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It is offered a hypothesis about connection between the experimentally observed sinuous trace of streamer with
the instability of azimuthal harmonic of positive glow corona. The method of the instability analysis in linear ap-
proximation on two-dimensional mesh is described, and the calculations are carried out, which results show the in-
stability existence. The calculations for higher harmonics corresponding to streamer bifurcation are carried out.

PACS: 52.80.Hc

INTRODUCTION

In gas discharges with electrode system close to axi-
ally symmetrical, there are observed the processes with
axial symmetry violation. The simplest example is at-
mospheric pressure positive corona discharge between
coaxial electrodes, in which non-stationary current spots
at anode are localized not only along axis, but also in
circular direction, and they do not envelope the whole
anode cross section [1]. Also, in the discharge between
the needle anode and the plane cathode, there may be
observed two regions at the needle, in which the flashes
happen by turn [2]. Besides, in the experiment described
below, there were obtained the photos, in which
streamer has sinuous form. Numerical simulations of
azimuthally non-uniform processes demand to solve
nonlinear equations system in three-dimensional space,
which impose very high demands on computer’s charac-
teristics, and even on the powerful present computers it
is practically impossible to investigate the dependences
of characteristics of processes on parameters. But to
investigate the linear stage of instability development of
azimuthal harmonic it is enough to integrate the nonlin-

ear equations, corresponding to axially symmetric proc-
esses, and the linear equations for perturbation, on the
same two-dimensional mesh, using independence of the
different azimuthal harmonics in the linear problem. In
the section 1, the experimental conditions are discussed.
In the section 2, it is reminded the known about the
phenomenon of the pulsed positive glow corona, which,
to the authors’ opinion, deals with the cause of the ob-
served azimuthal instability. In the section 3, the model,
in which calculations are carried out, is described, and
the results are presented.

1. EXPERIMENT

It was carried out photographing of positive corona
in the streamer mode at the constant applied voltage
with photo-exposition up to 2 minutes. On the photo
(Fig. 1) it is revealed somewhat sinuous form of the part
of streamer close to anode. It is worthy to underline that
during the indicated time of exposition the streamers
were created hundreds of thousands times, and each
streamer have gone close to the same sinuous path.
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Fig. 1. The photo of streamers with exposition 2 minutes (anode is sketched)

The streamers’ development from the point situated
not at electrode tip, but aside, as a last resort, may be
explained by the small local details of anode surface
form (perhaps, by local field strengthening near surface
microroughnesses). But further, in the gap, it seems, the
streamer has to move to cathode by the way close to the
shortest one. But the streamer during some time, as by
inertia, continues to change the direction of movement,
and tends to move somewhere sideways, up to the mo-
ment when it again begins to direct its movement to
cathode, but further it again reveals somewhat similar to
inertia, continuing to change its movement sideways, in
other direction. Such behavior in atmospheric pressure
conditions is very strange. Indeed, phenomena in colli-
sional plasma are well described in the drift-diffusion
approximation, with assumption about instant determi-
nation of the charged particle drift velocity by the field
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strength, without use of acceleration conception, which
corresponds to possibility to neglect the usual mechani-
cal inertia of tangible things movement. But to realize
the most of widely known plasma instabilities such iner-
tia is necessary, so, they cannot help to explain the ob-
served phenomenon.

To the authors’ opinion, the observed streamer be-
havior deals with the processes similar to ones in the so-
called positive glow corona [1 - 3]. It is worthy to re-
mind the details of this phenomenon.

2. PULSED MODE OF POSITIVE GLOW
CORONA

As it is known [4], in the experiments with positive
corona after achievement of the voltage value sufficient
to self-consistent discharge operation, in some gas mix-
tures and by some experimental conditions, there are
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observed the pulses of total current and radiation inten-
sity with the frequency 10°...10° Hz. Physical mecha-
nism of the pulses and of the oscillations, of which they
come, is well made clear in the paper [3]. It is worthy to
describe it, supplementing the written in [3] with some
simple physical models.

For stationary discharge operation, two following
processes are sufficient: (1) an emission (from the states
excites by electrons moving in gas) of photons being
able to ionize gas and (2) a photo-ionization (made by
photon) with generation of electrons and positive ions.
The electron passes the rest of gap, moving to anode
and generating new photons. Also, electron can make
impact ionization, which may be considered as photo-
ionization at the very short distance from electron if the
changed electric (accurately, electromagnetic) field of
electron is being considered as photon. It is worthy to
underline importance of the possibility of electrons ap-
pearance in the region farther from anode than the re-
gion of photons emission (after excitation of molecules
by other electrons earlier) and following from it the pos-
sibility of new photons emission in the same region af-
ter coming of the electrons to this region during drift to
anode. Absence of such possibility in the case of ab-
sence of ion-electron emission from cathode and diffu-
sion leads to monotonous decrease of dimension of
ionization process region with electron drift velocity.

