Journal of Physics D: Applied Physics

PAPER You may also like

- Simulation of Geocell-Reinforced

Simulation of pre-breakdown discharges in high- Eoundaon Using Parcle Fow Code
. . uan Hou, Sitong Liu, Xianggian Lu et al.
pressure air: |l. Effect of surface protrusions

- Field Enhancement Effect in High-Altitude
Nuclear Electromagnetic Pulse Electric

. . . . Eield Measurement

To cite this article: N G C Ferreira et al 2021 J. Phys. D: Appl. Phys. 54 255203 Jinghai Guo, Xutong Wang, Yinhui Cheng

etal

- Nano-enhanced!
Anna Demming

View the article online for updates and enhancements.

A physicsworld live webinar by HUBNER Photonics

Ultrafast lasers: Innovative femtosecond lasers for
multiphoton application

2 p.m. GMT 24 November 2022

Join the audience HUBNER Photonics ﬂ

This content was downloaded from IP address 193.136.232.254 on 21/11/2022 at 15:42


https://doi.org/10.1088/1361-6463/abf372
https://iopscience.iop.org/article/10.1088/1755-1315/861/3/032069
https://iopscience.iop.org/article/10.1088/1755-1315/861/3/032069
https://iopscience.iop.org/article/10.1088/1742-6596/2033/1/012082
https://iopscience.iop.org/article/10.1088/1742-6596/2033/1/012082
https://iopscience.iop.org/article/10.1088/1742-6596/2033/1/012082
https://iopscience.iop.org/article/10.1088/0957-4484/21/34/340201
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvtJzfd06XtxfCfsOr3qcb6oUZUWfZTMUIBMZkjplz3iOGec-Ek20jh8-I58qQkmDybUUsVoR3ajhhd0dvasd1RHtnvS14b_9Dc2NV_KbuoNwDdnPg-EQZ8VIQI7J92rDmaThb0fnlztQoDXdBcXtmi3_zXNNbET8Vnkj4M-_-9N9ZMJkfpZqOB2riQjj59zxfjap2igUjm6uKrSwEaNDkeTbGXWafbb2Ocr_FfYLO7n-o5mZcvYaJElcsBkA_BPj96jxlDVjhbWJXmvVdt2zpyZkBTItjcZMzCzEidj92haw&sai=AMfl-YQACeLF8l6R3k4CPvF4Mm0vQo3iSqF0aHrWVyYepGEazamk43aoxSKBQyPK1gZLWzzewxVaGSRe8h8xkIYZWA&sig=Cg0ArKJSzB9bNrIzKxl9&fbs_aeid=[gw_fbsaeid]&adurl=http://bit.ly/3gbLwhS

10OP Publishing

Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 54 (2021) 255203 (10pp)

https://doi.org/10.1088/1361-6463/abf372

Simulation of pre-breakdown discharges
in high-pressure air: ll. Effect of surface

protrusions

N G C Ferreira'>@®, G V Naidis’

and M S Benilov'>*

! Departamento de Fisica, FCEE, Universidade da Madeira, Largo do Municipio, 9000 Funchal, Portugal
2 Instituto de Plasmas e Fusio Nuclear, Instituto Superior Técnico, Universidade de Lisboa, 1041 Lisboa,

Portugal

3 Joint Institute for High Temperatures, Russian Academy of Sciences, Moscow 125412, Russia

E-mail: benilov @staff.uma.pt
Received 8 February 2021, revised 13 March 2021

Accepted for publication 30 March 2021
Published 14 April 2021

Abstract

®

CrossMark

Analysis of deviations from the similarity law, observed at high and very high pressures in
experiments on discharge ignition and breakdown in corona-like configurations, can serve as a
useful, albeit inevitably indirect, source of information about microprotrusions on the surface of
the electrodes. In this work, such analysis was performed by means of 2D numerical modelling.
Conical or cylindrical protrusions on the surface of the inner electrode were studied and the
kinetic scheme includes the electrons, one species of positive ions, and negative ions O, , O™,
and O5 . It is shown that the deviations from the similarity law, observed in the experiment, may
indeed be attributed to enhanced ionization of air molecules in regions of amplified electric field
near the microprotrusions. A qualitative agreement with the experiment in all the cases is
achieved for protrusion heights of the order of 50 pm. Such values may appear rather high,
however there is no other explanation in sight at present. The enhancement of the field electron
emission from the surface of the negative electrode due to the amplification of the electric field
on the microprotrusion was estimated and found insignificant in the range of values of the
protrusion aspect ratio where the enhanced ionization in the gas phase is already appreciable.

