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Abstract. The propagation of the long cathode-directed streamer in air is simulated
in the approximation of a fixed radius of the streamer channel. The results of the
simulation turn out to be sensitive to the channel radius and to a model of charged
particle kinetics. A model including ionization expansion of the streamer channel
and yielding results which depend only slightly on the initial channel radius is
developed. For the streamer’s propagation in a non-uniform field, our calculation
agrees well with the available experimental values of the total anode current, the
streamer length and the average electric field in the streamer channel. Simulation
of the streamer’s evolution in a uniform electric field shows a steady propagation if
the field exceeds 8-8.5 kV cm1.

1. Introduction electric fields and their pulse-rise-rate conditions, the anode
conduction current, the net space charge and the charge of
Streamer propagation is an important discharge phase ofthe head (the forward streamer domain of the size of the
the breakdown of a long gas gap. In electropositive gases,channel radius) of the isolated streamer and the averaged
such as Ar, a streamer bridging a gap tens of centimetreslongitudinal electric field in its channel. Properties of
in length can immediately transform into an arc channel the long-streamer plasmas are poorly understood. Some
[1]. In electronegative gases, such as air, the tip of a efforts have been made to estimate the gas temperature
leader advancing toward the opposite electrode is precedecf the streamer channel, the time-averaged density of
by a cloud of streamers [2]. These streamers arise with electrons and the conductivity of the channel per unit
a frequency up to 1-10'° s~* to supply the channel of a  length. (The conductivity per unit cross section remains
long spark or lightning with electric current and power. The unknown because the channel radius is still unmeasured.)
streamer zone can exceed 10 m in length. It is impossible The reviews of the experimental long-streamer studies [7—
to develop a consistent theory of long sparks in gases11]indicate that the available information is still insufficient
without examination of the long-streamer propagation and not only to solve applied problems, but also to determine
the properties of the streamer plasmas which considerablyinput parameters for simulating streamers numerically and
vary in space and time. Nowadays the interest in thesetesting the developed theories.
transient filamentary plasmas is due to their application to Thus, it is no wonder that a great deal of effort has been
the removal of air-borne toxic chemicals [3-5]. In addition, devoted to computer simulation of the streamer-plasma
there is reason to believe that the streamers in liquid mediaproperties [11,12]. It is important to bear in mind that
are of a gaseous nature [6]. a consistent theoretical model of a long streamer should
It is hard to carry out any experiment with long be two-dimensional (2D). Moreover, in most cases the
streamers since high temporal resolution ) and streamer propagation appears to be a three-dimensional
spatial resolution (1P—10-2 cm) are required; it is difficult ~ (3D) phenomenon due to discharge branching or an
to predict the streamer path and to observe the streamelinteraction between streamers which start concurrently
because of the low intensity of the light emitted by the from the high-voltage electrode or the leader tip. The
streamer channel. In addition, it is difficult to use sensitive development of the 3D long-streamer models is currently
equipment when high impulse voltages (up td ) are open to question; therefore, simpler approaches have been
applied to generate long streamers. For this reason theused to study the streamer dynamics.
reliable data in the current literature cover only some The majority of the 2D calculations are devoted to
averaged characteristics of the long streamers, such asnvestigation of the avalanche-to-streamer transition [13—
the ignition voltage, the propagation velocity in various 16] or to the formation and propagation of the short
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streamers (about 1-5 cm in length) [17-22]. The simulation 2. The model of a streamer with fixed channel

of streamers is generally based on a representation of aradius. Foundations and some results

space-charge filament by a series of charged discs of equal

radii, with uniform densities of space charge and of other We consider a cathode-directed streamer which is of great

plasma parameters over each disc (the 1.5D model) [Zs_applled _mterest gnd s ur_lder active experimental stuo!y.
. . .. The basic dynamical equations for the streamer propagation

25]. The radius is supposed to be equal to that of the initial L - . .
lect lanche (0.003-0.01 23 241 Th thod are the continuity equations for electrons, ions and active

eec.ron avalanche (0.003-0.01 cm) [23, 24]. e me 9 particles, and Poisson’s equation for the electric field:

of discs allows one to calculate the value of the electric

field on the streamer axis. —D,Vn,) = (kiN + k'n™)n,

glectron_ and ion assemblies in a ba_ckgrpund gas, as a rule, ! — (K, + K/ N)Ngne + (kaN + Kin*)ng — Buneny + Sy

is described by means of the drift-diffusion approximation (1)

because comparison of Monte Carlo and fluid equation on, .

