained in Ref6], and extensive literature on these YONd the avalanche-to-streamer transition by following the
subjects exist§7—11]. trajectories .of all particles in the ayalanche thrqugh the_ total

Our current theoretical understanding of electrical breaki€!d: including the effects of elastic and inelastic collisions.

down in gas discharges is largely based on two-compone ccurate d_etermlnathn _of the charg.ed—parthle densities and
fluid modeling of the streamer phak&2—17. The majority self-potential along with important microphysical data can be

of research has focused on anode directed streamers initiat8gt@ined. The design of the particle code is such that it can

on or close to the cathode, although cathode directed strear’{ﬂterfaee easily with a fluid code for continued streamer evo-

ers have also been studigt?,16. Recent experimental re- ution to time scalegand particle densitigsmpractical in a

sults[18,19 show that there remain discrepancies betweerﬁ)""rticke approaqh. Fluid simulations incorporating particle
simulations and laboratory measurements. modeling do exis{20], but do not follow all the charged

In fluid simulations of streamers several simplifying as-Particles, including only a subset of the electrons. The au-
sumptions are usually made. First, the initial distribution ofthors can_fmd no p_reV|oust p_ubhshed work in which a
plasma is commonly taken to be a Gaussian concentration 5plely parncle mod_el IS u_sed to _S|mu|ate the avalanche phgse.
neutral plasma with a particle density corresponding to the, Section Il describes, in detail, the particle model. Section
estimated avalanche density (0 cm™3) at the avalanche- [l presents _the results of the model. Finally, Sec. IV contains
to-streamer transitiof12—14. The avalanche is not itself ©ur conclusions.
modeled, so its structure at the avalanche-to-streamer transi-
tion is not known, and is assumed to be unimportant for the
subsequent development of the streamer. This overlooks the Previous attempts at discharge models have employed
fact that the avalanche already has structure within it: theluid simulations[12,15,17,2]. In these simulations the ini-

Il. PARTICLE MODEL
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tial conditions have been a neutral Gaussian plasma pertunondimensionalized model densities to their dimensionalized
bation, which has then been evolved by the fluid code into @ounterpartsQ and n,p will be explained in more detail
streamer. The particle model presented here makes no subklow.
assumption. Instead an initial ion-electron pair is placed in a The field at the particle is evaluated by a bilinear interpo-
parallel plate gap, containing a uniform stationary continuumation of the fields at the four surrounding grid points.
of cold neutrals with which the electrons collide.

When a voltage of the order of the breakdown voltage for A. Collisions
the gas is applied to the gap, the electron, being greatly more
mobile than the ion, is rapidly accelerated towards the anod
It gains energy from the electric field, and is soon energeti
enough so that a collision with a gas atom could liberate®

another electron, i.eK.=ep whereK, is the kinetic energy T
of the electronge is the electric charge, and is the first- . Oncg an electron has enoygh energy to cause lonization it
! ' s considered to be a candidate for such a collision. The

ionization potential for the gas. This liberation creates a nerav dependen for tion d for ionizin -
additional ion-electron pair. The two electrons continue thisSNergy dependence of cross section used for 10 gco

process leading to an exponentially increasing number 0§|ons[23] IS
both charged-particle species. 1 BIn(x)+C(k—1)
To model this exponential growth of charged-particle den- oi;(k)=—|Aln(k)+
sity produced by electron impact ionization, the trajectories K
of the individual electrons and ions are calculated. Furthery,
more, the self-field produced by the charges themselves is
self-consistently taken into account throughout the simula-
tion, by assigning space charge density to a grid and solving K= and k=1, (6)
Poisson’s equation for the self-potential at each time step 2
using trigonometric Fourier transforni2]. In this way we  \hereK andK, are the energy of the impacting electron and
can include both Dirichlet and von Neumann boundary conthe jonization energy of the atom.
ditions. . _ _ _ . _ The constant#\, B, C, andD are obtained by fitting the
After solving Poisson’s equation, the particle trajectoriesformuyla to experimentally obtained data, from the National
are calculated by numerically integrating the differentialnstitute of Standards and TechnologyIST) electron im-
form of the equations of motion by a standard fourth-orderact ionization cross section databf4]. Note that this has