Keywords: gas discharge modelling, surface protrusions, breakdown of high-pressure air

(Some figures may appear in colour only in the online journal)

1. Introduction

A ‘minimal’ kinetic model of plasmachemical processes in
low-current discharges in high-pressure air was formulated
and validated in the preceding work [1]. In this work, the
model is used for analysis of deviations from the similar-
ity law, observed at high and very high pressures in exper-
iments on discharge ignition and breakdown in corona-like
configurations.

It is well known that current—voltage characteristics
of field electron emission from cold cathodes in vacuum

* Author to whom any correspondence should be addressed.

1361-6463/21/255203+10$33.00

follow approximately the Fowler-Nordheim formula with the
applied electric field being multiplied by the so-called field
enhancement factor, which is of the order of 102 or higher;
e.g. reviews [2—4] and references therein. Various mechanisms
for the enhancement have been postulated, the most popu-
lar being amplification of the applied (average) electric field
by microprotrusions present on the cathode surface. The con-
ventional problem with this hypothesis is that in order to
explain the aforementioned values of the enhancement factor,
the microprotrusions are assumed to be quite slender (needle-
like), and such protrusions are not normally seen on electrode
surfaces; e.g. section 3.1 of [2] and [4]. Another popular mech-
anism is a local reduction of the work function of the cath-
ode material, caused by, e.g. lattice defects or adsorbed atoms.

© 2021 IOP Publishing Ltd  Printed in the UK
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Figure 1. Breakdown voltage in uniform field in air for various air
pressures p and gap widths d. Full triangles, open triangles, full
circles: data from figure C1 of [7] (figure 5.23 of the book [8]).
Diamonds: data from figure 6 of [9]. Open circles, full squares: data
from figure 7 of [6]. Crosses: data from figure 15 of [10]. Open
squares: data from figure 6 of [11]. Lines: modelling with account
of enhanced field emission with 5 = 50. Adapted from [12].

However, this effect seems to be insufficient to explain the
observed values of the field emission current; e.g. [4, 5]. Other
interesting hypotheses proposed in the literature include ‘non-
metallic’ electron emission mechanism [2] and enhancement
of field emission by waves confined to the metal surface (plas-
mons) [4]. Thus, there is still no widely accepted understand-
ing, in spite of several decades of active research, and this
hinders the prevention of the vacuum breakdown in technical
devices, e.g. in particle accelerators.

The effect of enhanced field emission from the cathode sur-
face was considered also in gas discharge physics, in partic-
ular, in connection with deviations of measured breakdown
voltage of plane-parallel gaps from Paschen’s law. An example
is shown in figure 1. Triangles and full circles represent
measurements in medium gaps and pressures and constitute
the well-known Paschen curve. Diamonds represent measure-
ments in microgaps at atmospheric pressure; the breakdown
voltage is substantially lower than the voltage determined by
Paschen’s law. Open circles, squares, and crosses represent
measurements at very high pressures, which are substantially
lower than the voltage determined by Paschen’s law as well.
Note that the experimental data [6] have been obtained in a
concentric-cylinder geometry, rather than in the plane-parallel
geometry as all the other data shown in figure 1; however,
the cylinder radii (90 mm and 95 mm) were much larger than
the gap width, thus the nonuniformity of the electric field was
negligible.

Deviations from the Paschen law occurring at atmospheric
pressure in microgaps are important for operation of micro-
electromechanical and nanoelectromechanical systems and
are under intensive investigation; e.g. [13-22] . Such devi-
ations are conventionally described by introducing a field
enhancement factor 3 into the Fowler—Nordheim field emis-
sion equation and estimating 3 by fitting experimental data
on gas breakdown; e.g. values 5 = 50 and S = 55 are

considered in [23] and [13, 19], respectively. As an example,
results of computations [12] of the self-sustainment (break-
down) voltage with § = 50 are shown by the dashed line in
figure 1 for p = 1 bar over a wide range of gap widths d. (Note
that the computations [12] have been performed by means of
a model of low-current discharges in air, similar to the ‘min-
imal’ model [1] and described in the next section. However,
the computations [12] refer to the parallel-plate geometry and
therefore were one-dimensional. The electron emission cur-
rent was set equal to sum of the field emission current, evalu-
ated with the electric field at the cathode surface enhanced by a
factor of 3 and the work function of 4.5 eV, and the secondary
electron emission with the effective coefficient of 10~*. The
voltage corresponding to the initiation of a self-sustaining dis-
charge was computed, which for the parallel-plate geometry is
usually assumed to coincide with the breakdown voltage). As
expected, the computed breakdown voltage follows Paschen’s
law for d 2 20 pm and is below the Paschen values for smal-
ler gap widths, in qualitative agreement with the experimental
data.