treatments of streamer dynamics has demonstrated the, + V- (npvp) = (kN + kjn")ne — Beinen,

validity of the fluid treatment for modelling short streamers —Biinpn, + Sy (2)
[18,20]. ony, / " .
V. (n,v,) = (k, + k,N)Nyn, — (k4N + k 0

A little attention has been given to the dependence of a7 + (n0n) = (ky + WNane = (kalV +kqn")n
the results of numerical simulation on tlepriori given —Biinphn ®)
chanhel radius and on the rate coefficients of elect.ron—. on” _ K*Nn, — kin*ne — kiNn* — n )
and ion—-molecule processes. The streamer plasma in air 97 Ul
is generally assumed to be composed of electrons and onexy . E = f(np —n, —ny). (5)

species positive and negative ions; therefore, the averaged o
rate coefficients for ionization, electron attachment and Here ne, n,, n, and n* are the electron, positive-ion,

detachment, electron—ion and ion—ion recombination are Negative-ion and active-particle densities, respectively,
used. However, a description of the kinetics of a gas “7 andwv, are the corresponding drift velocitieB, is the

. S . . . electron diffusion tensorE is the electric field vector,
discharge in air considered as an oxygen-—nitrogen mixture - ) L

includ than 40 i ituent q e is the electrlc chargego is the permittivity of free
can include more than reacting constituents and moreg .o 4t Ky, kI, kas Ky Bei By k* and k7 are
than 250 reactions [26]. It should be noted that the number e rate ' coefficients for direct and stepwise ionization,

of processes required for the simulation increases with the gissociative and three- body electron attachment, electron

streamer length because of an increase in the lifetime of thedetachment in collisions with ground-state molecules and

streamer plasma. active particles, electron—ion and ion—ion recombinations,
Using a 1.5D code, we recently showed that a variety and formation and loss of active particles, respectivaly;

of electron— and ion—molecule processes plays an importantand N, are the total density of neutral species and the

role for the dynamics of the long cathode-directed streamer €lectronegative-component density andis the lifetime

(50—100 cm) in air [11]. In addition, a strong dependence of an excited molecuIeSf describes the photo-ionization

of the results of simulation on the fixed streamer-channel SOurce. Following previous studies [17,21], we neglect
radius has been observed. This has cast doubt on thé)hoto ionization and assume that our streamers propagate
through a pre-existing low-ionization air plasma with

possibility of obtaining quantitative data on the long- n(t = — 10° cm 3. In our model, ion diffusion

streamer properties by means of the 1.5D modelling, that is assumed to be negllglble for cold ions. The drift
is, the fixed-channel-radius approximation. There is also \g|qcities and the rate coefficients are functions of the local
reason to think that this approach fails to describe the reduced electric field /N and the vibrational temperature
behaviour of long streamers because of the expansion ofof nitrogen moleculesT,, which obeys the equation of the
the streamer channel resulting from the ionization in the vibrational energy balance.
radial electric field of the streamer [11, 27, 28]. Equations (1)-(4) were solved numerically, a finite-
In the present paper, we generalize our streamer- difference method with an adapted mesh was used; the
simulation approach [11,27,28] in order to take into Mesh was stretched in the axial coordinate near the anode
account the ionization expansion of the streamer channel(in the domain of the size of the anode radius) and in the
and, therefore, a change in the channel radius along thestreamer head, and was uniform in other regions. Contrary
streamer. A cathode-directed streamer in the air gap to the disc method, the space charge was assumed to be

. P . evenly distributed over the cylinder channel surface to
between a spherical anode and an infinitely distant cathode . T . .
. . . . - determine the electric field. This approach is based on
is studied. In section 2, our 1.5D model is considered and

: . ! """ the short time (10'°-107! s) of the streamer-plasma’s
some results of the streamer simulation in the fixed-radius polarization by the radial electric field. Our so-called ring

approximation are given. The model accounting for the method gives a simpler expression for the axial electric
channel expansion is discussed in section 3. The resultsfield:

of our calculations in this case in non-uniform and uniform T, 2. 2112 2. 2112
electric fields are presented in sections 4 and 5, respectively.£ (*) = 4ﬂ80{[(x2 =)+ = [ — )"+ ]
A comparison with experimental data is also given there. (6)
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Figure 1. Axial profiles of E, t. and n, at the streamer head at 3.95 ns. The initial conditions used are a spherical anode of
radius R, =1 cm, the applied voltage of 100 kV and the fixed radius r. = 0.03 cm.

