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ABSTRACT We systematically research the microscopic physical mechanism of positive corona discharge
and comprehensively analyse the regular and irregular pulsed oscillations of discharge outputs. Especially,
we discover the formation mechanism of irregular pulsed discharge phenomenon for the positive corona and
give a profound explanation. According to the physical process of discharge, we propose a new dynamical
model which can describe the Trichel pulsed discharge outputs and the characteristics of waveforms. Based
on nonlinear dynamics method, we predict and analyse different stages of discharge. In particular, the
experimentally observed irregularly pulsed discharge on positive corona is reproduced by the presented
theory. Our study reveals that the positive ions as current carriers predominate in the total current and the
photons occurring can be treated as the feedback signal in the nonlinear process of discharge system. We find
that the photo-ionization is an indispensable role as the source forming electron avalanches for sustaining the
positive corona discharge. Moreover, according to quantum mechanics we demonstrate the high frequency
photons with energy higher than the ionization energy may photo-ionize oxygen molecules in pure oxygen.
We point out that the recombination radiation is competent to photo-ionize neutral molecules producing
the seed electrons. Besides, we analyze the characteristics of diversely pulsed outputs and further explain
the microscopic mechanism generating the symmetric and asymmetric sharp jagged pulses. Furthermore,
we discover the intrinsic physical relations between positive ion and surface electric field, and the significant
influences of the attributes of different particles on the discharge behaviors.

INDEX TERMS Chaos, high frequency radiation, nonlinear coupled oscillator, photo-ionization, recombi-

nation, Trichel pulse, positive ions.

I. INTRODUCTION

In 1838, Faraday [1] first observed and recorded the phe-
nomenon of positive corona discharge at atmospheric pres-
sure. Until 1939, Trichel [2] thoroughly researched on the
positive corona discharge in the point-to-plane configuration,
which showed a series of irregular current-pulses and a visual
glow in the positive corona discharge. This sort of pulse in
corona discharge was named as ‘Trichel pulse’ [3]. From then
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on, the studies on the properties of a glow positive corona
began catching a lot of interests of researchers. Experimen-
tally, W. N. English observed the corona pulse and made
a careful comparison of positive and negative corona [4].
Lama and Gallo [5] performed a comprehensively detailed
research on Trichel pulses in air and figured out a con-
nection between the average current and the pulsed fre-
quency, and drew some empirical formulas. It is found
that with the voltage increasing the Trichel pulsed fre-
quency is higher and meanwhile that the Trichel pulsed
frequency is a quadratic functional dependence of the
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applied voltages and there also exists an inversely propor-
tional relationship between the Trichel pulsed frequency
and the square of electrode interval and electrode radius.
The results of Mayoux and Goldman [6] investigation
show that the electrically induced pulses and photon pulses
have a correspondence between electrical and luminous
phenomena for positive pulses. Besides, Ferreira et al. [7]
developed the empirical formulas of current-voltage
characteristics for both positive and negative coronas.
V. Brunt et al. figured out that the pulsed discharge appears
in the positive and negative corona in SFg gas [8]. In the
research of Ono et al. [9], the effect of pulse width on the
production of active species is studied in a pulsed positive
corona discharge. It is shown that the discharge pulse can be
divided into three phases related to the production of active
species. Meanwhile, in the work of Denholm and Rakoshdas
the dynamic characteristics of positive corona on peak value
and pulse rate is investigated [10], [11].

Sarma et al. [12] theoretically investigated in a cylindrical
configuration a d.c. discharge of stationary-state on the pos-
itive and negative corona according to the Townsend theory.
In the research of Giao and Jordan [13], it is found that there is
the electrical current of pulsative form in the positive corona
discharge. However, for the prior reports of positive corona
discharge, the most work concentrated on either the exper-
imental observations and measurements or the theoretical
analysis of stationary-state discharge. Noticeably, in 1997 a
detailed numerically computing study on the positive corona
was implemented by Morrow [14]. In his theory, for the
concentric-sphere electrode in air the current and light pulses
of positive corona are shown under a DC current level. Fur-
thermore his model can predict that the current and the surface
electric field have ‘saw-toothed’ pulsed form respectively
and vary with applied voltage. Meanwhile, during the pulse
discharge the most of the mean current is carried by positive
ions, and photo-ionization is crucial for the avalanches at
the anode. Furthermore, these numerically computing results
are in excellent agreement with the available experimental
observations. In addition, Akishev et al. [15] studied the
oscillatory behavior of a glow positive corona in pure N and
presented a corresponding numerical model. It is revealed that
the positive glow corona generates a soft x-radiation which
plays an important role in the photo-ionization of Nj.

Currently, lots of researches are usually focused on the
numerical simulation [16]-[20], [25], which simulated a
series of Trichel pulses for different applied voltages and
showed the frequency of Trichel pulses changing with the
increase of the applied voltage. In meantime, in the past
studies on the output of oscillations [14], [21], it is revealed
that the current and luminosity of the glow positive corona
are oscillated regularly with a high frequency. It is found that
a waveform of the current self-oscillations have a relaxation
type with a sharp increase of rising edge of the current pulse
and a slow decay of falling edge. It is also figured out that
the waveform of a light emission signal is more symmetric.
Generally speaking, these researches discover some dynamic
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natures of positive corona discharge. However the previous
implemented theoretical investigations are concerned only
with the periodic pulsed and stationary discharge of positive
corona, and they cannot still very precisely reflect the actual
discharge situation in the positive glow corona discharge.
The actual discharge of positive corona has the irregular
pulses and the chaotic characteristics, which are observed
in the experimental researches [2], [22]. In the meantime,
although the chaotically dynamic characteristics are impor-
tant phenomena in the positive corona discharge, the most
of these researchers are interested only in the stably pos-
itive corona discharges and their applications, and neglect
the chaotically dynamic characteristics. Especially for the
recent years, researchers put a lot of attentions on comput-
ing software and implementing methods, and however so
far they rarely fulfilled deeper explorations on the inherent
physical principle of discharge. These situations reflect that
the dynamic mechanism of positive corona has been not still
found adequately and meanwhile the principle governing the
chaotic discharge needs to be revealed.

The photo-ionization has a key position in the positive
corona discharge, which is found to be significant during the
period of discharge for maintaining self-sustained discharge
of positive corona. An experimental research was carried out
by Penney ef al. [23] to measure the photo-ionization under
the different pressure in the air. In R. Morrow’s theory, it is
supposed that the photo-ionizing radiation is generated near
the central electrode and moves outwards radially, ionizing
the molecules to produce the seed electrons. In the results of
Akishev et al. [15], itis believed that the bremsstrahlung x-ray
radiation is the versatile and most important ionizing agent in
a positive corona. Besides, Naidis [24] investigated the photo-
ionization phenomenon in the dry and moist air and indicated
that the absorption of radiation by water molecules is essential
to simulate photo-ionization in moist air. However, heretofore
the microscopic mechanism of photo-ionization for the posi-
tive corona discharge has not been clearly clarified yet.

In contrast to the negative corona discharge, the theoret-
ical studies on the pulsed discharge of positive corona are
still fewer. The researches of positive corona discharge are
mainly about experiments and numerical simulations. So far
the actual positive corona discharge which has the nature of
non-repetitively pulsed outputs is not given an adequately
dynamic description and theoretically explained. Addition-
ally, although lots of earlier researches mention the process
of photo-ionization on positive corona, the inherent physical
mechanism causing photo-ionization isn’t definitely demon-
strated and only a vague concept of photons ionizing neutral
molecules is given. Besides, the influence of radiated photons
on the process of discharge is not discovered clearly. These
issues are vital to the positive corona discharge, and thus they
are necessary to be further in depth explored.

