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STREAMER MODE OF POSITIVE CORONA
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One cycle of quasi-periodic streamer mode of positive corona at constant voltage is considered. The calculation
results for the streamer propagation at a voltage near to threshold of the streamer mode and for the stage of partial
release of the gap from the ions are presented. The simplified model of ionization development near the anode be-
fore the start of the next streamer is considered and it is estimated the ionized space size, from which the streamer

propagation begins.
PACS: 52.80.Hc

INTRODUCTION

The positive corona in the streamer mode is used in
plasma chemical devices, in particular in ozonizers.
Under the constant voltage application, there is a quasi-
periodic process, each cycle of which consists of the
formation of plasma space near the needle-anode, the
propagation of such space in the discharge gap (in other
words, the propagation of the cathode directed
streamer), with a significant increase in total current
when the plasma space leading edge approaches the
cathode, and the subsequent decay of ionization proc-
esses, with drift, diffusion, recombination of charged
particles and formation of conditions for the next
streamer start. Experimental research and numerical
simulations of streamers have been performed in many
works (in particular, [1 - 3]), and attention was paid,
mainly, to the propagation of one streamer through the
discharge gap. In the experiments with a large distance
between the electrodes and the large applied voltage, the
formation of a large number of streamers was observed,
which is why in a number of works the numerical simu-
lations of the simultaneous propagation of two stream-
ers were performed to study interaction of streamers. A
detailed review of research on the physics of streamers
is presented in [4]. Plasma chemical devices use a rela-
tively low voltage, the value of which may be near to
one corresponding to the lower threshold of the streamer
mode. If the voltage increases then the frequency of
streamers formation increases, leading, in particular, to
gas heating. At a sufficiently high voltage, there is a
spark breakdown of the discharge gap.

When modeling the quasi-stationary streamer propa-
gation in the discharge gap [5 - 7], gas heating can be
ignored, because during the propagation of one streamer
the gas heating is small. Even at the values of the ap-
plied voltage, slightly higher than the upper threshold of
the streamer mode, when the gap overlapping by the
first streamer leads to spark formation, the characteris-
tics obtained in the calculations without gas heating
corresponds (to some extent) to the characteristics of the
first streamer. And at voltage values only slightly above
the lower threshold of the streamer mode, the sensitivity
of some characteristics (for example, the time interval
between the propagation of consecutive streamers
through the gap and the streamers propagation velocity)
to the voltage value is relatively high, but the spatial
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distribution of the process development is quite similar
to that observed at somewhat higher voltage values.
And here it should be noted that the unusual distribu-
tions of electron and positive ion densities, field
strength and potential near the streamer head, which
were obtained in simulations of the quasi-stationary
streamer propagation for a voltage near to the lower
threshold of the streamer mode in [7], are the result of
wrong direction of positive ions motion, through the
error in the calculation program. Some details of those
distributions are a reflection of the non-stationary quasi-
periodic process that arose in those calculations and was
described in [6] and [7]. In the calculations carried out
after the appropriate changes in the program, the men-
tioned process disappeared.

In the present work, the main attention is paid to the
part of one cycle of the quasi-periodic streamer mode,
which covers the process of the channel destruction and
the formation of conditions for the new streamer start.
The streamer propagation in the gap of about 1 cm
width requires a time of about 107" s, whereas the typi-
cal time interval between the pulses in the streamer
mode is about 10™*s, and therefore numerical simula-
tion of multiple formation and propagation of the
streamer with the same care, with which the simulation
of just the stage of the streamer propagation is usually
performed would take much more time, therefore, to
simulate the channel destruction and the formation of
conditions for the new streamer start, it is advisable to
perform calculations on relatively coarse meshes and to
use the simplified models. Section 1 presents the results
of calculations of the quasi-stationary streamer propaga-
tion at low voltage excess over the value corresponding
to the lower threshold of the streamer mode. The results
for the process of the streamer channel destruction and
partial release of the gap from ions during the time in-
terval between the propagation of consecutive streamers
are given in Section 2. In Section 3 the simplified model
is considered, which describes the evolution of charged
particle distribution near the anode before the next
streamer start.