where 7. is the channel charge per unit length, angd Here ¢, is the vibrational energy of Nmolecules,eo(T)
andx, are the boundary coordinates of the channel sectionis the vibrational energy corresponding to the Boltzmann
with the radiusr.. This markedly decreases the computer- equilibrium at the temperatur€, 1,, Ay and A; are the
calculation time, and, which is more important, prevents fractional powers transferred by electrons to the molecules
the appearance of numerical instabilities. Our assumptionin vibrational excitation, elastic collisions and rotational
concerning the space-charge distribution seems to be trueexcitation, respectively, is the density of the electron
for all streamer regions but that at the streamer head. current, tyr is the time of vibrational relaxationgy is

The air was assumed to be a-MND, mixture at standard  the heat capacity per molecule at constant volu@ey
pressure and temperature. We considered 20 componentss the contribution from quenching of vibrational levels
presented by table 1 and 120 collisional processes whichof N, in the process of V-T relaxation to head.r, O,
are important in short time intervals (about £0s) and Q. are the contributions from quenching electronically
with rate coefficients found experimentally or calculated excited molecules by electrons, from the electron—ion
from the Boltzmann equation for electrons [26]. These recombination and from the ion conversion, respectively.
processes include direct ionization of lnd Q, two-step The details of solving the energy-balance equations and
ionization through u(A32;), NZ(B?’Hg), No(& 12;), some results for the streamer plasma have been given
and N(C3I1,), associative ionization with Na 12;) elsewhere [27, 28]. Gas heating in the streamer channel can
and N(A3%F), three-body electron attachment to,,O  usually be neglected whereas the vibrational temperature
dissociative attachment to,@nd G, electron—ion and ion—  can attain 2000—-3000 K.
ion recombinations, electron detachment from negative ions In our simulation the time resolution determined by the

in collisions with O, Nz(ASEJf), N2(B 3I'Ig), Oz(alAg) fastest electron process was down to*#0s. A space
and Q(blzg), respectively, which are excited by electron mesh was adopted to resolve the steep profiles of electric
impact, and so on. field and electron density at the streamer head distinctly,

To account for the influence of vibrational and gas as is shown in figure 1. A disadvantage of any 1.5D
temperatures on the electron rate coefficients in air [27, 28] simulation of a long streamer is that the obtained results
we solved numerically the balance equations for vibrational strongly depend on the unknown radius of the channel.

energy of N molecules Figure 2 demonstrates the peak values of the streamer
velocity, electric field and electron density at the head of
% = MJjE — Qvr Ovr = & — eo(T) the streamer and the conduction current through the anode
ot | tyr(T) calculated in our work for a spherical anodeRf= 1 cm

radius and the applied voltage of 100 kV. The peak electron
density is the most strongly radius-dependent quantity; thus

more than a tenfold decrease in the electron density results

Cng =1 +ARJE + Qvr + Qer + Q1 + Qc. from a tenfold increase in the radius.

and for the translational energy of neutral species
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Table 1. Relevant species contained in the chemistry code.
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Figure 2. The peak values of the streamer velocity, electric field and electron density at the streamer head, and conduction
current through the anode versus r.. The curves correspond to the same initial conditions as those given in figure 1.

One can see that the inverse relation between electronthe radius, the current does not increase because of a sharp
density in the wavefrontz.r, and the head (or channel) fall of the electric field in front of the streamer head.
radius, ., is an inherent feature of any ionization wave In 1.5D modelling, the radius of the streamer channel
propagating due to ionization in the front electric field. A is usually assumed to be equal to that of the initial electron
steady propagation of the wave with velocityresults from avalanche. This is not valid because of the ionization in
re-induction of the front electric fiel&,,; to do this, the the radial electric field produced by a high channel charge.
density of electrons generated in the front region must be Near the surface of a long channel this field is given by
sufficiently high to create the head charge~ 4reor?E,,
for a time At ~ r./v;. The charge is induced owing E, (x) ~ Ue(x)
to the drift of electrons with the electric currefit ~ reind/re)
nrfenefueEm, wherey, is the electron mobility. Equating
the current tog,/Ar we find the electron density in the
wavefront to be

®)

when E.(x)r. < U.(x), whereU. is the potential of an
isolated streamer of length

4801)';

o . 7 Ro+x
" e, ") lumzw—f Eo(x') dv’
The inverse relation between, andr. agrees well with Ko
our numerical results shown in figure 2. U, being an anode potential. F@&f. = 100 kV, r. =