At present, there is a lack of the researches on the aperi-
odic phenomenon and microscopic mechanism in the pos-
itive corona discharge. In our research, we systematically
investigate the discharge process of positive corona and the
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discharge natures. Furthermore, we study the microscopic
physical mechanism of positive corona discharge and the
importance of photo-ionization, and we extensively analyse
the variation of discharge outputs with time. In the meantime,
we propose a novel dynamical model predicting different
stages of discharge including the stationary-state discharge,
the periodic pulse discharge and the chaotic pulse discharge.
In addition, by the analysis of nonlinear time series, we focus
on the characteristics of corona discharge with the evolution
of time and theoretically realize the chaotic oscillation of
Trichel pulse on positive corona. Especially, compared with
previous researches we figure out the dynamical mechanism
producing chaotic phenomenon for the positive corona dis-
charge and give a physical explanation.

Il. PHYSICAL PROCESS AND DYNAMIC MODEL

In our work, the system of discharge is composed of the
concentric-sphere electrode system structure, as shown in
Fig. 1. Near the inner electrode, the system of positive corona
discharges very intensively compared with other area in the
system and a stably high positive voltage is applied to the
electrode of discharge. The discharging area is a plasma
region including the distribution of various particles such as
electrons, positive ions, negative ions and photons. In order
to analyze conveniently and grab on the essential issues, the
region of discharge near the anode is considered and only
the electrons, positive ions, negative ions and photons are
assumed to participate in the process of discharge. In addi-
tion, Fig. 2 shows the equivalent circuit of discharge system
including the discharge electrodes, the effective capacitor, the
equivalent resistance and the power offering control voltage.

Discharge anode

lonization region

‘‘‘‘‘

------

Outer cathode

londriftregion

FIGURE 1. Schematic diagram of positive corona discharge for
concentric-sphere electrode system.

A. THE DISCUSSION OF PHYSICAL MECHANISM

OF DISCHARGE

The photo-ionization is very important in the positive corona
discharge and often studied in many literatures, which is a
key factor for sustaining discharge. Although lots of earlier
researches mention the process of photo-ionization on pos-
itive corona, these literatures don’t definitely demonstrate
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electrode system
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FIGURE 2. Schematic diagram of equivalent circuit of positive corona: C is
the effective capacitor, R is the equivalent resistance and V is the control
voltage.

the source of photons which are capable to ionize neu-
tral molecules and only account for an ambiguous concept
of photons ionizing neutral molecules. Thus we need to
further deeply investigate the physical mechanism produc-
ing photons and figure out the source of photons ionizing
Oy molecules.

Considering that photons need to ionize O, molecules pro-
ducing secondary electrons as seed electrons, we analyze two
sources producing photons including the excitation radiation
and recombination radiation.

Firstly, because the excitation energy of atom is lower than
the ionization energies of atom, the photons from excitation
radiation of molecules have not energies enough to take off
electrons from O; molecules according to the atomic physics
and the quantum mechanism.

For another radiation, the recombination of electron and
positive oxygen ion may release photons and the energy of
released photons is

hvy, = eU; + Ej, ey

where v, is the frequency of photon from recombination radi-
ation, eU; is the ionization energy of O molecule and Ej is
the kinetic energy of electrons participating in recombination
reaction.

The reacting process of recombination are given by

OF +e= 03+ hvy,. )

The above (1) obviously discovers the energy of released
photons is greater than or equal to the ionization energy. This
implies that a photon only from recombination radiation has
the energy enough to be capable to impact off an electron out
of an O, molecule.

In contrast to the excitation radiation of O, molecules, it is
easily found that only the recombination radiation is capable
to ionize electrons from neutral O, molecules. Especially,
due to the restrictions of the quantum mechanism, namely
the fact that the probability of two energy level transitions of
electrons in oxygen molecules is so small as to be negligible,
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the electrons cannot be ionized from O, molecules by the
continuous excitation radiation.

Besides, because of a direct correspondence between the
frequency and energy of photon, the photon frequency is
derived as
eU; + E; - eU;

h ~ h

The above equation indicates that due to the fact that the
moving electrons have the different kinetic energies the pho-
tons released by recombination can own diverse frequencies
whose the minimum value v,,;, = eTL/’ Particularly, this
equation directly discovers that different kinetic energies of
electrons correspond to different frequencies of photons of
recombination radiation.

Noticeably, according to the correspondence between pho-
tonic frequency and photonic energy the frequency of photon
emitted by the meta-stable molecules turning back to the
ground molecules is less than or equal to that of photon with
the ionization energy of oxygen molecules, which may give
the relation

3

Vi =

Y= Vmin > Vexc 4

where v,y is the frequency of photon from excitation radia-
tion of molecule.

The above inequality precisely reveals that the photon with
the frequency larger than the minimum value ETU’ is qualified
to cause discharging while the photon with the energy less
than eU; is not granted. In the study of Akishev et al. [15],
it is also reflected that only the high frequency radiation
(namely the high energy photon) is responsible for the photo-
ionization of pure gas.

These analyses demonstrate that only the photons pro-
duced by recombination of e and O;r may ionize O to gen-
erate the new seed electrons but the photons released by the
energy level transition of meta-stable O turning back to the
ground state O, cannot ionize new seed electrons. Thus we
call the photons from recombination of e and O;’ as effective
photons during the process of discharge. However, in some
previous documents the inaccurate concept is even presented,
which is that neutral molecules encountered in the path of
the photon radiation from the excitation of molecules may be
ionized, releasing the seed electrons in pure gas.

By the above discussions, the moving electrons joining
the recombination reaction in the electric field carry various
kinetic energies. Moreover the kinetic energies of electrons
and the binding energy released by recombination are con-
verted to the energies of photons of recombination radiation.
This implies the photons generated from recombination may
hold diverse frequencies. In the meantime, these photons may
ionize the seed electrons from oxygen molecules. Based on
the conservation of energy, the kinetic energy E,‘zee‘l of seed
electron which from O; molecule is ionized by a photon is
given by

Efd = hvy, — eU; Q)
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This equation implies that the photon of energy higher
than the ionization energy can produce the seed electron and
also signifies that the photons with diverse frequencies can
generate the seed electrons with different kinetic energies.
These seed electrons with diverse energies trigger the differ-
ent electron avalanches, which suggests the chaotic discharge
behaviors may occur in the positive corona. However, until
now the relevant studies haven’t still given a clear explanation
on the chaotic discharging phenomenon of positive corona.

We have a conclusion: the photons from recombination of e
and 02+ , which have diverse radiation frequencies, may result
in the different electron avalanches triggering discharging;
especially, the photons with diversified frequencies are a
key factor leading to the chaotic discharging phenomenon of
positive corona.

B. MICROSCOPIC PHYSICAL MODEL

The positive current density j; and the electron current density
Je are proportional to the electric field E and the positive ion
density n; or the electron density n, respectively, which are
given by

jf = winiE (6)
and

Je = MeneE @)

where p; and p, are the corresponding mobility of positive
ion and electron.

The photo-ionization process plays an indispensable role
in the sustaining electron avalanche of positive corona dis-
charge. The photo-ionization is usually assumed to be the
vital mechanism for the production of seed electrons causing
the propagation of electron avalanches.

The high frequency photons produced by the recombina-
tion of electrons and oxygen positive ions decide the photo-
ionization whether to occur, as is mentioned in the analysis
of the above section. For simplicity, all of high frequency
photons are supposed to photo-ionize oxygen molecules gen-
erating seed electrons. Thus, the recombination reaction may
measure the photo-ionization reaction and meanwhile the
recombination parameter may be used to represent the degree
of photo-ionization. Especially, the recombination reaction
generating the high frequency photons can be treated as
a source producing seed electrons prepared for the next
avalanche.