In the work presented here only ionizing and elastic col-
isions are considered for simplicity, however it would be a
imple extension of the code to incorporate other collision

k+D ’

here

Runge Kutta technique. The relevant equations are the correct form at high electron energies,<K ~In(K) as
predicted by quantum mechanical calculations; if the form of
d?s, cross section, particularly at high energy, is incorrect the spa-
msF:qu_-fs,coll’ (1) tial distribution of the particles along with their energies is

radically different. In order to achieve a distribution of ran-
dom path lengths with the correct mean free pdtrP) A

y2 __& 2 we draw the actual path length for a particle from an expo-
d’self_ (I"I| ne)v ( ) . L. . . .
) nential distribution with mean\. (In practice, the energy
dependence is folded into consideration of the MFP.
Ece=— V dsers 3 The products of a ionizing collision are always two elec-
trons(the original and the creatgdnd one ion. Total energy,
E=E, .t Ecor (4) including ionization energy, and momentum are conserved in
app selfs

the collision. As no internal excitations are considered the
qenergy available postcollision is one ionization energy less

wheres;, mg, an re the vector displacement, m n : L
eres;, Ms, andds are the vector displacement, mass a than that available precollision. The ion is given a random

charge of species and represents the effect of sto- . . : . .
g P Fscon rep fraction of its maximum possible energifhe maximum

chastic collisiongsee the following section ¢ is the self- o . .
potential,n; andn, are the ion and electron densities, respec-yalue is dictated by the conservation equatjofise remain-

tively. E, Eapp, andEqeyare the total, applied, and self-field. ing energy is split randomly between the two outgoing elec-

i I L ) X " trons. Fixing the outgoing ion direction and the angle be-
Nondimensionalizing these equations results in the followin . ! i .

. . . ween the outgoing electrons is then sufficient to determine
nondimensional parameter below:

fully the kinematics of the collision. For ionizing collisions
we have assumed isotropic scattering of the charged par-
A= m (5) ticles: the outgoing ions are distributed uniformly in direc-
€0EappXgap tion and the angle between the outgoing electrons is chosen
uniformly over the range permitted by energy and momen-
wheren, ,n, are the number of grid points in theandy  tum conservation.
directions, respectively, ar@ is the charge factor which is a Elastic collisions are included in a similar manner. We
measure of the number of charged patrticles that a given pahave taken the elastic collision cross section for nitrogen to
ticle represents and;p is a linear density that relates the be a constant, with a representative value @fi=1.0
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FIG. 1. The fit(solid line) of Eq. (6) to the NIST data +).

X 10 1¥m? [25]. Small variations in this parameter have a
negligible effect on the streamer development and do not
affect the conclusions we reach. Elastic collisions are not
isotropic but have a preference to forward scattef2f). In
order to mimic suitably this behavior with minimal compu-  FIG. 2. Diagrams of an avalanch@) An idealized avalanche

tational overhead, a simple form for the scattering aglim ~ shows the tail of ions and the head of electrons and itsthe
the rangd — , 7], is used; approximation to a parallel plate system with twice as much charge

on the negative plate as on the positive plétga schematic of the
idealized avalanche.