Though suitable for a qualitative analysis, the 1.5D 0.01 cm and It//r.) ~ 10, we haveE, ~ 10° V. cm2. In
model fails to describe some experimental data. A number this field there can exist the radial ionization wave which
of experiments has been performed to study an impulse causes the channel expansion. Subsequently the radial wave
corona in air and to measure the total streamer currentcomes to a halt becaude. is inversely related te. and
through the spherical anode wilty = 12.5 cm at the initial the new radius of the channel is much more than that of
electric field of 40 kV cmit near the anode [8,29]. Under the initial avalanche. Our upper estimate for the radius of
these conditions the current ranges up to about 10 A withoutthe isolated streamer in air is about 0.2 cm, whereas it is
streamer branching. Using the 1.5D simulation we have generally believed to be about 0.01 cm [11,12].
calculated the total anode current which was well below It is of interest to consider the sensitivity of the
10 A. An increase in the channel radius to 0.2 cm results results of the 1.5D simulation of long streamers to the
in a current of no more than 2 A. With further increase in rate coefficients.  We performed calculations of the
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versus time near the anode and at a distance of 5.1 cm
from it. A N3 ion produced by electron impact ionization
at the streamer head rapidly reacts withiNthe three-body

15 ] .
10 F10° reaction

Ny +Nz2+M — Nj +M
then, the @ ion is formed in the charge exchange reaction

N + O, — 2N, + OF

10™ 4 1108

and it is removed in the three-body reaction

n, lem™3)
% (emS™)

0; +0:+M — O + M.

lon—molecule reactions changing the ionic species result
in a marked variation in the average rate of the electron—

107 - 7 - — - = 10’ ion recombination. Therefore, there is reason to think that

L () a simplification of the positive-ion kinetics can result in
* large errors in the calculation not only of the composition of
Figure 3. The maximal electron density in the streamer streamer plasma but also of the average streamer properties,
channel (broken curves) and the streamer velocity (full namely the velocity of propagation, the conductivity and the
curves) calculated for the simple ionic kinetics with limiting streamer length.
_ _ -1 -7 -1 . .
Bei =2 x 10°° cm® s7* (curve A) and 2 x 10~ cm?® s The above arguments hold true for the negative-ion

(curve B). The curves correspond to the same initial

conditions as those given in figure 1. kinetics because of the electron attachment—detachment

reactions. Our calculations show that the dominant negative
ionis O™ at the streamer head ang @ the channel. These

long-streamer properties with a variety of electron rate jong are formed in the dissociative electron attachment
coefficients described elsewhere [11]. For a spherical anode

of R, = 125 cm and the applied voltage of 500 kV, the
variation in the maximum streamer velocity was less than
25%, that in the maximum electron density was less than
45% and that in the streamer length was less than 10%.
These variations decrease together with a decrease in the -
anode radius and, fa®, = 1 cm, were less than 10% [11]. e+20,~ 0; +02
Another behaviour is observed when 1.5D simulation
of the long streamer assumes the simple ionic kinetics
of the streamer plasma. We calculated the long-streamer
properties for a three-component plasma composed of
electrons, positive and negative ions accounting for
direct ionization by electron impact, electron attachment . . - . .
and detachment processes, and electron—ion and iOn_ior?md_eIectron-detachment reactlons_ in collision with active
recombinations with some average rate coefficients. For particles such as O atoms and excited molecules
the electron—ion dissociative recombination we used the rate
corresponding to simple ions

e+0, -0 +0

and in the three-body electron attachment

respectively, and are removed in the ternary ion—ion
recombination

AT+B*+C—>A+B+C

A”+B*—> e+ AB

(05, N3 (B =2x 10" cm® s7h) A~ +B* = e+ A +B.

or complex ions Figure 5 shows the temporal evolution of the calculated
FoNvR 6 1 active-particle composition near the anode and at a distance
(OF. N)(Ba = 2> 107° e 575, of 5.1 cm from it. The density of active particles
This variation in the electron—ion recombination rate has a decréases with distance from the anode because near the

strong effect on the streamer behaviour. Figure 3 showsanode the field decays more slowly with time than that
that the limiting streamer length varies by a factor of two, at @ considerable distance from it. Although the main
whereas, under the same conditions, the maximum electronmechanism of the negative-ion loss in the streamer channel
density varies by a factor of 15. is the ion—ion recombination, the electron detachment
The failure to describe the long-streamer dynamics with can be important under different conditions. Lowke has
the simplified kinetics may be explained in terms of a proposed that the Qa'A,) molecule plays a dominant
change in the plasma composition during propagation of role in electron detachment from,Gons in the streamer
the streamer. This is evident from figure 4 which shows the channel [30], whereas our calculation shows that the
calculated positive-ion composition of the streamer plasma electron detachment is dominated by the O atoms.
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Figure 4. The time evolution of densities of electrons, O3,
O3, N; and Nj in the streamer plasma (a) near the anode 10 100 . 1000
and (b) at a distance of 5.1 cm from it. The curves ’ ' ; ’
correspond to the same initial conditions as those given in (ns)

figure 1. ] ] ) N
Figure 5. The time evolution of densities of O, Oz(alAg),

02(b'%;), N2(A®%)) and Na(B2Ily) in the streamer

3. The model of a streamer with expanded plasma (a) near the anode and (b) at a distance of 5.1 cm
) from it. The curves correspond to the same initial
channel

conditions as those given in figure 1.