Meanwhile, some electrons kn, impact-excite Oy into
meta-stable O} and then attach to O; transforming into O5
negative ions; meta-stable O3 radiate photons y, turning back
into O;. The process may be expressed as the reactions below

Or+e=0;+e (®)
05=0:+y ©)
Or+e=0;. (10)
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Adding three above reactions, by simplifying the brief
relation is derived as

Or+e=0; +y

Strictly speaking, the attachment, impact-ionization, exci-
tation and photo-ionization in the process of positive corona
discharge are of non-locality, which means that these reac-
tions can occur synchronously at any same point in the ion-
ization layer.

Seeing that the kinetic energy of electrons kn, is lowered
through e-O, impact-excitation, each one of these electrons
may be assumed to attach to a ground state O, molecule. The
number density of negative ions is then

n; =kne (11)

where k is the attachment parameter of O, molecule. These
electrons kn, are consumed for attaching to O, and then don’t
participate in the propagated electronic current density. The
negative ions O, form the negative ion current density j;
which is obtained as

J = miny E = pikn E (12)

where negative ions have the mobility same to the mobility
i of positive ion due to the negligible mass of attached
electrons. The negative ions O, are also regarded as another
source producing seed electrons to reserve electrons for the
next avalanche.

Additionally, since a few moving electrons ¥n, are used
for recombination with Oz' , these electrons ¥ n, are removed
from total moving electrons.

Accordingly the effective electron current density is thus
defined as

J/e = (ne — v¥n, — kn,) ek (13)

where ¥ is the recombination parameter of O;‘ and e.

This formula discovers the physical correlation among
the seed electron, photo-ionization and the attachment, and
builds a clear and profound mathematical expression while
the relevant description on photo-ionization in the previ-
ous documents is complicated and based on the empirical
formula.

According to (6), (12) and (13), the total electrical current
density is expressed as

Jioal = JT +Ji +je = Wi + kpineE
+ (ne — ¥ne — kn.) peE (14)
Then the internal electric current, which is resulting from
the moving charged particles in the discharge layer, is given:
I=eS [pwiniE + kpineE + (ne — ¥ne — kne) pLeE]  (15)

where S is the spherical surface area around anode and e is
the unit Coulomb charge.

Considering that the position of discharge is near electrode,
the space charge is approximate to the surface charge Q on
the anode at the beginning of discharging. According to the
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conservation law of charge, the continuity equations of charge
Q with time ¢ is
d—Q = e _2_ 1 (16)
dt R T
where R is the exterior equivalent resistance of discharge
system and V, is the corona applied voltage of electrode.
The strength of electric field close to the discharge
electrode is

E=— 17
55 17
where ¢ is the permittivity of vacuum.

The effective electric capacity of spherical inner electrode
is shown as following

C =4megr (18)

where r is the distance to the center of anode.
The applied voltage V. of discharge system is expressed as

goE:S
Ve=—5 (19)
and the surface charge Q is
Q = eES (20)

The initial strength of field near the surface of anode is

_ v.C _ Vodmeor, _ E 21

T eS  epdmr? Ta

where r, is the radius of inner electrode.
At the beginning of discharge, the initial strength of electric
field in the discharge layer can be expressed as

V.C 2V, 2
E=-=(2)2=(%)E (22)
oS r Ta r
with
2
(=) =1 (23)
p

Substituting (15), (17), (19) and (22) into (16), the equation
with the explicit electric field strength E is obtained as

oE ra\2E. FE e
o ( ) — Elpini + kpine +

T T 5
+ (ne — ¥ne — kne) el (24)

r

where T = RC is the characteristic time of positive corona
discharge system and it may be obtained by the experimental
measures.

To simplify the question, we research on the discharge near
the surface of anode and thus take the value of (%“)2 which
approximates to 1, namely

(r—“)z ~1 (25)
,
Then, equation (24) can be

oE E. E e
=——-=-- gE[lLi”i + kpine

?;; - T T
+ (ne — One — kne) el (26)
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Notably, this equation incorporates the recombination,
attachment and photo-ionization, which significantly reduces
the complexity of discharge system.

In the meantime, the continuity equation of charged parti-
cles is written as,

o V.ita @7)
31_ ] T Q)

where n is the number density of charged particles, j is
the corresponding current density and « is Townsend’s first
ionization coefficient.

Besides, Townsend’s first ionization coefficient on impact-
ionization near the anode may linearly approximate to

AP( E 1 (28)
o = ——
Eyp
with
W.
Ey=— (29)
ely

where Ej is the critical electric field strength, W; is the
ionization energy of oxygen molecule, A is the characteristic
parameter of gas, [y is the average free path of electron and
P is the gas pressure.

C. DYNAMICAL EQUATIONS

In our theory, the electric field equation incorporates the
recombination, attachment and photo-ionization processes.
In the meantime, the continuity equations for the electric
field, electrons and positive ions are detailedly expressed.
These three equations constitute the governing equations.
Compared with the results of previous theory [14], [15], [25],
our method simplifies the complexity of discharge system to
easily identify problem spots. For a spherically symmetrical

coordinate system, the governing equations are given by
E E. E

ot T
e
- gE [win; + kwine + (ne — ¥ne — kne) ue] (30)

on, E
=AP E_ — 1) puen.E

Jat 0
1 ar3n, e e
— eE = ——= — —[ienen; + —pen, 31)
rs or &0 £0
o _ap(E 4 E
A = _ n
91 Eo HeNle
1 9rZn; e e
— ik — b —pinen; — —pun? (32)
r ar €0 €0

Due to the fact that comparing with the particles’ motion
caused by the electric field the diffusion motion of particles is
relatively very small, the diffusion effect of electrons and ions
can be neglected in the discharge in order to clearly describe
the main characteristics of oscillation discharge. Simulta-
neously, the main factors of discharge process including
the excitation, ionization, photo-ionization, recombination of
electrons with positive ions and attachment of electrons to

155398

neutral molecules, are considered in our dynamical equations
although the above governing equations apparently seem
brief.

We select the physical quantities n,, n; and E as explicit
variables is because n., n; and E firstly participate in the
primary ionization reaction in an electron avalanche while
photons, negative ions and meta-stable oxygen molecules are
produced from the primary ionization reaction and the sec-
ondary reaction. This point accounts for that other physical
quantities may be dominated by n., n; and E. Moreover,
we also can significantly decrease the number of equations
and the number of variables. Thus we may profoundly inves-
tigate the dynamical mechanism and discharge characteristics
of positive corona discharge with time.

D. NONLINEAR COUPLED OSCILLATOR

The chaotic discharging phenomenon in the positive corona
is rarely discussed in previous literatures. Due to the com-
plexity of chaotic discharge of positive corona, the chaotic
discharge was avoided in lots of researches. The previous
theoretical studies on positive corona discharge merely give
the discharging pattern of periodic pulses and stationary-
state. However, the actual positive corona system displays
the chaotic pulsed output during the process of discharge [2].
This reflects the early models are insufficient to describe the
actual discharge of positive corona. Thus it is needed to figure
out the intrinsic mechanism of positive corona discharge and
establish a dynamical model to more accurately discover the
actual discharge of positive corona.

According to our analysis on photo-ionization producing
seed electrons, we find that the electrons photo-ionized by
photons with a certain frequency from recombination radia-
tion can trigger a Trichel pulsed output with the correspond-
ingly certain period, namely that the photons with a certain
frequency can lead to a correspondingly periodic discharge.
Additionally due to the different kinetic energy of moving
electrons recombined with positive ion, the frequencies of
recombination radiation are various, as mentioned above in
the discussion of section II.A. Then the diversified photons
with different frequencies may give rise to the correspond-
ingly diversely periodic pulsed-discharge constituents. Based
on the above analysis, in the actual positive corona system the
total discharge output should be coupled by multi-different
periodic discharge constituents. This is the reason observing
the aperiodic Trichel pulsed discharge, i.e. the chaotic Trichel
pulsed output.