1. PROPAGATION AT VOLTAGE NEAR
TO THRESHOLD OF STREAMER MODE

At the beginning, if a time of the voltage increase to
its stationary value is much less than characteristic time
of streamer development then characteristics of streamer
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propagation correspond to the mentioned stationary
value. But if the voltage increases slowly then the first
streamer starts at the voltage value corresponding to the
lower threshold of streamer mode in the given experi-
mental conditions. With a further voltage increase, the
time between the consecutive streamers decreases, as
under the action of a stronger average field the ion re-
moval from the gap and formation of the conditions for
the next streamer start goes faster. With average field
strength increase, the transverse (to the direction of
propagation) streamer size and the streamer propagation
velocity increase, as with a larger size of the streamer
head the field strength has the same value at a greater
distance from the head, and the avalanche development
there during the same time leads to a greater streamer
propagation velocity.

Fig. 1. Distributions of electron and positive ion
densities, electric field strength, and potential
at the average field strength near the cut-off,
for gas parameters, corresponding to N, (left)
and O; (right). The scale (16 colors at the top)
is logarithmic for densities, 10°...10" cm™,
and strength, 10°...10° V /cm, and linear for potential,
0...3800 V and 0...4800 V, for N, and O,
respectively. The values outside the intervals
are shown in the same color as the nearest values

If the average field strength is not very near to its
value corresponding to the lower threshold of streamer
mode then the streamer propagation velocity is much
greater even than that drift velocity, which the ions have
in the strong field near the streamer head. Therefore, the
simulations of streamer propagation are often performed
under the assumption that the ions are immobilized. The
need to take into account the ion motion arises at the
average field strength very near to the threshold, when
the streamer propagation velocity is low. As it is men-
tioned in the introduction, in the program used in [5 - 7]
for the simulations of quasi-stationary streamer propa-
gation, through the error, the direction of positive ions
motion was wrong, which, at the average field strength
value near to the threshold, led to non-stationary quasi-
periodic high-frequency propagation mode, described in
[6] and [7], and at a slightly higher average strength
value gave the distribution of the charged particle densi-
ties, field strength and potential presented in [7]. The
corresponding distributions obtained in the simulations
of quasi-stationary streamer propagation carried out
after the appropriate changes in the program, are shown
in Fig. 1.
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The calculations for the charged particle distribu-
tions in the coordinate system connected with a streamer
begin from some initial distributions usually taken from
the results of the calculations at another, near value of
the average strength, and therefore, the initial distribu-
tions differ from that to be obtained in the result of cal-
culations. In the performed calculations, at an average
strength value near to the threshold, relaxation was slow
and it was accompanied by oscillations of the streamer
propagation characteristics, but the quasi-periodic mode
with transverse ionization wave described in [6] and [7]
was not observed.

2. CHANNEL EVOLUTION AFTER
DISCHARGE GAP OVERLAPPING

At the time of the discharge gap overlapping by a
streamer, a significant part of the streamer channel is the
plasma near to quasi-neutral one, with a density of elec-
trons and positive ions of the order of 10" cm™. Due to
attachment, the channel also contains negative ions,
which density, at the beginning, is much lower, but it
increases with time. Due to ion-ion recombination,
negative ions play a significant role in reducing the den-
sity of positive ions during the channel destruction. The
main source of electron supply to the channel is ion-
electron emission from the cathode. When this supply
decreases, there are enough electrons (together with
negative ions) to compensate the positive charge nearer
to the channel axis, and the uncompensated outer layer
of positive ions expands in the direction perpendicular
to the axis under the action of mutual repulsion of the
layer parts. The action of the axial component of the
positive charge field slows down the electron motion to
the anode most strongly in the channel part nearer to the
anode, with the increase of the three-body attachment
and ion-ion recombination rates there. This effect, in
combination with the positive ion drift in cathode direc-
tion, accelerates the positive ion density decrease in the
part of the streamer channel nearer to anode. By turn,
the higher density of positive ions nearer to cathode
enhances ion-ion recombination there, which, in combi-
nation with the negative ion drift in anode direction,
accelerates the negative ion density decrease in the part
of the streamer channel nearer to cathode. Negative ion
can release electron, absorbing photon with energy
greater than the electron binding energy (which is much
less than the ionization energy), and so, negative ions
are an additional source of seed electrons for the devel-
opment of electron avalanches, during the streamer
propagation [8]. Therefore, before the next streamer
start, a negative ion distribution is formed that is less
conducive to the propagation of the next streamer in the
part of the gap slightly nearer to the cathode than to the
anode, which leads to some decrease of total current
during the propagation of the next streamer in the men-
tioned part of the gap and to formation of two maxima
in the total current time dependence, during the next
streamer propagation.