An increase of the applied voltage value intensifies
ionization processes with increase of electron and posi-
tive ion density, but positive ions weaken the field near
needle anode, ionization processes here weaken, and
new stationary mode is established with more intensive
ionization process.

With further voltage increase stationary mode may
become unstable and transition to pulse mode may take
place. At the development beginning the oscillations
close to sinusoidal ones may take place on the back-
ground of balance between ionization and particle going
away. Half of period may be described as follows: in
unperturbed field, surplus of electrons increases their
flux away, which gradually increases positive charge
(quarter-period); surplus of positive charge weakens the
field and decreases ionization frequency, which gradu-
ally decreases electron number. As it is underlined in
the paper [3], for the oscillations it is important the lag,
on the time necessary to electrons to come out to anode,
of the instant of minimum field near anode (maximal
effect of field screening by positive charge) from the
instant of maximal current (caused by going out of
greater amount of electrons) and the lag, on the time
necessary for ionization development in the near-anode
region, of the instant of minimum current from the in-
stant of minimum field.

Such oscillations reveals even with the simplest de-
scription of the process with the equations

oN,+v,N,=v,N,, ON,+v,N,=V/,N,.

Here 0, is time derivative, N, , are densities of elec-
trons and positive ions, v, , are the quantities reciprocal

to characteristic time of removing of electrons and posi-
tive ions from the region of intensive ionization near the
needle, v, is ionization frequency, v, =v,(N,), where

i
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N,=N,—-N,. The written equations may be consid-

ered as maximum simplified variant of the equations
O,N,+div(N,v,-D,VN )=v,N,,
O,N,+div(N,v,-DVN,)=v,N,,

(in which v, , are drift velocities, D, , are diffusion

coefficients) for the intensive ionization region after
averaging by the region and neglecting of coming to it
the particles from other regions. The solution is
searched in the linear approximation, with taking
N =N, + N, exp(vt),, where the index 0 indicates the

stationary value, and the index 1 indicates the perturba-
tion, which is assumed small. The designations v!” and

v{" for the values of the function v,(N) and its deriva-

tive with respect to N at N =N, are used, and it is

(1)

assumed that the inequality v;” <0 holds, which corre-

sponds to weakening (screening) of field near anode
with positive charge appearing here and to relevant de-
crease of ionization frequency. For the stationary values
one can obtain the equations

VprO = l/:'(O)N V,N, = Vi(O)NeO >

el >
with the condition v” =
existence. For the perturbation in the linear approxima-
tion one can get the equations

(vV+Vv,)N, = vION,, +Vl.“)(Np1 -N,)N,,,
(V + Ve)Nel = Vi(O)Nel + Vi(])(Npl - Nel)Ne() >

with the condition of their nonzero solution existence in

v, of their nonzero solution

the form of the equation v +v v —v{'N, (v, -v,)=0.
For its roots the equality (2v+v,)’=D, with
D,=v:+4v{"N,(v,—v,) takes place. If negative
value v has sufficiently large modulus to ensure the

inequality D, <0 then in the considered maximum

simplified system the oscillations are possible, which,
however, always are dumping.

But if one takes more complex model the excitation
of oscillation may appear. In particular, it takes place in
the model, which is described with the equations

ON, +v.N =VN,, Gth + Vpr =v.N_,
ON,+v,N,=v N_.

The first of them characterizes the excitation of
autoionizing states of neutral particles (index x ), which
disintegrates on the electron and positive ion not in-
stantly, but with time lag (in average, on 1/v_). In such
model one can obtain the equations for the stationary
values
VxNx0 = Vi(O)NeO 4 VprO = Vx]vxo H VeNeO = Vx]vxo 4

with the same condition v®

i

=v, of their nonzero solu-

tion existence, and the equations for the linear perturba-
tions

(V + Vx)le = Vi(O)Nel + V[(l) (Npl - Nel )NZO >

(V + Vp)Npl = Vxle > (V + Ve)Nel = VXNXI >
with condition of their nonzero solution existence in the
form of the cubic equation, v’ + A4v*+Byv+C, =0,
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where A =v,+v,+v,, B, =v,(v,+v,),

C,=—v{"N,(v,—v,)v,. If the equality AB,=C,
holds then the cubic equation has the pair of purely
imaginary roots, v =+iB)’*, and one real negative root,
v=—A4,. But if 4B, <C, then the pair of complex

conjugate roots has positive real part, which corre-
sponds to excitation of oscillations.