In the meantime, it is known that the different frequency
photon has the correspondingly different ionization rate.
Meanwhile, considering that the energies of recombination
photons are higher than the ionization energy of oxygen
molecules, for simplicity it is assumed that all recombination
photons ionize O, molecules. This means that the different
recombination parameters ¥ can correspond to the types of
recombination photons with the different frequency. More-
over, the photons with certain frequency ionize the electrons
out of O, molecules as seed electrons and meanwhile these
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seed electrons with certain initial energy trigger the electron
avalanche with a certain pattern. This indicates that for our
nonlinear system when the recombination parameter ¢ takes
a determined value the governing equations may have a cer-
tain periodic output mode. Then, the different recombination
parameters can mean the distinct frequency output modes of
discharge.

According to the above discussion on the physical mech-
anism of chaotic discharge, our nonlinear system may
be treated as the complex discharge system coupled by
multi-single systems, which is called the coupled oscillator
[26]-[29]. To conveniently describe and easily demon-
strate the aperiodic discharge phenomena of positive corona,
we select two single nonlinear oscillators [26]-[29] with
different recombination parameters ¥ to construct a nonlinear
coupled complex system while the attachment parameter k
takes a fixed value. Therefore, the high-dimensional nonlin-
ear complex oscillator is given as follows:

dE'  E. E' e

ot T T £0
+ (n; — 19111; — kné) el (33)
8n; El 1-1 1 1 arZnl
= AP — -1 E —pE'——=
at <Eo HelleZ TR0 Ty
_ iuen} n! + iuenf (34)
€0 €0
1 2.1
aﬁ—AP _1_1 ,unEl MEllarnl
ot Ey ¢ ' 2 9r
e 1.1 e 12
+ —pingn; — oo i (35)
£0
dE> E. E?> e
T T T e kan
+ (n2 = van2 = ko) ) (36)
an? E? - 5 1 arin2
a1 <E() MHell, Me r2 or
— Lt 4 S pen? (37)
£0 &0
2 2 2.2
aﬂ_AP E_—1qu uEzlar—ni
ot Ey eft T2 oy
e e 2
+ g,uingn% - g,udinl-2 (33)
ne = 0.5n} +0.5n2 (39)
n; = 0.5n] +0.507 (40)
E = 0.5E' 4+ 0.5E? (41)
jtolal = O-Sjtloml + O'Sjtzotal (42)

where for the complex discharge system, the total electron
number density 7, is separated to ni and n?, the total positive
number 7; is separated to n and nt and the surface electric
field E is separated to E! and E>. n n , E! and n 2
E? are the variables of single systeml and smgle system 2
respectively. Additionally, E, is used as the control parameter

VOLUME 9, 2021

of discharge system. For simplicity, it is assumed that each
output component for single system has the same proportion
to total output. Thus, the weight factor of each single system
to the nonlinear complex system is set to 0.5.

E. NUMERICAL IMPLEMENTATION AND

PARAMETERS SETTING

To better analyze the phenomena and natures of positive
corona discharge, in present calculations the dimensionless
parameters of equations are adopted. The applied voltage
V = V/Vy, where V and Vj are the actual voltage and the
critical discharge voltage respectively; the surface electric
field strength E = E/E, where Ej is the critical electric field
strength and E is the actual surface electric field strength;
Ne = Ne /g, n1+ = ni+/n0 and n; = n; /ng, where ng is the
number density of air at a standard atmospheric pressure and
meanwhile ne, n;r and n; are the actual number densities
respectively; additionally, the time of evolution t = t/7,
where T = 7, 7 is the characteristic time of positive corona
system and t is the actual evolutionary time.

In this research, the critical discharge voltage Vy is set to
12.5kV, the radius of discharge electrode r, is set to lmm,
the equivalent exterior resistance R is set to 3k€2, the number
density of air is given by 2.69 x 10*m~3 and the average
free path I of electron is set to 1 x 107®m at a standard
atmospheric pressure; the ionization energy and the excitation
energy of oxygen molecule are 12.50eV and 7.90eV respec-
tively; the electron mobility e = 2 x 10~2m2V=!s™" and
the ion mobility u; = 2 x 10_4m2V_lsfl. In the meantime,
the attachment parameter k is set to 0.6 and the recombination
parameters ¥ are set to 0.17 and 0.28. Additionally, the
discharge gas is pure O at a standard atmospheric pressures
and room temperature; and the calculation is carried out based
on Mathematica 12.

In our research, seeing that there are many previous investi-
gations on spatial characteristics of positive corona discharge,
we focus on the variations of discharge outputs with time
and the dynamic natures of positive corona discharge. On the
basis of the spatial distribution of discharged particles in
the previous studies, the spatial items of equations near the
surface of anode may take the appropriate values as reference
values. Then, we rationally diminish the complexity of equa-
tions and meanwhile are better concerned with the questions
of the time evolutions of positive corona discharge and the
dynamic discharge behaviors.

Ill. PHYSICAL PROCESS AND DYNAMIC MODEL

A. NONLINEAR PROCESS DISCUSSION

The analysis of nonlinear time series and trajectory phase
portraits is an effective method for the study on complicated
dynamical phenomena [30], [31], which can reveal impor-
tantly intrinsic characteristics of nonlinear system. Hence it is
necessary to investigate the dynamic mechanism of positive
corona discharge through nonlinear time series analysis and
trajectory phase portraits.
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FIGURE 3. (a). The time series of surface electric field strength E for
1.6V: over-damped behaviour of nonlinear oscillator. (b). The time series
of total current density jiota) for 1.6Vy: over-damped behavior of
nonlinear oscillator. (c). The simple attractor of corona system namely:
the stable fixed point with spiral trajectories in 2D phase portraits.

In this section, different stages of discharging are dis-
played. With the applied voltage increasing, the nonlinear
system on the positive corona discharge gradually produces
the point attractor, limit cycle and strange attractor [26]-[29].

At the beginning of discharge, when the applied volt-
age sets to 1.6V, the system discharging has the nonzero-
stationary state outputs of electric field and total current
density after experiencing an initial transient stage. These two
time series are plotted in Fig. 3(a) and 3(b).

In the two-dimensional phase shown in Fig. 3(c), all tra-
jectories spiral into the stable fixed point, which means the
outputs of electric field and current density gradually become
steady values.
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FIGURE 4. (a). The time series of surface electric field strength E for
2.1V: the damped behavior of nonlinear oscillator. (b). The time series of
total current density jiot for 2.1Vy: the damped behavior of nonlinear
oscillator. (c). The simple attractor of corona system namely: the stable
fixed point with spiral dense trajectories in 2D phase portraits.

As shown in Fig. 4(a) and 4(b), when the onset voltage
rises up to 2.1V, with time the electric field E and the total
electric current density jiora display a damped waveform and
gradually decay to a constant output after the initial stage of
drastic oscillation.

Fig. 4(c) depicts all trajectories asymptotically spiral
inwards towards a stable fixed point which is called a point
attractor, manifesting the electric field and current density
gradually reach steady values of outputs after experiencing
unstable outputs. Moreover, this phase graph has more dense
trajectories than that of 1.6Vy.
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FIGURE 5. (a). The time series of surface electric field strength E with the
zoomed in view for 3.5 V: the periodic behaviour of nonlinear oscillator.
(b). The time series of total current density jiota) With the zoomed in view
for 3.5 Vy: the periodic behavior of nonlinear oscillator. (c). The periodic
attractor of corona system the stable limit circle in 2D phase portraits for
3.5 V. (d). The time series of total current density jio¢, for 3.5 Vg at the
recombination parameter ¢ = 0.

As is seen in Fig. 5(a) and 5(b), for V = 3.5Vj the
outputs of positive corona settle into a periodic oscillation
with time after a initial transient; for clear observation, the
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FIGURE 6. (a). The time series of surface electric field strength E for
5.5V, : the damped behaviour of nonlinear oscillator in transition to
quasi-periodic fluctuation. (b). The time series of total current density
jtotal for 5.5V: the damped behavior of nonlinear oscillator in transition
to quasi-periodic fluctuation. (c). The quasi-periodic attractor of corona
system: the quasi-periodic orbit in 2D phase portraits for5.5 V.

zoomed in segments of two small squares in Fig. 5(a) and 5(b)
reflect a typically periodic wave with sharp-jagged shapes.
Especially, the varying pattern of total current density and
the characteristic of pulse are consistent with the previous
researches [3], [4], [12].