In Fig. 2 it is shows a typical sample of the calcula-
tion results for evolution of some characteristics of the
channel destruction, during the time interval from 0.2 to
10 us after the streamer start. The values 0 and 1 on the
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y-axis correspond to the minimum and maximum values
of the respective quantities in the mentioned interval.
For the values normalized in this way, the sequence of
quantities whose time dependences intersect, in ascend-
ing order, the vertical line (not drawn) related to the
time 4 us is as follows: 1) average electron coordinate;
2) positive ion number; 3) electron number; 4) total cur-
rent; 5) ionization frequency; 6) attachment frequency;
7) negative ion number; 8) average ionization coordi-
nate; 9)average positive ion coordinate; 10) average
attachment coordinate; 11) average negative ion coordi-
nate. Here, the ‘number’ means the total number of cor-
responding charged particles in the calculation volume,
the ‘frequency’ is the number of acts of the correspond-
ing reaction in the calculation volume per time, the ‘co-
ordinate’ is the distance from the cathode, the curves
numbered 2-5 are very near to each other.
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Fig. 2. Time evolution of some characteristics during
the stage of streamer channel destruction (in text)

The obtained dependence of the average coordinates
on time shows an increase, with time (at this stage of a
streamer mode cycle), of the ionization and attachment
rates in the gap part nearer to the anode.

3. FORMATION OF CONDITIONS
FOR THE NEXT STREAMER START

During the channel destruction, the charge of posi-
tive ions becomes the main part of the charge of the
channel residues. The drift of these positive ions in the
cathode direction leads to the field strengthening near
the needle-anode and to the corresponding increase in
the ionization intensity. It is advisable to consider a rela-
tively simple model to describe the process near the
anode before the next streamer start.

The field distribution near the anode roughly corre-
sponds to the field distribution near the perfectly con-
ductive paraboloid of revolution, where the product of
the field strength at the symmetry axis with the distance
from the focus is a constant. In the considered model, it
is neglected by attachment and assumed that the ioniza-
tion coefficient ¢ is connected with the field strength
E by the -equality a=a&(E), in which
a(E)=a,exp(-E,/E), a, and E, are constants, and
the field strength distribution along the direction to the
cathode is given by an equality £ =V /r, where r is the

distance from a certain point inside the anode, V' is a
constant. Then the electron multiplication from the den-
sity n,, (at an infinitely distant point) gives, at the point

with coordinate r, the density n,, for which

In(n, /ny) =17 dr'é@¥/r'), and so,
168

n, =ngexpla(V/r)V/E,]. (1)

At the stage when ionization at the given point, with
a constant value of the field strength, is carried out by
electrons with constant density coming from the points
farther from the anode, for the rate of positive ion den-
sity increase at the point 7, neglecting the motion of
ions, one comes to the equation

dn, [dt =V(E)n, )
where V(E)=u Ea(E), p, is electron mobility (as-
sumed independent of the field strength below).

But the space charge field strengthening, due to the
increase in the positive ion density, leads to the forma-
tion of a well-conducting quasi-neutral medium, with
relaxation of the field strength, similar to the relaxation
of stresses in elastic-viscous materials (Maxwell relaxa-
tion). At the stage when the plasma is near to quasi-
neutral one, with an electron density near to the positive
ion density, the time evolution of field strength is de-
termined by the equation

dE[dt ==Ee,un, /s, , (3)
where ¢, is electric constant, e, is elementary charge.

The equations (2) and (3) are related to the different
stages in the evolution of particle density and field dis-
tributions near the anode. These stages are separated by
the time interval, during which the field strength at the
given point changes significantly, but so that the ioniza-
tion remains quite intense, and the density of positive
ions is still significantly different from its final value.
However, to obtain estimates on the order of magnitude,
one may consider the equations (2) and (3) as a system
of equations. For its solution one gets

ne, —ne =2n; B, (E, [E) Et, [(E,t,) .