Besides of ionization act lag the excitation of oscil-
lations may be promoted by effect of field strengthening
in the region rather farther from anode caused by the
positive charge displaced directly near anode. Although
this charge weakens the field in the region of its disposi-
tion, it may be so, that the field strength here achieves
the values, at which the dependence of the ionization
coefficient from the field strength comes to saturation,
and the ionization coefficient decrease due to the field
weakening by the charge is small, but in the region
rather farther from anode the field is weaker, and the
ionization coefficient here considerably increases (with
respect to its value) with the field strengthening, and on
the whole the ionization process at some stage of form-
ing of positive charge near anode may intensify.

The written above explains nature of pulses in the
electropositive gases, without drawing of negative ions
to explanation. In the electronegative gases instability of
the process intensifies with the movement of negative
ions to anode. In the space near needle anode, electrons
carry out ionization with new electrons and positive ions
formation and attach to molecules and atoms with for-
mation of negative ions. Electrons, which remain free,
quickly come to anode, and in near-anode space two
clouds of charged particles are formed: directly near
anode it is formed the cloud of negative ions, and far-
ther it is formed the cloud of positive ions. The cloud of
negative ions strengthens electric field directly near
anode and weakens it farther from anode, and the cloud
of positive ions weakens field near anode. At the begin-
ning of pulse development negative ions intensify ioni-
zation process, but approach of negative ion cloud at
anode promotes ionization process dumping. During the
time when negative ion cloud covers the distance the
large amount of positive ions forms in the region farther
from anode. When essential part of negative ion cloud
comes at anode both clouds weaken electric field in the
most of near-anode space and ionization process decays.
The pulse dumps, and the new pulse may start after re-
moving of positive ions from near-anode space and re-
storing large field strength there.

3. NUMERICAL SIMULATIONS
OF AZIMUTALLY NONHOMOGENIOUS
PROCESSES

In conditions of atmospheric pressure gas discharge,
electron and ion motion may be considered in drift-
diffusion approximation, and field may be calculated as
electrostatic. Time evolution of particle densities and
field potential distribution may be determined with the
equations

d,N, —div(D,VN, + N, E) =
:Sph +(Vi _VLI)NB +VdNn _IBepNeNp’
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O,N,—div(D,VN, - N, u E)=
=S, +vN,-B,NN,-B,N,N,,
d,N,—div(D,VN, + N, u E) =
=v,N,~V,N,-B,NN, ,
V0 =—g5,'(N,-N,-N,).
Here the indexes e, p and n indicates electrons,
positive and negative ions, x are relevant mobilities,

S are recombination coefficients, v,, v

> v, are fre-
quencies of ionization, attachment, and detachment
(number of events per time caused by single electron or

negative ion, respectively), v, =au E, where a is
ionization coefficient, £ =| E [, E=-VO,

S (F) = [V N, (W, (F)xg( 7 =F')),
g(r) = (4nr*) " exp(-xr), x is photon absorption co-

efficient, ¢ is elementary charge, &, is electric

constant, v ,(¥) is frequency of photo-ionization acts

ph
carried out in infinite space by photons emitted from the
states excited by single electron moving in electric field
with strength E(7). The form of photo-ionization

source term S, deals with two following affirmations:

if frequency of photon emission from the point source
situated at coordinate origin is equal to N, , then (1) for

the surface placed in the point with radius-vector 7, the
flux intensity (number of passing through surface per

area per time) is equal to N, g(r)cosy , where r =7 |,

and y is angle between flux direction (vector 7 direc-

tion) and direction of outer normal to the surface, and
(2) absorption rate intensity (number of acts per volume
per time) in the mentioned point is equal to N, xg(r) .

Calculations are carried out for the volume restricted
with ellipsoid of revolution having focuses on the axis
of revolution and hyperboloids of revolution having the
same axis of revolution and focuses. At electrodes-
hyperboloids it is imposed the conditions of absence of
diffusion flow, absence of ion emission, and existence
of electron emission from cathode determined by posi-
tive ions and photons flows,

NuE=y,N,uE+y,F

ph>
where y, and y,, are coefficients of ion-electron emis-
sion and photoemission, respectively,