The two-dimensional phase portrait in Fig. 5(c) shows a
typical periodic orbit, meaning at V = 3.5V the attractor is
a simple stable limit cycle. This also signifies the outputs of
electric field and current density repeat with a fixed period.
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As observed in Fig. 5(d), when the recombination param-
eter ¢+ = 0, the output of the total electric current
density jira settles to a constant output after experienc-
ing a damped oscillation and cannot stay a regularly peri-
odic oscillation analogous to the periodic waveform shown
in Fig. 5(b).

For V = 5.5V, as seen in Fig. 6(a) and 6(b), there is a
transient chaos about the outputs of E and jiora) With t < 80tg
and then the system approaches to periodically oscillate with
higher frequency than that for the prior 3.5 V¢. To make this
process clearer, the enlarged segments are depicted, showing
the obvious transition from the irregular jagged waves to the
regularly periodic pulses. In the meantime, the maxima in
successive E and successive jiora are no longer equal; the
neighboring peaks become a little higher or a little lower than
the typically periodic trains, as seen in Fig. 6(a) and 6(b).
These mean with the applied voltage increasing the periodic
outputs of discharge start becoming unstable.

Fig. 6(c) shows the trajectories in 2D phase diagram
slightly deviate from the initial orbit. There is a quasi-periodic
orbit although it is a stable limit cycle, which further illus-
trates the pulses of outputs become slightly irregular and
don’t simply repeat in the two respective time-series of E
and jtotal-

According to the analysis on the time series and 2D tra-
jectories, the discharge system has the quasi-steady outputs
at 5.5Vy.

When the onset voltage remains rising to 6.6V, the aperi-
odic appearance of outputs suggests the positive corona dis-
charge begins having slightly chaotic oscillations, as shown
in Fig. 7(a) and 7(b). For clearer observation, as seen in
the enlargement of small squares, the spike-shape of pulses
is obviously deformed and irregular, accounting for with
the increase of applied voltage the periodic characteristic
of corona discharge becomes comparatively weaker but the
irregular characteristic becomes stronger.

2D and 3D phase space in Fig. 7(c) and 7(d) display
‘aperiodic long-term behavior’, which means that the trajec-
tories do not settle down to a fixed point, or periodic or quasi-
periodic orbit. Additionally in 2D and 3D phase diagram,
it is visibly found that the closed orbits of phase portraits
show a fractal structure and self-similarity, the pattern of
which reflects that there is no longer a periodic orbit and all
trajectories spiral towards the strange attractor. Especially,
compared with the phase portraits of periodic outputs the
orbits in Fig 7(c) and 7(d) are twisted and stretched. These
indicate the occurrence of slightly chaotic attractor in phase
space and reveal the aperiodic dynamic characteristics of the
positive corona discharge.

As shown in Fig. 8(a) and 8(b), after an initial tran-
sient process, the outputs of E and ji settle into an
irregular oscillation that persists as t — oo, but never
repeats exactly. The time series are aperiodic fluctuations.
Obviously, a typically chaotic output occurs at 8Vjy.
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FIGURE 7. (a). The time series of surface electric field strength E with the
zoomed in view for 6.6V : the aperiodic behaviour of nonlinear oscillator
with slightly irregular oscillation. (b). The time series of total current
density jiotal With the zoomed in view for 6.6V: the aperiodic behavior of
nonlinear oscillator with slightly irregular oscillation. (c). The strange
attractor of corona system in 2D phase portraits for 6.6 Vy: the
self-similarity and aperiodic orbits.
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FIGURE 8. (a). The time series of surface electric field strength E: with the zoomed in view for 8V: the aperiodic behavior of
nonlinear oscillator with irregular fluctuation. (b). The time series of total current density ji¢, With the zoomed in view for 8V: the
aperiodic behavior of nonlinear oscillator with irregular fluctuation. (c). The strange attractor of corona system in 2D phase portraits
for 8 V: the self-similarity and aperiodic orbits. (d). The time series of total current density jiota for 8 Vg at the recombination
parameter # = 0. (e). The strange attractor on itotal'E'n;— in 3D phase space for 8Vj: the self-similarity and aperiodic orbits.

Zooming into both E-t and jioa1-t series exhibits attractive pattern of the waveform repeats itself at irregular intervals,
ragged-spike pulses, illustrating although the recurrent char- there never exists the precise repetition and circulation and
acteristic of time series is revealed by the fact that the certain the oscillation is surely aperiodic.
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The phase portraits of 2D and 3D in Fig.8(c) and 8(e)
clearly exhibit the characteristics of fractal and similar-
ity of orbits, which is a typical strange attractor. Mean-
while, as is seen from the phase portraits, the dynamic
orbits of this strange attractor show obviously folding and
twisting. These signify that with further rise of applied
voltage, the chaotic nature of discharge system is more
prominent.

As seen in Fig. 8(d), compared with the case at 3.5V,
although the applied voltage rises to 8V, at the recombina-
tion parameter ¥ = 0 the total electric current density jiotal
still displays a damped oscillation rapidly decaying to a con-
stant output, rather than decaying to an irregular waveform
(similar to the irregular oscillation shown in Fig.8(b)) after
the initial transient stage of drastic oscillation.

Fig. 9(a) and 9(b) show the outputs of E and jia settle
into an irregular oscillation. Moreover, zooming in the pic-
tures, the ragged-spike pulses of E-t and jia1-t series can be
clearly observed. Apparently a certain inherent structure of
recurrent characteristic of irregular intervals is seen in the
waveform of time series. However, the time series never have
a real periodicity and exact repetition. These points discover
there is the chaotic discharge phenomenon at 10V onset
voltage.

For the applied voltage10Vy, in the 2D and 3D phase space
shown in Fig. 9(c) and 9(d), in contrast with the case at 8V
this strange attractor has conspicuous self-similarity and an
internal recurrent structure which is analogous to a layered-
structure. This is a typical fractal of chaos. Due to further
stretching and folding, the chaotic attractor is deformed sig-
nificantly and very different from that of 8V. This indicates
that within a certain high applied voltage range the positive
corona discharge system in our research may generate irreg-
ularly chaotic outputs.

Noticeably, this nonlinear complex system is deterministic
because there is no random input or parameters. Simultane-
ously, according to the above analyses the nonlinear complex
system has chaotic behaviors because under high applied
voltage the trajectories do not settle down to a fixed point,
or periodic or quasi-periodic orbit. The system is also called
as the nonlinear coupled oscillator.

Especially, for the time-series outputs, 2D and 3D phase
portraits of electric field E and total electric current density
Jrotal, it is revealed that the applied voltage as a control param-
eter decides the different output patterns of positive corona
discharge. This is the first time that a nonlinear dynamic
model is proposed to predict the chaotic discharging phe-
nomenon on the positive corona based on the microscopic
level of intrinsic physical mechanism.

By the investigation of the nonlinear discharge, we prelim-
inarily find out a dynamical mechanism: a nonlinear complex
system can be coupled by nonlinear single systems; further-
more, at least two pure periodic systems may be coupled
into a chaotic system. Correspondingly, as for producing the
chaotic discharge, the microscopic physical mechanism at
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FIGURE 9. (a). The time series of surface electric field strength E with the
zoomed in view for 10V,: the aperiodic behavior nonlinear oscillator with
irregular fluctuation. (b). The time series of total current density j;ota)
with the zoomed in view for 10V, : the aperiodic of behavior of nonlinear
oscillator with irregular fluctuation. (c). The strange attractor of corona
system in 2D phase portraits for 10 V: the self-similarity and aperiodic
orbits. (d). The strange attractor on itotaI'E'“?— in 3D phase space for
10V,: the self-similarity and aperiodic orbits.
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a molecular or atomic level is further discovered: namely
since the high-energetic photons with diverse frequencies
may give rise to the discharge output components of different
periods, for the system of positive glow corona discharge the
total chaotic discharge output can be understood to be coupled
by the various periodic-discharge components.