To account for the ionization expansion of the streamer

channel we modified our model which allowed us to make wavefront as functions of,., and the radial electric field
the next step towards a 2D model of the long streamer. The E.(x, r.) in front of the wave where it has a maximum.
channel radius.(x) was assumed to be variable and equal To simulate the dynamics of the streamer with an
to that of the cylinder ionization wave in the radial electric expanded channelz, (x, r.) was calculated at each time
field, where thex axis is directed along the streamer. step At; then, for each intervalxf_1, x;] the change in
We performed an auxiliary simulation of ionization wave radiusAr(x) = v,(x)Ar and density of electrons in a new
propagation from the long cylinder electrode and calculated plasma layer were obtained from the results of our auxiliary
the wave velocity, (x) and the electron density behind the simulation. To calculate a new linear charge density)

745



N L Aleksandrov and E M Bazelyan

and a new longitudinal electric field the charged-particle
densities averaged over a cross section were used. The
method of computing this field and the reactions considered

are identical to those given in the preceding section.

The radial channel expansion is assumed to stop when 10"
the electron density behind the radial ionization wave falls
below 5x 10'* cm3. In this model the initial radius of
the streamer channey, is also unknown. However, it will
be shown in the following section that the results of this
simulation are far less dependent anthan are those of
the 1.5D simulation in which the channel radius is assumed “
to be constant. 107

3)

i
&
O

o
o<

4. Simulation of the streamer with an expanded

channel in a non-uniform field 10.2

To illustrate the potential of our model of a streamer with

an expanded channel, we simulated the propagation of a 10
streamer in air under standard conditions from an anode

with R, = 125 cm and with the initial electric field

of 40 k\_/_cm‘l near the anode._ This Co_rresponds to Figure 6. Axial profiles of r., n. and E; at the instant at
the conditions of numerous experiments which have beenich the total anode current peaks (¢ = 39.3 ns). Initial
carried out for measuring some averaged long-streamerconditions used were a spherical anode with R, = 12.5 cm
characteristics, namely total anode current and the lengthand applied electric field strength near the anode of 40 kV
of the streamer propagation [8,29]. Fer= 0.1 cm and cm™.
0.02 cm, table 2 shows the calculated streamer properties at

the instant at which the total anode current has a maximum,

lamax- Heret,. . is the period for the current enhancement

up toi,max, Is @andu, are the streamer length and velocity 25 1
at that instant, respectively,,,, is the maximum radius

of the channel and, is the electron density for the cross
section atr, = r,.,. The five-fold decrease iny causes

the results of this simulation to vary by 20-40% (o),
whereas those of the 1.5D simulation in which the channel
radius is fixed vary by a factor of ten.

Our simulation of the streamer with an expanded
channel is consistent with the results of a number of
experiments [8,29]. For the amplitude of the pulse of the
total anode current the difference between the theory and
the measured magnitude (10 A) is about 10%, whereas the 101
1.5D simulation gives the hundreds of percent difference
which cannot be diminished. The measured magnitude of
Iy is 65 cm [31], which is also in good agreement with the 5.
result of our calculations yielding 70 cm.

Figure 6 shows the calculated axial profiles ©of
electron density averaged over the cross section, and axia
electric fieldE. at the peak value of the total anode current. 0 10 2'0 3‘0 4'0 50
The radiusr. grows with the distance from the anode x (cm)
and has a maximum of 0.45 cm at = 135 cm. At
greater distances from the anodesteeply falls to the initial Figure 7. Axial profiles of 7 at 39.3 ns (curve A) and
channel radius of 0.1 cm. The axial profile Qf near the 138 ns (curve B). The curves correspond to the same initial
anode is usually affected by the anode-surface shieldingconditions as those given in figure 6.
which leads to a sharp fall in the space charge at small
as is shown in figure 6. Under these conditigpsgs small
and constant along the streamer because the radial electric  In our simulations we observed a strorgdependence
field tends to zero in the immediate vicinity of any metallic of the electron density at small n.,. A five-fold increase
surface. Our calculation shows that the conduction currentin ro resulted in a 30-fold decrease in,, namelyn,, =~
varies slightly withx not far from the anode. Therefore, rgz, because the axial electric field near the anode is almost
current conservation requires a steep increasg.iandn, independent ofy. Clearly our approach fails to determine
near the anode owing to a decrease.in n., andrg independently.