1 3
0=877( p— 5) , (7) C. Densities

Since the simulations presented here are two-dimensional
r}(ZD)' the relationship between the particle densities we de-
using this form[C(p—1/2)"], odd powers ensure the full ermine gnd the densities t_hat enter Poisson’s (_aquat!on must

be considered. In the earlier discussion of Poisson’s equa-

[ —7,7] range without an extra computation. : ; . . . .
There is no energy threshold for elastic collisions and thet'on’ the nondimensionalized constakt included a linear

resulting trajectories of the neutrals are not followed. d_ensny' terf“ Mip- This was requwed in the non-
dimensionalization of the densities, i.e.,

wherep is a uniform random number between 0 and 1. Whe

i N3p  N2pNip
B. Time steps n* = _ (9)

The size of the time step used is of crucial importance. fgas  MNgas

Too small a time step is computationally impractical: too

large a time step leads to a poorer resolution of the fielgvhere n* is the nondimensionalized densitg,p, is the

structure because the particle trajectories are less accuratdlyodel density with dimensions of ™ (particles per grid

determined. cell), nsp (right-hand side of Poisson’s equatjas the true
Given that the MFP is inversely proportional to the crossdensity with dimensions of i, andng.sis the characteris-

section, and the form of;, from Eq. (6), the MFP for ion- tic density of the neutral gas.

izing collisions has a minimum at approximate}yp6 (see A linear density is required to transform our 2D model

Fig. 1). The time step is then taken to be 1% of the timedensity into a density of the same dimension as our charac-

taken to travel this critical distance under the applied fielderistic density. This transformation is simply done by as-
Hence, the time step sizeis suming that the number of electrons produced in our 2D

Cartesian geometry simulation is the same as that produced
1 2¢ 2 in a 2D cylindrically symmetric geometry. For the purpose of
™= 100 VxguFa (Kmin— 1), (8)  this calculation the X,y) coordinates of Cartesian geometry
gar—app may be taken to be equivalent to the) coordinates of
cylindrically symmetric geometry.
where ki, is the value ofx at the minimum on the MFP After n collisions the avalanche will have a head df 2
curve. We believe that this gives us sufficient resolution ofelectrons and 2 ! ions, if starting with the one ion-electron
the curve without too heavy a computational overhead. pair. The other 271 ions form a trailing tail where the num-
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ber of ions increases by a power of 2 at each ion deposit, dur ~ 0.025
to the size of the ion mobility compared to the electrons. This g0l
is shown schematically in an idealized situation in Fi@)2

In cylindrically symmetric geometry the head of electrons
would be spread amongst a volume?5z,, hence, noting 0.01F

i 4
& H
the equivalence to Cartesian coordinates, the density be . , ok
comes £ ! i §
2 0 13
2" > _0.005} v } 3
Napp=——> > (10 B %
Y50 —0.01f fm, & *
£ ;

wherey, is the totaly distance traveled by, anéx, is the ~GRr
width of, the head of electrons. -0.02f
But in this model this 3D volume becomes a 2D area, 0,025 . , , . , , .
hence ““0 0005 001 0015 002 0025 003 0035 004
x (103m)
n
Nom= 2 (12) FIG. 3. lon position during initial parts of an avalanche. The
2D 2y, 6%, initial conditions here are the same as those stated in the text.

) _ ) Clearly visible is the banded structure of the ions, of whieB000
Now using these two equations and the relation betweegre shown. Note that all lie within lines of gradient0.55. More

them shown in Eq(9), it can be shown that the linear density generally the angular spread is a consequence of collisional diffu-

is given by sion.
_Nsp _ 2 12 are circular, then expressions farand the self-field of the
P o Yy, plates can easily be generated, hence

As n is simply the number of collisions any value could

n-2
be chosen, but it makes sense to choose a value that is rep- 27

resentative of the system. Hence, the valua afsed is the 7 my? 49
value at which the avalanche becomes a streamer.