For profound dynamical analysis, our nonlinear complex
system can realize that a constant external excitation rather
than a varying or periodic external excitation (namely for
positive corona discharge, the constant applied voltage rather
than the varying or periodic applied voltage) causes a non-
steady state output, such as a periodic or chaotic oscillation
output. Furthermore, we independently find that the photons
occurring can be mathematically treated as the feedback sig-
nal. This feedback mechanism plays a major part in the pulsed
discharge including a regular or irregular form. Especially,
due to the feedback the system can produce a non-stationary
state output under a constant external excitation. In other
word, if the recombination term is canceled, namely that
no photo-ionization appears, then there exist no continuous
pulses during discharge, as seen in Fig.5(d) and Fig.8(d),
although the applied voltages rise. Speaking from the micro
level, the photons occurring as the feedback mechanism is
prepared for the next electron avalanche, namely for the next
pulse discharge.

In contrast with previous researches, our dynamical model
realizes the chaotic discharge of positive glow corona, which
is the highlight of our work. Although the chaotic discharge
of positive corona is observed in many experimental studies,
so far there was no a good theoretical model proposed to
predict and explain the chaotic discharge of positive corona
before our study.

B. ANALYSIS AND DISCUSSION OF POSITIVE

CORONA DISCHARGE

This section is concerned with the characteristics of average
current density and pulsed frequency vs. applied voltage
and the discharge behaviors of diverse current densities and
various particles.

Jtotal

0 T T T T T
0 2 4 6 8 10

FIGURE 10. V-I characteristic curve for average current density vs. applied
voltage.

1) 1-V CHARACTERISTICS AND APPLIED VOLTAGE
As shown in figurelO, for the small voltage V less than
Vo the gas discharge doesn’t occur and the oxygen gas is
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an insulator; meanwhile, the concentrations of all cate-
gories of charged particles are zero and jiw = 0. In the
applied voltage range from Vj to 2.1V, the current density
begins increasing relatively slightly with applied voltages; for
V > 2.1V, the jiotal grows quickly. The form of the charac-
teristic curve of I-V in our theory is in accordance with the
finding of previous researches [14], [15], [25].

2.04

Output frequency

FIGURE 11. The changing curve of output frequency vs. applied voltage.

In particular, as seen in Fig.11, it is found that with ris-
ing applied voltage the pulsed frequency of output of jiotal
increases nearly linearly, which is in consistency with the
results of previous researches as well [14], [17].

15.0

12.54

FIGURE 12. Output forms of the total current density waveforms for the
following applied voltages: 1.6 V, (black full line), 2.1 V, (red full line),
3.5 Vg (blue broken line), 5.5 Vy (green broken line with short dashes),
6.6 Vo (purple chain line with short dashes and dots), 8.0 V, (brown
dotted line) and 10.0V(dark blue broken line).

2) DISCUSSION OF CURRENT DENSITIES jiotal, j~ AND j*:
EVOLUTIONS WITH TIME AND VARIATIONS WITH
APPLIED VOLTAGE

a: Jiotal

Fig. 12 depicts the change of the total current density jiotal
with time under different applied voltages. As seen in Fig. 12,
for lower voltages 1.6V and 2.1V the positive corona has
a quasi-stationary-state discharge current density which is
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relatively small. When the voltage being raised to 3.5 V), the
periodic discharge starts occurring and the slight and regular
Trichel pulses are produced. Keeping the voltage increased
to 5.5 Vo, the Trichel pulse becomes strong and slightly
irregular. For voltages 3.5 Vg and 5.5 Vj, the discharging
current is periodic or quasi-periodic. When the voltage arrives
to 6.6 Vo, the aperiodic discharge begins clearly occurring
and moreover the Trichel pulse shows stronger and more
irregular. Maintaining the voltage rising to 8.0 Vg, there
is an obviously chaotic characteristic of discharge current
density and the Trichel pulse becomes intensive, sharper and
more very irregular. Especially, for the voltage 10V, Trichel
pulses of the current density are more intensive and have an
extremely high frequency and greatly large amplitudes, which
shows a strongly chaotic characteristic of positive corona
discharge.

Noticeably, in different phases including periodic waves
and chaotic waves, Trichel pulse displays a fast rising
edge and a slowly falling edge with asymmetric stabbed
form. The irregularly aperiodic outputs of Trichel pulses
given in our theory are analogous to the previous exper-
imental observations, as seen in Fig. 12. Although there
are the same findings on the shapes of pulses in previous
researches [14], [17], [15], [25], there are rarely theoretical
predictions on the chaotic outputs for the positive corona
discharge. Especially for the irregularly and asymmetrically
jagged-like pulse of current density, the chaotic current output
pattern in our research is qualitatively consistent with the
corresponding results in previous literatures [2], [22].

The above case reveals that with the increase of voltage
the positive corona has the higher discharge current and
moreover Trichel pulses possess the more obviously chaotic
form, higher frequency of oscillation and bigger amplitudes.
In particular, as shown in Fig. 12, this nonlinear model in
our theory can sufficiently predict three phases of positive
corona discharge with the evolution of time as follows: the
stationary discharge, the periodic discharge and the chaotic
discharge.

b: j*

As shown in Fig. 13, the positive ion current density as
the component of total current density has the stationary
or oscillatory pattern of output as well. For smaller applied
voltage1.6V( and 2.1V, the positive ion current density has
stationary outputs with time. When the voltage rises to 3.5V
and 5.5V, the positive ion has the periodic pulsed outputs
with the evolution of time. As the voltage rises to 6.6V,
the pulses of positive ion are not strictly periodic and begin
showing slight aperiodic. When the voltage reaches to 8.0V
and 10V, the pulses with the evolution of time are no longer
periodic and display strongly chaotic. In addition, it can be
observed in Fig.13 that the positive current density rises fast
and declines slowly in each pulse, which resembles the result
of total current density but differs on the waveform of time
series.
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FIGURE 13. Output forms of the current density waveforms of positive
ion for the following applied voltages: 1.6 V, (gray full line), 2.1 V; (red
full line), 3.5 Vy (blue dotted line), 5.5 V, (green chain line with short
dashes and dots), 6.6 V (purple full line), 8.0 Vo (brown full line) and
10.0V (black full line).
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FIGURE 14. (a). Output forms of the electron current density waveforms
for the following applied voltages: 1.6 V, (gray full line), 3.5 Vg (blue full
line), and 5.5 V, (green full line). (b). Output forms for the following
applied voltages 6.6 V, (black full line), 8.0 V, (dark red full line) and 10.0
Vg (blue full line).

C Je

About the electron current density je seen in
Fig. 14(a) and 14(b), for lower voltages 1.6V and 2.1Vy
there is a quasi-stationary small current density of electrons.
When the voltage is raised to 3.5 V the current density of
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electrons starts having regular and periodic pulses. For the
higher applied voltage 5.5 V), the pulse becomes strong and
slightly irregular. For lower voltages 3.5 V¢ and 5.5 V, it is
found that the electronic current density has a periodic or
quasi-periodic variation. When the applied voltage arrives to
6.6 Vo, the aperiodic wave obviously occurs and the pulse
shows irregular. As setting the applied voltage to 8.0V
or 10V, the electronic current densities have apparently
chaotic pulses with more sharp shapes and more irregular
intervals between pulses. Especially, for the voltage 10 Vo,
the current density of electrons has intensively chaotic pulses
with greatly high frequency and very large amplitudes,
which means there is a very strong ionization on oxygen
molecules.