13

x {(cm)

204

1 (107° Cem”
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Table 2. The streamer parameters corresponding to the maximal value of the total anode current, iz max.

fo (€M) tmax (107°8) ks (€M) famax (A) Vs (10° cm s™!)  riax (€M) 1 (10%° cm™)
0.1 4 ~ 15 11.0 1.2 0.45 35
0.02 3 ~ 15 8.9 1 0.37 2.5
1015
18 1
16 E
141 10"
_ T
g g
= - 0.8
w :ﬂl
z
W 10" 0.6
E
L 0.4
0.2
1012
v . v ‘-0
0 10 20 30 40 50
x (cm)
Figure 8. Axial profiles of r., E. and n, at 138 ns. The curves correspond to the same initial conditions as those given in
figure 6.

For a sufficiently long streamer, the axial profile of Table 3. The steady propagation velocity of the long
the linear charge density. has a peak owing to a voltage streamer in the uniform field of 12 kV cm~ versus r..
drop along the channel; this is shown in figure 7. Figure 8
shows thatr, also has a maximum at the same distance
from the anode whereag, and n, have minima,E. i,
and n, ;.. For a period of 0.25-0.%s, n.,:, drops
by a factor of 100 because of electron attachment and
electron—ion recombination. In contrast to electron density external field is the field in the gap before the streamer
and conductivity, the axial electric field is almost constant initiation.) There is reason to think that this occurs for
in the channel away from the anode and the head of acorona streamers in front of a leader [32]. We also
long streamer. The average magnitude Kf is about simulated the propagation of a long streamer in a uniform
5.3-5.4 kV cm! for a streamer of more than 50 cm in field and showed that the streamer can propagate at a
length. This agrees well with numerous measurements of constant velocity with a steady profile of electron density
the average electric field in a streamer after bridging long air at the head. As before, the results of the 1.5D simulation in

0.08
12.0

r, (cm) 0.02 003 0.05 0.06
vs (108cms?) 30 40 65 80

gaps at atmospheric pressure, which yield about 5 k¥cm
[8-10].

5. Simulation of the streamer with an expanded
channel in a uniform field

the fixed-channel-radius approximation depend strongly on
r.. Table 3 presents the velocity of the steady propagation
of the streamer in a uniform field of 12 kV cth as a
function of r..

In what follows we use the model of the streamer with
an expanded channel. The streamer is assumed to start

In most of the theoretical studies the propagation of the from a spherical anode witl®, = 0.2 cm at the anode

streamer is considered in uniform external fields.

(The potential ofU, = 10 kV and to propagate in an additional
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Figure 9. v, versus the streamer length at different values of Ey.
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Figure 10. The peak electric field at the streamer head
versus the streamer length at £, = 15 kV cm~2.

uniform electric fieldEg. Once the length of the streamer
has attained 2 cm, the anode field in front of the ionization
wave becomes less than 0.5 kV cinthat is, the effect of
this field on further streamer propagation can be neglected.
Our simulation predicts a steady propagation of the
streamer in an infinite gap between anode and cathode whe
Eo is higher than the threshol,,;, = 8-8.5 kV cnt!. The
field E,,;, slightly depends omg, R, andU,. For instance,
a 50% variation in any one of the last quantities results in
10% variation inE,,;,. E,.;, calculated in this work agrees
qualitatively with data obtained in experiments with steeply
non-uniform fields which demonstrate streamer bridging of
the atmospheric-air gaps from 0.1-10 m in length whereas
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the averaged electric field exceeds 5 kV¢ni8—10]. We
have not succeeded in diminishing the difference between
calculated and experimentat,;, by varying the rate
coefficients of processes considered. This difference can
be ascribed to streamer branching, the field non-uniformity
and the unsteady regime of streamer propagation in the
experiments.

Figure 9 shows the streamer velocity in the uniform
electric field versus the streamer leng#y has a dramatic
effect on the long-streamer behaviour. FB§ < E,n,
the streamer is accelerated over a distance of several
centimetres and subsequently decelerated with a rate which
depends orEy. If Eg approaches,,;,, then the streamer
can propagate up to tens of centimetres. Whgn> E,;,,
the streamer propagation becomes steady; in this case the
time and length of the streamer relaxation decrease with
increasingEp. The least velocity of steady propagation
which is observed attFy = E,;, and equals(3—4 x
10" cm st qualitatively correlates with the available
experimental data (abol—2 x 10° cm s%) [33].