Note that the field enhancement factor used in such-type
macroscopic modelling is not the same as the one determ-
ined by fitting field electron emission currents from cold cath-
odes in vacuum by Fowler-Nordheim plots, which refers not
to the entire cathode surface but rather to an ‘emission area’,
extracted from the Fowler—Nordheim plot (e.g. [24]). On the
other hand, the field enhancement factor determined by fit-
ting field electron emission currents by the Fowler-Nordheim
plots is usually much higher than the above-mentioned value
of around 50, which should to a certain extent compensate the
difference between the areas.

Deviations from the Paschen law occurring at very high
pressures, seen in Figure 1 in the range pd 2 50 bar mm, have
been known for several decades [10, 23, 25]: as the air pres-
sure p in high-voltage air insulation systems increases, the
breakdown voltage first increases proportionally to p, then
the increase slows down and starting from pressures of the
order of 10 atm becomes very slow. Recent surge of interest
in this topic [6, 26] is motivated by the possibility to use high-
pressure air as a replacement for SF¢ for high-voltage insu-
lation, due to removal of SF¢ from industrial applications for
environmental reasons.

The early authors [10, 23, 25] hypothesized that the reason
of these deviations is the field emission from the negative
electrode enhanced by micrononuniformities. Assuming this
hypothesis, one can try to describe this effect in the same way
as indicated above for the case of microgaps, i.e. by intro-
ducing a field enhancement factor 3 into the electron emis-
sion equation. As an example, the solid line in figure 1 depicts
the breakdown voltage computed with 8 = 50 for d = 5 mm
over a wide range of pressures. As expected, the breakdown
voltage follows Paschen’s law for p < 10 bar and saturates
for higher pressures, in qualitative agreement with the experi-
mental data. It should be stressed that the value 8 = 50, used
in these computations, is the same as the value of 3 that gave
the qualitative agreement with the experiment for microgaps
(the dashed line). We note for completeness that in the range
pd <1072 bar mm the breakdown voltage computed for
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d = 5 mm (the solid line) is higher than values given by the
experimental Paschen’s law (full circles). This can be attrib-
uted to the local electric field approximation, used in the mod-
elling for evaluation of the transport and kinetic coefficients
of electrons, loosing its validity: d is no longer large compared
with the electron energy relaxation length and the electron dis-
tribution function has to be described by a non-local model
[27-30].

The saturation of the breakdown voltage for pressures
p 2 10 bar may be understood as follows in the framework of
this hypothesis. Field emission comes into play for cathodes
with a work function of 3—4 eV at a local field strength at the
cathode surface exceeding 10° V m~!. For 3 = 50, this cor-
responds to an average field of the order of 2 x 107 V m™!
and to a breakdown voltage of the order of 200 (d/ cm) kV.
For d = 5 mm, this gives the breakdown voltage of the order
of 100 kV, comparable with the value of 130 kV at which the
solid line in figure 1 reaches saturation. It is interesting to note
that modelling for the gap d = 0.5 mm gave the saturation
voltage of 13 kV, which, on the one hand, agrees in order of
magnitude with the above simple estimate, and on the other
hand means that the computed breakdown voltage starts devi-
ating from the Paschen law at lower pd values than the data
for the 5 mm gap shown by the solid line. Similarly, model-
ling for p = 10 bar gave a line which is shifted by an order of
magnitude in the direction of higher pd with respect to the dot-
ted line, computed for 1 bar, and approaches the Paschen curve
at a larger pd, significantly to the right of the minimum. Thus,
both a decrease in the gap length d and an increase in pressure
p narrow the range of applicability of the Paschen law.

Another early author [11] made strong arguments explain-
ing the saturation of the breakdown voltage at high pressures
not by field emission (or at least not only by field emission),
but rather by the enhanced ionization of neutral gas molecules
in regions of increased electric field near the protrusions on the
surface of the positive or negative electrodes. Recent workers
[6, 26] supported this hypothesis by evaluation of the ioniza-
tion integral.