Meanwhile for the oscillation output of electronic current
density, it is also found that the pulses of electronic current
density have a symmetric and steep shape, which differs from
asymmetric shapes of the pulses of total current density and
positive current density. What leads to this case? Since the
mass of electron is negligibly small and the migration time
in the discharge layer is very short, the pulsed form is hardly
affected by the change of surface electric field.

d: j;

Asseenin Fig. 15(a) and 15(b), the current density of negative
ions has the similar pattern of output to the current density of
electrons. Nevertheless, the current density of negative ions
is far less than that of electrons or positive ions and then
is usually considered to be negligible, whether in periodic
discharge or chaotic discharge. This case is also found in the
research of Morrow [14].

By the discussion on different current densities, with the
increase of voltage jioal, j» je and jT all experience three
phases such as the stationary output, the periodic output and
the chaotic output.

3) CONTRIBUTIONS OF VARIOUS CURRENT DENSITIES

TO THE TOTAL CURRENT DENSITY

The total corona current density consists of three pulsed
components because of the drift of electrons, positive and
negative ions. For the periodic discharge at low voltage 3.5V,
the contributions of various current densities to the total
current density are shown in Fig. 15(a). Particularly, the
biggest contribution to the total current density is given by the
positive ion current density while the electron current density
contributes a few to the total current density compared with
the positive ion current density. Additionally, the current den-
sity of negative ions provides a negligibly little contribution.
During periodic discharge, at the center in the pulse of total
current density the contribution of positive current density to
the total current density is much more than those of electron
current density and negative ion current density. Meanwhile,
even between pulses, the positive current density still has the
main contribution but the contributions of electron current
density and negative ion current density are nearly negligible.
Furthermore, the contributions of diverse charged-particle
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FIGURE 15. (a). For the onset voltage 3.5V, the contributions of each
species of charged particle current densities to the total current density in
periodic Trichel pulses: the total current density (black full line), the
positive ion density (blue full line), the electron current density (red full
line) and the negative ion current density (green full line). (b). For the
onset voltage 10V, the contributions of each species of charged particle
current densities to the total current density in chaotic Trichel pulses: the
total positive current density (black full line), the positive ion density
(blue dotted line), the electron current density (red dotted line) and the
negative ion current density (green full line).

current densities to the total current density are consistent to
the result in the research of Morrow [14].

Interestingly, even for the chaotic discharge at higher volt-
age 10V there is still a similar pattern of contributions of
different current densities to the total current density except
for a few peaks, as shown in Fig.15(b) although the current
densities of positive ions, negative ions and electrons have
respectively different chaotic pulsed waveform.

Especially, due to the most contribution to the total current
density from the positive ion current density, the asymmetric
shape of the total current density is decided mainly by the
positive ion current density. Additionally, the contribution of
electron ion current density leads to the spike-like waveform
of total current density.

4) DISCUSSION OF CHARGED PARTICLES AND PHOTON
a: ni"
As is seen in Fig. 16, with the rise of applied voltage the
number density of positive ions significantly increases and
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FIGURE 16. Output forms of the waveforms of positive ion number
density for the following applied voltages: 1.6 V (gray full line), 2.1 V
(red full line), 3.5 V, (blue dotted line), 5.5 V, (green dotted line), 6.6 V
(purple full line), 8.0 Vo (brown full line) and 10.0V, (black full line).

meanwhile amplitudes and frequencies of wave become big-
ger and higher correspondingly. In general, the changes of
positive ions separate into three phases. Under lower applied
voltage, the positive ion has nonzero-stationary outputs.
When the voltage rises to 3.5V and 5.5V, the positive ion
has the periodic pulses with the evolution of time. As the
voltage rises to 6.6V, the pulses of positive ion are not
strictly periodic and begin showing slight chaotic. Next, when
the voltage is turned up to higher level 8.0Vy and 10V the
pulses with the evolution of time are not periodic any longer
and display strongly chaotic.

For positive ion number density and positive ion current
density, because of the slow drift, long drift time and rel-
atively big mass of positive ions, positive ions stay in the
ionization region for a relative long time, relatively slowly
move out of the discharge layer and are influenced obviously
by the electric field. This results in a broad width of pulses
and an asymmetric pulsed shape of steep rising and slowly
falling edges.

b: ne

Fig. 17(a) shows for low applied voltage 1.6V there exists
the output of constant number density of electrons with time.
When the voltage increases to 2.1V, a very slight oscillation
occurs. For the moderate voltage 3.5V, the electron number
density has obviously periodic pulses. Keeping the voltage
rising to 5.5V, the electron number density waves in stabbed
pulses which are more sharp and obviously higher than that of
3.5Vg. In Fig. 17(b), for higher voltages 6.6, 8.0 and 10.0V(
the electron number density has chaotic patterns of fluctu-
ation. Generally speaking, with the rise of applied voltage
the electron number density has more sharply stabbed pulses,
higher frequencies and more chaotic oscillations.

C: Nph
Fig. 18(a) and 18(b) illustrate the number density of pho-

tons has the correspondingly synchronous modes of out-
put with the number density of electrons including the

155408

3.04

=
2]
|

10. 0

FIGURE 17. (a). Output forms of the waveforms of electron number
density for the following applied voltages: 1.6 V, (gray chain line with
short dashes and dots), 2.1 V; (red dotted line), 3.5 V, (light green full
line) and 5.5 Vj (green full line). (b). Output forms of the waveforms of
electron number density for the following applied voltages: 6.6 V, (black
full line), 8.0 V (red dotted line) and 10.0V; (blue full line).

stationary-states, periodic-states and chaotic states. Espe-
cially under higher applied voltages the photon output dis-
plays the chaotic pulsed oscillation synchronized with the
current oscillation.

Moreover, the output of photon number density as well as
the output of electron number density has sharp saw-toothed
pulses, which is very similar to the results in the previous
theories [14]. These reflect the avalanche of electrons is
simultaneously generated with the excitation radiation and
the recombination radiation.

By comparison between the electron number density and
the photon number density waveforms, it is found that for
lower applied voltage there are very similar sharp periodic
pulses of electron and photon number densities. In addition,
when the ionization bursts, the electrons are generated rapidly
and quickly reach the peak. In the meantime, by the excitation
of metastable oxygen molecules and the recombination of
positive ions and the electron, the photons are also quickly
produced and instantly reach the peak. Besides, compared to
positive ions, due to negligible mass of electron, zero mass
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FIGURE 18. (a). Output forms of the waveforms of photon number
density for the following applied voltages: 1.6 V, (gray full line), 2.1 V,
(red full line), 3.5 Vg (blue full line), 5.5 V, (green full line). (b). Output
forms of the waveforms of photon number density for the following
applied voltages: 6.6 V(black dotted line), 8.0 V, (red broken line with
short dashes) and 10.0V; (blue full line).

of photon and the very fast migration velocities of electrons
and photons, electrons and photons hardly stay in the ion-
ization region, rapidly move out of the discharge layer or
are quickly absorbed by the anode and are barely influenced
by the electric field. Consequently, these factors decide that
electron and photon number densities both have a short burst
of pulse, a narrow width of pulse and a symmetric or quasi-
symmetric spike-like pulsed shape with the steep rising and
falling edges. Likewise, for higher voltage the chaotic pulses
of electron number density and photon number density also
have the similar narrow pulsed width and the steep rising
and falling edges although the pulses don’t always retain a
symmetric or quasi-symmetric shape.