The steady-state propagation of the streamer is observed
when the electric field at its head becomes steady, as is
shown in figure 10. An increment in the streamer-head
field is induced by a polarization charge in the streamer
channel in the external field. At the infinite conductivity
of the channel plasma the space charge would increase
indefinitely with the streamer length, whereas in reality it
is limited by the voltage drop along the finite-conductivity

"blasma channel. The profiles of charge and field at the

streamer head become steady when this voltage drgp,
obeys the equation

% =E.~ Eo
d_x C
that is, under steady-state conditions the longitudinal
electric field E. is close to Eg in the channel plasma
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Figure 11. Axial profiles of 7. (full curves) and E. (broken curves) for £, = 15 kV cm™~! at 40 ns (curve A), 65 ns (curve B),
85 ns (curve C) and 98 ns (curve D).

Tﬁb'e 4|- ?‘ﬁ 'engtr(‘j'averaged 'Ongit“di'&a' field in the this charge going to the anode. Figure 11 shows that
channel of the steady streamer versus £o. the charge profile becomes bipolar: the domain of the
E (KVcml) 8 10 15 20 channel near the anode becomes negatively charged. For
E./E 096 098 096 0094 a sufficiently long streamer this positive charge has a
steady distribution in a moving frame of reference and
propagates with the streamer velocity whereas the negative-
dcharge tail increases further. Qualitatively, the distribution
of the space charge in the streamer channel is similar
to that of the polarization charge in a moving, perfectly
conducting plasma with some distortion because of the
weak connection to the anode. At the streamer head the
profiles of the plasma-component densities and electric
and 15 kV cml Under the conditions considered field also become steady; therefore, this agrees with the
these profiles and the conduction-current profiles given NYPOthesis by Bazelyaet al [34] that the steady-state
in figure 13 become strongly non-uniform. The current Propagation of a streamer can be treated as a propagation
gradient steepens with decreasifig at a given streamer Qf the plasma domain of fixed length in an external electric
length because an increment in the lifetime of the streamerfield.
leads to decay of the ‘old’ plasma segments through  Figure 14 shows the steady axial profile af at
electron attachment and electron—ion recombination. Eo =15 kV cmt. We see that the channel radius sharply
Except very close to the anode, the streamer currentchanges in the streamer head. This phenomenon could be
drops asx decreases; that is, the external circuit fails to Observed experimentally by means of standard photography
supply new segments of the streamer with electric chargeto test our hypothesis that the streamer channel expands due
because of the low conductivity of the decaying plasma to ionization in the radial field.
away from the streamer head where the electron current  The steady channel radius depends strongly oiy.
directed at the anode decreases to form negative spacdable 5 gives,, the velocity of the steady propagation of
charge. Here the low conductivity of the plasma prevents the streamer, the averaged electron density at the streamer

everywhere but near the anode and at the streamer hea
This agrees well with curves shown in figure 11 and with
the length-averaged channel fields given in table 4 as a
function of Eq.

Figure 12 shows the axial profiles of the electron
density averaged over the cross section Fat = 10
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Figure 12. Axial profiles of n, for E; = 15 kV cm~* at 85 ns (curve A) and 98 ns (curve B) and for £, = 10 kV cm~! at 442 ns

(curve C) and 545 ns (curve D).
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Figure 13. Axial profiles of the conduction current for

Eo =10 kV cm~! at 90.2 ns (curve A) and for £y = 15 kV
cm~?! at 545 ns (curve B).

head at the section of radius, and the density of space
charge per unit length at the head verstls. If Ej
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Figure 14. The axial profile of r, for £y = 15 kV cm™* at
98 ns (curve A, upper abscissa). Curve B and the lower
abscissa show a more accurate representation of this
profile at the streamer head.

greatly exceed<,,;,, thenr. is roughly proportional to
Eo, whereas other quantities increase more steeply with
E,o. For instancey is roughly proportional tc&3.
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Table 5. The steady radius of the streamer channel, the velocity of the steady streamer propagation, the averaged electron
density and the density of space charge per unit length near the streamer head versus Ey.