Thus, the deviations of measured breakdown voltage of
plane-parallel gaps from Paschen’s law, observed in microgaps
and at very high pressures, may be described in the same way
as deviations of field electron emission from cold cathodes in
vacuum from the Fowler-Nordheim formula, i.e. in terms of
enhancement of electron emission that may occur due a variety
of reasons, such as amplification of the applied electric field by
microprotrusions present on the cathode surface, local reduc-
tion of the work function of the cathode material, ‘nonmetallic’
electron emission mechanism, plasmons. There is an altern-
ative explanation for deviations from Paschen’s law at very
high pressures, and this explanation is specifically related to
the supposed existence of microprotrusions on the electrode
surfaces: enhanced ionization of neutral gas in regions near
protrusions.

The situation may be clarified by considering deviations
from the similarity law observed at very high pressures in
corona inception and breakdown voltages for discharges on
positive cylindrical electrodes of small radii [11, 31]: cath-
odic phenomena are irrelevant and enhanced ionization of

neutral gas in regions near protrusions on the anode surface
appears to be the only possible explanation. In this work,
the measurements [11, 31] are analyzed from this point of
view by means of numerical modelling. It is shown that the
deviations from the similarity law, observed in the experi-
ment, may indeed be attributed to enhanced ionization of air
molecules in regions of enhanced electric field near micropro-
trusions on the anode surface. Given the absence of any other
plausible explanation, this conclusion may be considered as
an indirect evidence of the existence of microprotrusions on
the electrode surface. Moreover, analysis of the experimental
data allows estimating dimensions of the microprotrusions in
conditions of these experiments.

The outline of the paper is the following. Section 2 contains
an overview of the model of low-current discharges in high-
pressure air and the kinetic scheme used. Results of computa-
tion of the ignition voltage (voltage corresponding to the initi-
ation of a self-sustaining discharge) in high-pressure air under
conditions simulating the measurements [11, 31] are repor-
ted and discussed in section 3. Conclusions are summarized
in section 4.

2. The model

The model and the kinetic scheme of low-current discharges
in air at pressures of the order of atmospheric and higher,
used in this work, is similar to the ‘minimal’ model [1], with
the changes introduced in [32]. In brief, the model includes
equations of conservation and transport of charged species,
written in the drift-diffusion approximation, and the Poisson
equation. The kinetic scheme includes the following charged
species: the electrons, one effective species of positive ions,
and the negative ions O, , O~ and O3 . The ions produced in
air by the electron impact ionization are N;r and 02+ . Ions O;L
are generated also by the photoionization, which is produced
by UV radiation emitted by N, molecules excited by electron
impact. The N2+ ions in air at pressures about 1 atm and higher
are rapidly converted into O;r . One channel of such conver-
sion is the fast charge transfer reaction N;L + Oy — O;r + N».
Another channel comprises a three-body conversion process
of N;r and N, molecules into the Nj{ ions, followed by the
charge transfer from Nj{ to O,. Therefore, the positive ions in
the ionization (active) zone are represented mostly by 02+ .
The plasmachemical processes include electron impact ion-
ization, photoionization, two-body (dissociative) attachment,
three-body attachment, photoionization, collisional detach-
ment from O, associative detachment from O, charge trans-
fer from O~ to O;, conversion of O~ to O5 , and ion-ion and
electron-ion recombination. The photoionization was evalu-
ated by means of the three-exponential Helmholtz model [33].
The possible formation in the drift zone of the complex ions
Oj{, Oy and, in the case of humid air, cluster ions (comprising
one or several H,O molecules) [34, 35] was taken into account
in the choice of the mobility of the effective positive ion spe-
cies and the ions O, as discussed in [32]. The diffusion coeffi-
cient of each ion species is related to its mobility through Ein-
stein’s relation with the corresponding ion temperature, which
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was evaluated by means of the Wannier equation. Since the
modelling of this work is aimed at computing the discharge
ignition voltage and the neutral gas is still cold at the discharge
ignition, the neutral gas temperature is set equal to 300 K. The
boundary conditions are conventional and the same as in [1]
with exception of the boundary condition for electrons at the
cathode, where, in addition to the secondary electron emission,
also taken into account are electron losses to the cathode due
to the chaotic motion.

Note that the ‘minimal’ model was validated in [1] by
a comparison of the computed inception voltage of corona
discharges with several sets of experimental data on posit-
ive and negative glow coronas between concentric cylinders,
over a wide range of pressures and diameters of the cylin-
ders, and on positive coronas in the rod-to-plane configura-
tion. The changes introduced to the model in [32] did not affect
the inception voltage, the parameter computed in [1], and the
updated model was validated by a comparison of the computed
steady-state corona parameters with time-averaged measure-
ments data in DC corona discharges in point-plane gaps in
ambient air over a wide range of currents of both voltage polar-
ities and various gap lengths.