Here E, (x)=["dre™/t" (m=1,2,3,..) (the in-
tegral exponent, which obeys the asymptotic relation
E,(x) ~e"/x,at x>>1), t, =¢,/(e,u,n,) (a charac-
teristic relaxation time for the field in a quasi-neutral
plasma with a density n,), ¢, =1/(a, uE,) (the multi-
plied by exp(—1) characteristic time between the suc-
cessive ionizations carried out by one electron in a field
with strength E,), n,, is the final (for  — oo ) value of
n,. If at the beginning of the considered ionization

process development it is held the relation

n, —n, ~ n, then the relations,
Py ~ exp[=1/Qe)1(t, /1),
t,=t./py ~ (12,)" expl[l/(2¢)]/¢ , 4
with p, =n, /n,, e = E[E,, t, = &,/(e,ut,1,,) (a charac-

po

teristic time of the field relaxation at the end of the
process), take place. And according to the equation (2),
for the time #,, necessary to reach the value n, of the

ion density, from the initial zero value, at the ionization
rate corresponding to the initial (before relaxation) field
strength, one comes to the relations
ty ~ poexp(fe)t, [ ~ (12,)" exp[l/(2e)] ~ &t .
In particular, for the initial field strength of the order
of E, (¢ ~1)onehas ¢, ~ 7,. And for ¢ <<1, in con-
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nection with the relation ¢, ~ &t for the total time, ¢, ,

of the ionization process development, one gets 7, ~ 7, ,
and therefore, taking into account (4) and (1), one

comes to the relation
t, ~ (tot,) " exp[(rE} —aV?*)|QVE)IFE, |V, (5)
in which ¢, =¢,/(e,p.n,,), and the right hand side of
which depends on the coordinate » directly and through
the dependence a = a, exp(-rE, /V).
If the field of the formed space charge is weak then
the ionization process at the different points goes almost
independently, and the derivative dr/dr, characterizes

only the manifestation of the process propagation in
space. Taking from (5) the logarithmic derivative with
respect to r, one gets

dr/dt, ~ 2V exp[(aV’ —rE})/(2VE,)] x
<AarE, (t,t,) *[1+(@V) " E, +2(ar)"' 1}, (6)
If the value of the derivative dr/dt, (obtained for-

mally from the estimation of time of ionization process
development) exceeds the drift velocity of electrons
then the estimation contradicts to the used assumption
that avalanche multiplication of electrons, which come
to the given point from others, takes place in the field,
unchanged with time. In fact, under appropriate condi-
tions, the process is rebuilt to the process of propagation
of a well-conducting space together with the field
formed in front of it, that is, to the process of streamer
propagation.

Before the next streamer start there is a slow, some-
what balanced, evolution of ionized space near the an-
ode, namely, the motion to the cathode of positive ions
from the channel residues leads to an increase in field
strength near the anode and enhancement of ionization
there, with the formation of positive ions, the field of
which decreases the field strength near the anode and
weakens the ionization there. The cause of transition
from this evolution to the process of streamer propaga-
tion is related to the same mechanism that regulates the
transverse size of the streamer during its propagation
and is based on some feature of the dependence of the
ionization coefficient on the field strength. Namely, a
field strength increase at the values somewhat less than
a certain value E, causes a much greater ionization

enhancement than that caused by the same field strength
increase at the values somewhat greater than £, . With
the formation, near the needle-anode, of a well-
conducting space within which the field is weak, the
distribution of field strength along the cathode direction
outside this space can be described by the same depend-
ence E=V/r, but with a somewhat different value of
V' and with such location of the reference point for the
coordinate » that at the boundary of well-conducting
space it is held the equality » =7 , in which the quantity
r, is near to the radius of curvature of the boundary.
Due to the mentioned feature of the dependence of the
ionization coefficient on the field strength, the slow
propagation of the ionized space, with a sufficiently
large radius of curvature of its boundary, becomes un-
stable with respect to the appearance (due to random,
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local ionization gain) of the protrusions of the ionized
space with some transverse (with respect to the normal
to the boundary) size. A field distribution ahead of the
protrusion may be assumed similar to the field distribu-
tion ahead of the well-conducting space, and it may be
described by the dependence E =V/r with the same V

and with such location of the reference point for the
coordinate r that at the boundary of the protrusion it is
held the equality » =r, , where 7, is the radius of cur-

vature of the protrusion top (this radius is near to half of
the protrusion transverse size). The mentioned instabil-
ity is connected with different forward propagation ve-
locities for the protrusions with different radii of curva-
ture [9]. This velocity is estimated (on the order of
magnitude) by the quantity v, =v(V'/r,)r,, which cor-
responds to the ionized space formation during the time
1/V(V/r,) at the distance 7, from its current location.

From the equality v, = u.Va, exp(—#,E, /V), formally,
it follows, that the protrusion with less x, propagates

ahead faster. However, in reality, at sufficiently large
field strength, both electron mobility and ionization co-
efficient decrease with the strength increase. Moreover,
if the radius #, is so small that the product &(V/r,,)r,,

is less than 20...30 then the continuous medium ap-
proximation is far from reality. In any case, there is a
certain transverse size of protrusion, for which the pro-
trusion propagation is the fastest, and such protrusion
develops into the cathode directed streamer.