We will say that the avalanche-to-streamer translation oc- ne3
curs at the moment the self-field of the avalanche becomes E :3X2 q (15)
equal in magnitude to the applied field, and will refer to this T eemy?

as the “streamer criterion.” Using this definition the number
of collisions for the streamer criterion to be met can be

found, assuming that the distribution of charge is thin com-Wheren Is the number of collisionsy is the electric charge,

. - . ndy, is th | lateral distance travel he electron
pared to the distance between collisiosis, for example, in andy, is the total lateral distance traveled by the electrons

) . Co between collisions.
a high-pressure neutral gas with a modest applied field. Fur- Figure 2¢) shows thay ., is given by

ther if all the ions at a distance greater thgnfrom the
electrons are ignored then the situation can be approximated
to a parallel plate scenario, as shown in Fig®) 2nd Zb).

n

Through Gauss’s Law the self-field can be calculated, assum 40
ing that edge effects are ignored, and it is found to have the 35
form 30
25
30 20
Eself:2_80: (13 1

where the direction of the field is from the ions to the elec- 195
21

trons (in the opposite direction to that of the applied fijeld o
ando is the charge per unit area of the plate. Note that to getFirst lonization 3%, _ .
the above form of the self-field a parallel plate capacitor with potential ¢ ev) 495\ - ,;000 N
a o given below is taken, and added to this field is the field 50 10 Applied Electric
from a single plate with negative charge of the same quantity
on it. Thus the summation of the parallel plates and the
single plate gives the situation shown in FigbPwhere the FIG. 4. Number of collisions required from an initial ion-
negative plate has twice as much charge as the positive platglectron pair, for various applied electric fields and first-ionization
Assuming that the avalanche is three dimensional as it woul@otentials, in order for the self-field generated to be equal in mag-
be in reality, and that the distributions of the plates of chargenitude to the applied field.

10000

Field Epp (Vm'™)
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n n Hence the number of collisions at which the self-field is
Yn=2, S, =tand>, s,. (16)  equal in magnitude to the applied field, i.e, can be calcu-

i=1 i=1 lated. The only input parameters needed for this are the first-

ionization potential of the neutral gas and the applied field.

Combining this with the equations of motion it is asy 0 rhe angleq has to be deduced from the initial stages of an

derive a recurrence relation for avalanche. It is given by the gradients of the lines encom-
ho3 passing the ion distribution. In this case, Fig. 3 shows that
n 3x27 g 1 the encompassing lines have gradients@f.55, i.e., a cone
se!

" 2 angle of~60°.
The results of this recurrence relation for a wide range of
applied fields and first-ionization potentials are shown in Fig.
4. For nitrogen gas¢=15.58 eV), and applied field of 5

s, = _ (18  MV/m, the self-field should be equal to the applied field after
g+ ENL 21 collisions. Hence, the streamer criterion should be met
app self . s
. when 2'~2.1x10° ions and electrons are present in the
with avalanche.
These calculations yield a useful check on the numerical
S, = @ ] (19) simulation, albeit only an order of magnitude result given the
v Eapp inherent assumptions.
x 10" x10" x 10" x10"
-0.1 — 1o 01 6 —-0.1 15
10
o 4 10
]\E/ 0 2 0 il Z 0 l‘\ 0 ‘
c® 1 4 2 5
] : 2 04 0.1
0 0.1 0.2 0 0.1 0.2 0
x10'"® x 10" x 107

2_5—0.1 -0.1

15 0 W 0 i

200
—0.1 -0.1
0.1 20
100
0 0 0 0
-0.1 20 -100
0.1
x 10* X 106 x 10°
-0.1 -0. -0. -0.
R 0.1 o5 0.1 o —0.1 )
IE 200 2 15
2 ofa of WM 15 0 ' ’ of
“§ 100 1 2
al 05 0.5
0.1 0.1 0.1 0.1
0 0.1 0.2 0 0 0.1 0.2 0 0.1 0.2 0 0 0.1 0.2 0
1=0.060 nsec t=0.118 nsec t=0.175 nsec t=0.231 nsec

FIG. 5. Results of the high resolution simulation. The panels show, from the top, the electron density and ion density, both in units of
m~3, 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 of these
properties in time and the andy dimensions represem(10 2 m) andy(10 3 m), respectively.
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1 L L 1 L L
0 0.02 0.04 0.06 008 0.1 012 0.14 0.16 0.18