5) THE PHYSIC RELATION BETWEEN POSITIVE ION NUMBER
DENSITY ni+ AND SURFACE ELECTRIC FIELD STRENGTH E

As seen in Fig.19(a) and 19(b), it is found that the number
density of positive ions with time evolution has a reverse
oscillatory pattern to the strength of electric field (i.e. in each
pulse, the number density of positive ion rises fast and
declines slowly whereas the strength of electric field rises
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FIGURE 19. (a). The waveform of positive ion number density at applied
voltage 5.5 V. (b). The waveform of surface electric field strength at
applied voltage 5.5V,

slowly and falls fast.). Due to the relatively big mass of posi-
tive ion, the long migration time and the slow ionic migration
velocity, the electric field’s influence on positive ions cannot
be neglected, indicating the positive ions produced in per
burst of ionization rely heavily on the change of electric field
strength. Under the strong surface electric field, the oxygen
molecules are rapidly ionized and the positive ion number
density quickly attains the peak values, meaning the positive
ions have a steep rising edge of pulse. As positive ions
accumulate in the discharge layer, the surface electric field is
impaired by the build-in electric field produced by the space
electric charge accumulation. Thus, the ionization of oxygen
molecules slows down under relatively weak surface electric
field and the recombination of positive ions and electrons
increases gradually, signifying the positive ions have a slowly
falling edge of pulse. These lead to the asymmetric pulsed
shape of positive ion number density.

For the surface electric filed, due to the slow migration
speed of positive ions, the build-in electric field slowly
decreases, which implies the surface electric field strength
ascends slowly. When the surface electric field strength
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gradually reaches to the peak, the oxygen molecules are
rapidly ionized and thus the accumulation of space electric
discharge quickly attains the maximum as well. In the mean-
time, the built-in electric field also reaches to the maximum.
Then, the surface electric field is rapidly weakened by the
strong built-in electric field produced by the quick accumu-
lation of the space electric charge, which means the surface
electric field strength descends fast. This is why the surface
electric field strength has the reverse pulsed shape, namely an
asymmetric pulse of slowly rising and fast falling edges.

According to the above discussions, it is figured out that
the relatively big mass, slow migration speed and long migra-
tion time of positive ions are the main reason producing
the asymmetric pulsed shapes and broad pulsed width of ji+
and ni+ ; meanwhile the pulsed shape of total current density
is determined by the most contribution to the total current
density offered by the drift of positive ions. However, for
electrons of negligible mass and massless photons, due to
the fast migration velocity, short migration time of electrons
and photons and the negligible influence of electric field in
the ionization region, ne, npy and je have the short burst of
pulse, the narrow pulsed width and the symmetric or quasi-
symmetric pulsed shapes. Besides, the reverse waveform of
surface electric field depends on the change of positive ions
number density in the ionization region. Generally speaking,
the pulsed shape and oscillatory patterns of particle number
densities are in agreement with those of correspondingly
respective current densities.

IV. CONCLUSION

Our research systematically investigate the discharge process
of positive corona and the discharge natures. Furthermore,
we in depth study the microscopic physical mechanism of
positive corona discharge, and fully analyse the variations
of outputs with time using nonlinear dynamics method.
Although a few previous researches focus on the discharge
phenomena of positive corona and give the description of
stationary-state and periodic-pulsed outputs, the inherent
physic mechanism causing photon-ionization isn’t clearly
explained and the dynamical description on irregular-pulsed
discharge of positive corona isn’t still provided. Particularly,
we figure out the dynamical mechanism of chaotic phe-
nomenon for the positive corona discharge and give a pro-
found explanation. Moreover, we propose a novel dynamical
model and predict different stages of discharge. The impor-
tant results and findings are as follows:

1) we figure out that the photons produced by recombina-
tion of e and O;r have the energy higher than the ion-
ization energy of oxygen molecule and possess diverse
frequencies because of various kinetic energies of free
electrons participating in recombination reaction in the
discharge layer.

2) In contrast with the ambiguous explanation on the
photo-ionization in the previous researches, based on
the quantum mechanics we improve the previous stud-
ies and present a physical mechanism causing the
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3)

4)

)

6)

7)

8)

photo-ionization: the high frequency photons from
recombination radiation are functional to ionize neutral
molecules producing the seed electrons and then trig-
gering electron avalanches during the positive corona
discharge due to the fact that the photons generated by
the recombination have the higher energy than ioniza-
tion energy of neutral oxygen molecules.

Meanwhile, we also point out that the energy of pho-
tons arisen from the radiation of metastable-ground
energy level transition of O, molecules is less than the
ionization energy of O, molecules and thus the excita-
tion radiation is not capable to ionize O, generating the
seed electrons in pure gas.

Our dynamical model can describe the Trichel pulse
and the characteristics of waveforms, and predict the
jagged-pulses of periodic outputs and ragged jagged-
pulses of chaotic outputs and give the three phases.
Especially the chaotic outputs of current is consistent to
the actual observation of current pulses in experiments.
We preliminarily find out a dynamical mechanism pro-
ducing the chaos: a chaotic system may be coupled by
periodic oscillators. Meanwhile we discover the forma-
tion mechanism of irregular pulsed discharge on posi-
tive corona: for the positive corona discharge system,
a chaotic discharge can be understood to be cou-
pled by multiple different periodic discharge compo-
nents which are caused by the various high-frequency
photons.

Additionally, the further study finds the photons occur-
ring can be mathematically treated as the feedback sig-
nal which plays a major role in the pulse discharge; the
recombination term is canceled, namely that no photo-
ionization appears, and then there exist no continuous
pulses during discharge; essentially, the high frequency
photons occurring is prepared for the next electron
avalanche, namely for the next pulsed discharge. These
reflect that our dynamical model agrees with the actual
physical process of positive corona discharge.

It is found that the pulsed outputs of positive corona
discharge show spike-like and the frequency and ampli-
tude of pulse becomes high with the applied voltage ris-
ing. Besides, the characteristics changing curves of V-I
and V-frequency are consistent to results of previous
literatures.

During the periodic discharge or the chaotic discharge,
at the center in the pulse of total current density the
contribution of positive current density to the total cur-
rent density is much more than those of electron current
density and negative ion current density. Meanwhile,
even between pulses the positive current density has
the main contribution while the contribution of elec-
tron current density and negative ion current density
is nearly negligible. Furthermore, the contributions of
diverse charged-particle current densities to the total
current density are consistent to the result in research
of R. Morrow.
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9) A clear explanation on the characteristic of the steep
rising and slowly falling edges of Trichel pulse is given;
we find that the asymmetric pulsed shape of the total
current density is decided mostly by the contribution
from the positive ions current density; additionally the
contribution of electron current density leads to the
spike-like waveform of total current density.

10) We analyze the characteristics of pulses of electron
number density and the photon number density and
explain the microscopic mechanism generating the
symmetric or quasi-symmetric saw-toothed shape of
pulses. In the meantime, we find the negligible or zero
mass, fast migration velocity and short migration time
of electron and photon lead to a short burst of pulse of
electron or photon number density, a narrow width of
pulse and a symmetric or quasi-symmetric spike-like
shape of pulse.

11) It is discovered that the slow drift, long drift time and
relatively big mass of positive ion are the main reason
causing a broad width of pulses and an asymmetric
pulsed shape of positive ion number density and pos-
itive ion current density with steep rising and slowly
falling edges. Moreover, it is demonstrated that the
pulsed characteristic of total current density is deter-
mined mainly by drifting positive ions in the electric
field.

12) It is found that the strength of surface electric field
shows a reverse oscillatory pattern to the number den-
sity of positive ions (i.e. the surface electric field
strength has a pulse with slowly rising and rapidly
falling edges.). Meanwhile, we explain the interactional
relation among the positive ions, built-in field and sur-
face electric field.

Seeing that in microscopic level few theoretical researches
on chaotic discharge mechanism have been done, our dynam-
ical nonlinear model provides a method to investigate the
chaotic discharge phenomenon of positive corona. Further-
more, in this paper a microscopic physical mechanism is
proposed to explain the aperiodic discharge phenomenon of
positive corona. This intrinsic knowledge of the discharge
phenomena of positive corona is the preparation for the
guidance on experiments and application of positive corona
discharge.
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