F, ()= jdV'N‘,(F')vem(F')gq F—=7F'|)cosw (¥, F),
v, (7) is frequency of emission of proper photons (hav-
ing energy sufficient to cause electron emission from
cathode) from the states excited by single electron mov-
ing in the field with strength E(7), and w(¥'7) is an-
gle between outer normal to cathode surface (placed in
the point with radius-vector 7 ) and flux direction (vec-
tor #—7"' direction). At the boundary surface formed
with ellipsoid, it is imposed the condition of absence of
any charged particle flow to the surface or from the sur-
face. To avoid accumulation of charged particles near

this boundary it is assumed that in the elementary vol-
umes nearest to this surface the charged particles have
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artificially large mobility. Potential is calculated in as-
sumption of its fixed values at infinite hyperboloids-
electrodes (one of them may be plane), and so, calcu-
lated field distribution corresponds to the case of infinite
space between hyperboloids with charge in volume
bounded by ellipsoid. Calculations are carried out in
hyperboloid coordinates (o,7) connected with cylindri-

(p,z) by the
p=dal(c*-1)(1-7*)]" and z=aor, where a is half

cal coordinates relationships

of distance between focuses. To calculate potential dis-
tribution the expansion in terms of eigenfunctions with
respect to coordinate 7 is made, and the obtained ordi-
nary differential equation with respect to coordinate o
is solved with run method.

The evolution of azimuthally inhomogeneous distri-
bution is calculated in the linear approximation. For the
particle densities and potential, it is taken

N =N, +N,cos(mp), ®=d, +D, cos(mp),

where ¢ is azimutal angle (so that x= pcosg,

y=psing), m is natural number (the indexes epn
here are not written). The sinuous streamer path may be
connected with development of the process at m =1,
and the processes at m > 2, in particular, may describe
the streamer bifurcation. It is worthy to write some rela-
tionships used in linear approximation: for the absolute
value of field strength, E =E+E, cos(mgp), where
E,=|V®,|, E =-¢VP,, ¢é =-VO,/E,; for the
perturbations (namely, for the corresponding factors at
cos(me)) of mobilities, u, = u"E,, where x" is the
derivative of the function u(E) ; for the perturbation of

ionization frequency, v,

i = Qoo By + oo Eg + oy i Ey
where a, =a"E,; for the perturbation of the quantity
div(N uE) , which has the form

diV(NlﬂoEo + NOIUIEO) + EIV(NOIUO) + Ny, Oy 5

where O, = qgo’l(Npl —N, —N,,); for the perturbation

of summands connected with recombination,
BNyN o+ ByN\N o+ ByN,N,, . The equation for the
perturbation  of  potential  has  the form

V:®, —(m/ p)’®, =0, . The diffusion coefficients are
taken constant. With approach to the symmetry axis the
ratios of the perturbation and the quantity p" ap-
proaches the bounded values, so, it is worthy to remove
the factor (o” —1)""> and to rewrite the equations for

the coefficients at it. In particular, for the perturbation
of potential the solution is searched in the form of the

expansion @, = ZV O, (o)F"(r) (with unknown

®, (o)) over the eigenvalues v and the corresponding

eigenfunctions F"(r) of the Dirichlet problem for the

Legendre equation,

o[-0, F' ()] +[v(v+1)-m’(1-7*)"]F"(r) =0.
Using the Poisson equation in hyperboloid coordi-

nates one can obtain the equation

0 [(c” =13, @, (o)) +
H-v(v+1)-m’ (o’ 1)@, (0)=-0, (o),
164

where the quantities Q,, (o) may be obtained from the
expansion Qa’(0” —7°)=)" 0, (0)F/(r). Assumed

that @, (o) =®,,(c)(c” —1)""*, one can get the equa-
tion
(67 =1)22D,, (o) +2(m+1)0d D, () +
Hm(m+1)-v(v+D]®, (o) =-0, ()
and the boundary condition at the symmetry axis,
lim,_, {2(m+1)0,®,, (c)+
Hm(m+1)—v(y +1)]®, (6)+0, (c)} =0.
The calculations were carried out for the discharge
gap width near 1 mm. It was obtained the appearance of
pulse mode, with voltage increase and with constant

voltage value. The characteristic form of the clouds of
positive ions is shown in the Fig. 2.
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Fig. 2. The lines of the identical density 10°, 10",
10" em™ of positive ions at the time of the second pulse
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and of the perturbations with the different signs
(dashed) in some time after pulse
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In some interval of the applied voltage values azi-
muthally homogeneous processes approach periodic
pulsed mode, but amplitudes of perturbations of the
azimuthal harmonic with m =1 after each pulse get
some factor, greater then unit, which means instability
development. The characteristic feature of the harmonic
is neighborhood of the regions of the positive ion den-
sity perturbations with the different signs, in each pulse
(Fig. 3), but the perturbation with some sign in the half-
space ¢ e (—x/2,7/2) is much greater than one with