1 L 1 1 1 1
0 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18

2 O—VWWW/\WN\/W\AWWW 0.05 el
?;—1 - : : , : _ X (10°m) ' 0.15 -0.05
T 0 i U 4% 01  G12 Qdt Gde 048 FIG. 7. A surface plot of the magnitude of the self-field, in
x(107m) which the banded structure of the ions can be seen. The arrows
FIG. 6. A slice through the middle of the avalanche showing,""bovedthe plot Sh‘:jW the S'V?Ft'?n Olf the s_elf';f_leIdS. The time is 0.231
from the top panel through to the bottom, the ion and electron"s @Nd corresponds to the final column in Fig. S.

distributions and the space charge{ n;) at 0.229 ns. The banded
structure is clearly present in the ions but not in the electrons. Thex10™# m. This, along with the difference in coordinate sys-

space charge also has a clear banded structure. tems, is the key difference to that of REf2]. This allows us
to achieve a higher resolution and although the boundaries
D. Decimation are brought closer to the developing avalanche they are still

sufficiently far away to have a minimal effect.
With this reduced plate separation we are able to achieve
a resolution of~0.5 wm in both directions, butl2], with a

There is a limit on the number of particle trajectories that
can be followed on any individual computer. This humber is

set by the available memory, e.g.x4® particles require . . . ;
A plate separation ten times larger, achieves a resolution of
~1 Gbyte(Gb) of memory. If this limit is reached before the . Lo S
) e e . : 5 um in the z direction and for the initial 0.1 cm of the
required criteria for finishing the simulation are met, then adirection with a reduced resolution of over the re
technique we term decimation can be employed: we ran- L

domly disgard half of the particles from the simulation, angmaining region. . . .
give each of the remaining particles twice their former As these conditions are the same for both simulations the

charge. The simulation then continues with fewer particlesfonowmg parameters are fixed:

but with impaired resolution.
Note that the simulations presented here were conducted A=—-3.69x102, (20)

on individual processors of a 24 proceséathlon 2200MB

Beowulf cluster, each with 1 Gb of random access memory.

A parallel implementatiofiusing Message Passing Interface " () x 10" ) x10°
(MPI)] is under development. -0.1 0.1 N
E—O.OS 10 -0.05
Ill. RESULTS AND DISCUSSION T @ ‘ 5 ‘
s 5 5
The results of two simulations are presented. Both simu- ~ 005 0.05
lations use initial conditions that are common in streamer 0.1 ; 0.1 :
discharge simulations but at a higher resolution than gener 0 0.1 0.2 0 0.1 0.2
ally used in such models. Results showing the evolution of a O (V) Bl (V™) 10°
single avalanche and the interaction of several avalanchesar —oal
presented. Both the simulations are started with a charge_ . L. i
factor of Q=1 and concluded when the streamer criterion is & 0 : 5
met. 2 2
The conditions taken to be representative of previous ™ ©% [ e 1
work in this field are drawn from Ref.12], namely, both 01 i -200 0.1 5
simulations are evolved in atmospheric pressuseghk in a 0 od 02 0 o 02
parallel plate gap with a 5 MV m* applied field. The com- x(107m) AR
putational grid used was 1024612 grid points, and thg FIG. 8. The electron and ion density distributions, self-potential,
dimension was always half that of tixedimension, the plate  and magnitude of the self-field at streamer criterion for a simulation
separationgap- using the same resolution and initial conditions as R&2] and

For both simulations the plate separation was 5with the same initial seed positions as the single-avalanche case.
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FIG. 9. The evolution of three initial seeds into interacting avalanches. The panels show, from the top, the electron density and ion
density, both in units of m?, 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 of these properties in time andxlaady dimensions represer(10 3 m) andy(10 2 m), respectively.