Ey (kv em™)  res(cm)  vs (108 cms™t)  n. (108 cm=3) 1, (107° C cm™?)
10 0.105 3.2 4 7.7

15 0.16 13 8 15

20 0.22 25 10 21

6. Discussion away from the streamer head can make the streamer move
at a constant velocity [34]. Our calculation shows that
The ionization expansion of the streamer channel becomesthe streamer steadily propagates in a uniform field of more
more pronounced as the surface charge of the channekhan 8 kv cnt?! without any plasma decay. We obtained
increases. This depends on the amplitude, the pulse-that, at the first stage as the streamer is accelerated, the
rise rate of the applied voltage and the voltage drop longitudinal electric field in the streamer channel increases
along the streamer channel. To increase the ionizationgradually because the electrical conductivity of the channel
expansion, it is desirable to attain the voltage amplitude increases more slowly than does the current density. At
as quickly as possible and consequently to minimize the any length of the streamet,,,, if the voltage along the
voltage drop along the channel by decreasing its length. streamer,AU;, achieves the voltage of the external field
In addition, the axial wavefront should escape the anode Egl,,, this field is no longer cancelled in the channel. Then
region where the surface-bound charge shields the streamethe streamer-plasma polarization which increases the space
channel and decreases its charge which creates the radiatharge and electric field in the streamer head disappears.
electric field. Therefore, at a given voltage, we have Transition to a steady state of the streamer head results in
a maximum expansion of the channel provided that the streamer propagation at the constant velocity obtained in
streamer develops from the anode with a minimum radius our calculation.
and the impulse voltage has a minimal risetime. As is mentioned above, during the steady motion the

The anode-radius effect can be detected experimentally.average field in the channel is approximately equal to the
For instance, our calculation for a voltage of 500 kV shows external fieldEy, whereas the transition to the steady state
that a change in the radiug, from 12.5to 5cmresultsina is not related to a decay of the streamer plasma. It can
proportional increase in the channel radius with a maximum be shown that this transition takes place even when the
of 1.5 cm. On performing similar calculations for near- channel plasma conductivity does not fall with time. In
uniform fields we obtain a maximum channel radius of the approximation of a fixed channel radius we obtain from
no more than 0.2 cm. This strong,-dependence of the equation (7) thab, >~ n, >~ v,, whereo; is the streamer
channel radius in the vicinity of the anode where branching plasma conductivity. Using the relatign>~ v,c,¢; (¢, and
is absent and the streamer path is predictable can be foundp, are the average capacitance and potential of the channel,
experimentally to test our hypotheses. This requires static respectively) we have that, = j/o, =~ ¢s; that is, the
photography of the initial regions of streamers by means electric field in the channel does not depend on the density
of long-focus optics provided a voltage source with short of electrons and increases monotonically as the field at the
risetime (down to 5-10 ns) is used. head andp. rise. The streamer accelerates udiilreaches

As was noted above, the inclusion of the ionization Eo. Thereafter all the quantities characterizing the streamer
expansion of the streamer channel into consideration head, includingy, become time-independent; that is, in our
increases the calculated magnitude of the total anode currentalculations we obtain steady streamer propagation. The
up to the experimental magnitude. It is of interest to higher Eo, the higher the current ang, corresponding to
note that the channel expansion has an indirect effectthe transition to steady streamer propagation. For instance,
on the anode current because there is no radial electricwhen Eo varies from 10 to 20 kV cm', the calculated
field and, therefore, no expansion near the anode. Theconduction anode current increases from 0.02 to 10 A for
electron current flowing from the expanded regions of the the time at which the streamer velocity becomes steady.
channel accumulates electrons near the anode; this induces
an additional axial field over a long period. Our calculation 7. Conclusions
shows that this field has the magnitude of more than 30 kV

cm~! for 20 ns. The additional ionization increasing the
electron density by a factor of 3.5 provides a way for the
current of about 10 A to flow through the ‘bottleneck’ of
the streamer channel near the anode.

Our study should clarify the question of the steady
propagation of a streamer in a uniform field. There are
contrary views concerning the long streamer’s behaviour.

Our numerical simulation of the long-streamer propagation
in air assuming a fixed radius of the streamer channel
shows a strong dependence of the streamer properties on
the radius and the considered model of charge-particle
kinetics. Taking into account the ionization expansion of
the streamer channel, we obtained results slightly dependent
on the initial channel radius. The simulation of the

The streamer with the channel considered as a perfectstreamer propagation from a spherical anode in a non-

conductor is known to be accelerated permanently [35].

uniform electric field agrees well with the results of a lot of

On the other hand, plasma decay in the channel regionsexperiments in which the total anode current, the streamer

751



N L Aleksandrov and E M Bazelyan

length and the average electric field in the streamer channel[11]

were measured. For the streamer evolution in a uniform
electric field, the calculation yields a steady propagation of (1

the streamer at a strong field and a strong field-dependence
of the streamer properties. In this case, the space chargq13)

distribution in the streamer channel is similar to that of

the polarization charge in a moving perfectly conducting [14]
plasma disturbed by a weak connection to the anode.
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