The presence of the exponent in the right hand side
of the relation (6) allows estimate approximately the
argument of the exponent under relatively rough as-
sumptions about values of other quantities included in
the relation. In particular, to find out the conditions for
the streamer start, assuming that £ ~ E_, dr/dtI ~v,,

where v, =y, E, , and looking for r in the assumption
that ar>>1, one comes to the relations V ~ rE ,
(aV)'E, <<1, (aV* -rE})/(VE,) ~ ar-1,
ar ~ 1+2In[(t,,t,)" v,a/2].

For atmospheric air, where { y, ~400 em?®/ (V-s),
E ~250kV/cm, @, ~510°cm™'},
v, ~10°cm/s, @ ~2-10° cm™. For two different seed
o ~10° and n, ~ 10’ cm™,
one gets {ar ~18, r ~0.9-107 cm} and {ar ~24,

r~1.2107 cm}, respectively, that is, r ~ 107 cm,
and ar >> 1, as it was assumed.

CONCLUSIONS

Thus, it is considered one cycle of quasi-periodic
process, which takes place at constant voltage and con-
sists of the formation of plasma space near the tip of the
anode, the propagation of that space in the discharge
gap, with a significant increase in total current when
approaching its leading edge to the cathode, and subse-
quent decay of the ionization process, with drift, diffu-
sion, recombination of charged particles, and formation
of the conditions for the next streamer start. An evolu-
tion of the process characteristics during the stage of the
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CTPUMEPHBIN PEKUM IOJIOKUTEJbHOM KOPOHBI
O.B. boaomos, b.b. Kaoonun, C.H. Manvkoeckuii, B.H. Ocmpoywiko, H.A. Ilawenxo, I'.B. Tapan, JI.M. 3asada

PaCCMOTpeH OJUH LUK KBAaSUIICPHUOIUYCCKOIO CTPUMCPHOI'0 peKruMa MTOJIOKUTEITLHON KOPOHBI IIpU MOCTOSAH-
HOM HAITPsSKCHUU. HpI/IBEI[eHI)I PEIYIbTAThI pAaCUCTOB JIA PACIIPOCTPAHCHUA CTPpUMEpA IPHU HANPSKCHUU, OJIM3KOM
K Iopory CTpuMEpHOIo pexuma, u Jjid CTaauu 4aCTUIHOI'O OCBO60)KZ[GHI/IH IMPOMECIKYTKa OT MOHOB. PaCCMOTpeHa
YyIpomeHHasA MOACIb Pa3BUTUA NOHU3AIIUNU BOIH3U aHo/ia nepea CrapToM CICAYIOUICTo CTpUMEpa, U cAciaHa OLCH-
Ka pasMepa HOHU30BAHHOI'O IPOCTPAHCTBA, OT KOTOPOI'0O HAYMHACTCA PACIIPOCTPAHCHUC CTpUMEPA.

CTPUMEPHHUM PEKXUM NO3UTUBHOI KOPOHU
O.B. boaomos, b.b. Kaoonin, C M. Manvkoecvkuii, B.M. Ocmpoyuiko, 1. A. Ilawenxo, I'.B. Tapan, /1. M. 3aeaoa

PO3rIISIHYTO OJIMH IMKJT KBA3iMepiogNYHOr0 CTPUMEPHOTO PEXXUMY MO3UTHBHOI KOPOHH MPH MOCTiiHI Hanpy3i.
HaBenmeHo pe3ynbTaTH pO3PAaxyHKIB Ul MOIIMPEHHS CTPHMEpa MPU Hampysi, OJU3bKiH 710 MOPOry CTPHMEPHOTO
PEeXUMY, Ta JJIsl CTalii YaCTKOBOT'O 3BUIbHEHHSI POMDKKY BiJl i0HIB. PO3IisiHYTO CripollieHy MOJeIb PO3BUTKY 10HI-
3aii moOIM3y aHoIa Mepes CTApTOM HACTYITHOTO CTpUMEpa, Ta 3pOOJICHO OI[IHKY pO3MIpy 10HI30BaHOT'O MPOCTOPY,
BiJI IKOTO TIOYHHAETHCS MOUIUPEHHS CTPUMEpa.
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