r=1.67X10 2, (21)  Also visible in the early stages of the avalanche is a banded
structure in the electrons. This is simply a result of the dou-
n;p=9730 ml. (22)  bling of the electron number in the ionization bands, which is

smeared out by diffusion at later times. The self-field very
quickly, in less than 0.23 ns, reaches the magnitude of the
applied field, but in the opposite direction. Though in the
The ion-electron pair is placed close to the cathode withinitial stages the self-field is small in comparison to the ap-
the electron being 1 nm and the ion 2 nm from the cathodeplied field it can be seen that it plays a pivotal role in deter-
both withy=0. In this simulation the streamer criterion was mining the dynamics of the system. By the time the streamer
reached with~3.9x 1(P particles of each species but each criterion is met the banded structure in the electron distribu-
with a charge factor o =32, a factor of 55 greater than our tion has been replaced by a smooth, continuous distribution
estimate. with a low density tail and a high density head which forms
The evolution of the electron and ion distributions, thethe ionization front, clearly seen in the middle panel of Fig.
self-potential, and magnitude of the self-field are shown in6, which shows slices through tlye=0 line of the electron
Fig. 5. The banded structure in the ion deposits is clearland ion distributions and the space charge.
visible even at the earliest time. However at late times, this Figure 6 also clearly shows the banded structure present
banded structure becomes less distinct; consequently, the ds-the ions. The distance between the peaks is characteristic
sumptions used to estimate the number of particles requiredf the distance between ionizing collisions, that is, the dis-
at streamer criterion are no longer valid. This in part explaingance required for an electron to reach threshold energy for
the discrepancy between the estimated and actual valuesnization and then undergo an ionizing event. The banded

A. Single avalanche
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structure is not present in the electron distribution and hence ) - ‘ x 10"
the banded structure in the ions carries on through to the BDZ % S
space charge also shown. Consequently, this structure i
present in the self-potential and the self-field, the magnitude
of which is shown in Fig. 7. The self-field in the interior
region of the avalanche, the region behind the ionization _
front, has a magnitude almost equal but opposite in directior*
to the applied field. The charges in this region experience%
comparatively small fields. ‘ -

From Figs. 5 and 6 it is clear that the spatial distributions °2FESEENT
of the charged particles are far from being consistent with a ~*®{FS
circular Gaussian when the streamer criterion is met. More- -0.048F & &2
over, there is a nonzero space charge which leads to a sic 005y v x s 1
nificant self-field, which are evolving self-consistentihe ol11‘o.‘1‘20.1_go.14o.15
streamer is simply the continued development of this self- x(107°m)
consistent structuyeand play a key role in determining the £, 10. A closeup of the trailing and leading ionization fronts
dynamical eVOIUtion Of the SyStem. EVen at a |0WEI’ resoluare shown. The image is of the space Cha‘[g-e n; in m73’ with
tion this analysis still holds, as shown in Fig. 8, where thethe arrows showing the direction and magnitude of the self-field.
results of a simulation performed at the same resolution oNote that the applied field has a magnitude equal to the longest
Ref.[12] are shown. arrow and points from a higher to lowardirection. Finally, con-

The non-Gaussian patrticle distributions, of both speciestours showing the locations of the ionization fronts are denoted by a
are in disagreement with the initial particle distributions of thick black line. This contour is of an electron density equal to 70%
most fluid models. In addition, the avalanche progresses af the maximum electron density in the region plotted.
considerable distance-0.17 mm) before the streamer cri- , ) o
terion is met and the particle density is as high & 193 1N thg right-hand pgnels of Fig. 10..Th|s .flgure shows the
(the starting density for the simulations of RE£2]). As a dlrec'tlon and magnl_tudg of_ thg self-field via the arrows, the
result, it is not possible for a streamer to begin on the cathlocation of the leading ionization fronts by the black con-
ode. Furthermore, it is commonly assumed in fluid modelfPurs, and the space charge in the background image, where
that the electron and ion distributions are initially identical, W& can still see the banded structure. It is seen that the lead-
leading to a zero space charge, a zero self-potential, and 39 edge .of the Iea}dlng ionization fronts experiences very
zero self-field. In all the simulations presented here this idittle self-field. Thatiis, they are exposed almost solely to the
clearly not the case. As the particle distributions of eactfPPlied field and so are continually accelerated and are able
species differ there is a finite space charge, which ultimately© ause ionization. However, behind these ionization fronts,
produces a highly significant self-field. This is in disagree- the interior region, there is again very little net field, just