the opposite sign, and in the following pulses it is
greater the perturbations with the sign opposite to one,
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which predominates in this half-space. Such sign alter-
ing by turn corresponds to divergence of the clouds of
positive ions in the directions ¢ =0 and ¢ =7 . If the

pulses similar to the considered ones take place at the
time of streamer channel destruction after streamer
bridging the gap not long before new streamer start then
streamer, starting, has in front of itself the definite suc-
cession of positive clouds situated by turn on each side
with respect to the symmetry axis. Namely, the nearest
cloud is on the opposite side, the next one is on the
same side as the streamer start point, the farther one is
on the opposite side, and so on. The positively charged
cathode-directed streamer has the property to pass over
the positively charged regions, in connection with the
field weakening between it and such region due to the
opposite strength directions of their field. Such property
with the definite disposition of the clouds and with high
probability of each streamer start from the same point of
anode (which is distinguished with field concentration)
definitely determines the sinuous streamer trace.

The calculations of ionization development after ap-
plication of voltage to the gap with small electron den-
sity show, at sufficiently large voltage, the greater rate
of densities increase in the azimuthal harmonic with
m =2, comparatively with one in the main, axially
symmetric distribution. Such pulse development corre-
sponds to formation of the ramified streamer.

CONCLUSIONS

In the paper it is proposed hypothesis about the con-
nection of the experimentally observed sinuous streamer
trace with the instability of azimuthal harmonic of the
pulsed positive corona. The linear stage of instability
development is considered, the method of its investiga-
tion on the two-dimension mesh is described, and the
results of calculations are presented, which show the
possibility of the instability development. Also, there
are carried out the calculations for higher harmonics
corresponding to streamer bifurcation.
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PA3BUTHUE ASUMYTAJIBHO-HEOJHOPO/JHBIX TIPOLECCOB B KOPOHHOM PA3PAJE
B AKCHAJIBHO-CUMMETPUYHOM ITPOMEXYTKE

O.B. bonomos, B.U. I'onoma, b.b. Kaoonun, B.U. Kapacs, B.H. Ocmpoywro, H.A. Ilawenxo, JI.M. 3asada

BeiBuHYTA THIIOTE3a O CBSI3M HAOJIIOAAEMOTO B HKCIIEPUMEHTE M3BIIIMCTOTO Clie/la CTpUMEpa ¢ HEYCTOHYMBO-
CTBIO a3MMYTAJIbHOM FapMOHUKU HUMITYJIbCHOM IMOJIOKUTEIbHOW KOPOHBI. V3710)k€H METOJl UCCIIEJOBAHUS HEYCTOM-
YHUBOCTH B IMHEHHOM NPHOJIMKEHNH Ha IBYMEPHOU CETKe M MPOBEICHBI PACUEThI, Pe3yIbTaThl KOTOPBIX CBUAETENb-
CTBYIOT O HAJIMYMM HEYCTOIunBOCTU. [IpoBeeHbI pacueTsl sl BHICIINX a3UMYTaJIbHBIX TAPMOHHK, COOTBETCTBYIO-
IIMX BETBJICHUIO CTpUMeEpa.

PO3BUTOK ABUMYTAJIbHO-HEOJJHOPITHUX ITPOIIECIB Y KOPOHHOMY PO3PAII
B AKCIAJIBHO-CUMETPUYHOMY ITPOMIKKY

O.B. boaomos, B.1. I'onoma, b.b. Kaoonin, B.1. Kapace, B.M. Ocmpoyuixo, 1.A. Ilawenxo, JI.M. 3asaoa

BucyHyTo rinoresy npo 3B’s30K, [0 CIIOCTEPIraBcs B eKCIIEPUMEHTI, 3BUBHCTOTO CIIily CTPHUMEpa 3 HECTIHKICTIO
A3UMYTANTBHOI TAPMOHIKH IMITYJICHOI MMO3UTHBHOI KOPOHU. BHKIameHO METOJ AOCHIIKEHHSI HECTIHKOCTI y JIiHIH-
HOMY HaOJNWKCHHI Ha JBOBHMIPHIA MepeXi Ta IMPOBEICHO PO3PaXyHKH, pe3yJbTaTH SKUX CBIAYATh MPO HASIBHICTH
HecTiiikocTi. [IpoBeneHo po3paxyHKH IS BUIIAX a3UMYTAIBHIX TApMOHIK, IO BiJIIOBIIAIOTH TATY>KEHHIO CTpAMeEpa.
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