ment with the initial assumptions of most fluid models. as in the single—_ava_lanphe_ case. )
The two leading ionization fronts just continue to propa-

gate in a similar fashion to their previous propagation. In-
deed, if the simulation were allowed to continue it is possible
Having seen that significant self-fields can be developedhat the two leading ionization fronts would merge into one
in the avalanche phase, it is possible that multiple avalanchefat would be of similar shape to that of the single-avalanche
could significantly interact with each other before the onsetase. This scenario would most likely be initially seen in the
of the streamer criterion. In order to investigate this a secon@otential, where it is seen from the evolution that the three
simulation was undertaken. The applied conditions were thelistinct potential fields of the three avalanches merge into
same as in the single-avalanche case. However, three initiahe of similar shape to the single-avalanche case, suggesting
seeds were used. These were located at {00, (60,35), that the leading two avalanches are merging into one.
and (60;-35), all measured in microns. With these positions  However, for the trailing avalanche the ionization front is
the interaction of two avalanches evolving at the same split, easily seen in the left hand panel of Fig. 10. Clearly
position and the effect of an avalanche evolving through thevhat should have been one contour representing the one ion-
trailing ions of previous avalanches could be investigated. ization front has been split in two. Further, as the net space
Figure 9 shows the evolution of the electron and ion discharge in these regions is small it can be deduced that the
tributions and the self-potential and magnitude of the selfionization front of electrons has been split by the trailing
field, all at the same times as the single-avalanche case. lons, deposited by the two leading avalanches, that we know
the early stages all three seeds evolve into a similar avaare present from the single-avalanche case.
lanche, as their interaction with each other is not yet impor- The key difference this makes is that, compared to the two
tant in determining their dynamics. However, as the availeading ionization fronts propagating into neutral gas, the
lanches grow so does their interaction. trailing ionization front is traveling into plasma. The field in
The interaction of the two leading avalanches introduces #his region is opposite and almost equal to the applied field.
slight skewness, compared to that of the single-avalanchience, the trailing ionization fronts are traveling in a region
case, to their ionization fronts, shown by the black contourswith approximately no net field. In this case their dynamics

-0.01

B. Multiple avalanches
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will be influenced almost solely by the local charge popula-cant interaction between avalanches. The onset of plasma
tion, whereas the dynamics of leading ionization fronts arédoehavior can be seen by the ability of space charge to shield

determined by the applied field. itself from externally applied electric fields. It is clear that a
self-consistent particle model is vital for accurate quantita-
IV. CONCLUSIONS tive modeling of discharge evolution.

] . . Note that no density “spike” appears at the streamer on-

A 2D particle code capable of modeling self-consistentlyset, in contrast to some fluid simulations in the literature.
an avalanche from the first ion-electron pair up to streame|pstead the density distribution here is self-consistent, rather
conditions has been produced and is reported here. The rgyan reflecting the persistence of the inappropriate initial
sults from this code demonstrate that the initial conditions;gnditions assumed in some fluid models. Future computa-
usually adopted for fluid models of streamer discharges argonal work in the fluid regime ought to take this into
unrealistic because of their neglect of the self-field. account.

The particle code has shown that the streamer criterion is pgrajlel implementationainder MP) of this 2D code and

met not on the cathode, as is commonly assumed in somgfy|| 3D particle model are being developed and results will
fluid simulations, but at a noninsignificant distance from thepe presented shortly.

cathode. Furthermore, the particle code has shown that the

charged-particle distributions at streamer onset are highly ACKNOWLEDGMENTS

non-Gaussian and differ from each other. The consequent
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