The model was implemented on the computational platform
COMSOL Multiphysics® and solved with the use of station-
ary solvers. The following interfaces were used: electrostat-
ics (the Poisson equation), transport of diluted species (the
equations of conservation and transport of charged species),
with the default consistent stabilization (streamline and cross-
wind diffusion) activated, and coefficient form (the Helmholtz
equations). While in the preceding work [1] the logarithmic
formulation of the species conservation equations was used,
which is a frequent choice in the modelling of cold gas dis-
charges, the original formulation, where the dependent vari-
ables are the species number densities, was used in this work.
The reason for this is that the original formulation has been
found to be much more efficient for the steady-state modelling
required for the computation of the discharge ignition voltage,
reported in this work, similarly to what was found in the corona
simulations reported in [32].

The aim of the modelling was to compute the voltage cor-
responding to the initiation of a self-sustaining discharge (the
ignition voltage) for each discharge geometry over a wide
range of gas pressures. The initial step for each geometry was
to find the ignition voltage for one pressure value using the
eigenvalue approach developed in [36]. After that, the con-
trol parameter was switched from the discharge voltage to the
discharge current and the gas pressure was gradually varied
until the whole range of pressure values of interest has been
covered. The solution computed for each value of gas pres-
sure was used as an initial approximation for the computation
with the next value. The discharge current was kept fixed at this
stage and it was ensured that the current is sufficiently low not
to affect the computed voltage.

3. Results and discussion

The aim of modelling of this work is to study qualitatively the
effect of microprotrusions, present on the surface of the inner

Inner electrode Inner electrode

| ) | b)

|ﬁm_2Hm |ﬁm=2Hm
_______ _ Y-

| |

| |

| |

| |

| |

| |

I h | |h

| |

| |

| |

: Gas : Gas

| |

| |

| |

| |

Figure 2. Schematic representation of the conical (a) and
cylindrical (b) protrusions.

electrode, over the discharge ignition voltage under conditions
of experiments with concentric cylinder electrodes in high to
very high pressure air, reported in [11, 31].

If the electrodes were smooth, the concentric cylinder
geometry could be simulated using a one-dimensional (1D)
model. 3D models are, strictly speaking, required in order to
study the effect of protrusions on the surface of the inner cylin-
der, except for a special case of protrusions having the shape of
long ridges parallel to the cylinder axis, where a 2D model is
sufficient. However, multidimensional modelling in the gen-
eral case requires resolving a thin ionization zone along the
entire surface of the inner electrode, and this makes 3D models
heavy computationally, so their use for a qualitative investig-
ation is unwarranted.

In this work, concentric sphere electrodes are considered
with a single cylindrical or conical protrusion on the surface
of the inner electrode. Due to the axial symmetry, the mod-
eling is 2D and therefore not too heavy. Since different pro-
trusions come into play under different conditions, the pres-
ence of several microprotrusions acting in close proximity is
unlikely. (This may be untrue for arrays of identical protru-
sions; see the beginning of section 4 below.) On the other hand,
microprotrusions that are not located close to each other do
not interact. Since the electric field distributions in the vicin-
ity of small protrusions of the same geometry on cylindrical
and spherical electrodes are close to each other, the assumed
computational geometry should allow studying the influence
of protrusions at least qualitatively.

Results reported in this work refer to conical protrusions
with a 60° full aperture angle and a spherical tip with a radius
of 2 pm and cylindrical protrusions of a radius of 2 ym and
a (half-)spherical tip of the same radius, both of which are
schematically shown in figure 2. The protrusion height is sev-
eral tens of micrometers in both cases. It should be stressed that
while the cylindrical protrusion is slender and in line with pro-
trusions usually considered in the modelling of vacuum break-
down (e.g. [37]), the conical protrusion, proposed in [38], is
not slender and the electric field amplification is due to high
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1E, (kV/cm)

Figure 3. Ignition field on a positive electrode without protrusions
for two values of the electrode radius r. Solid: modelling, concentric
cylinder electrodes. Dotted: empirical Peek’s formula for the
ignition field of a positive corona discharge between concentric
cylinder electrodes. Dashed: modelling, concentric sphere
electrodes.

values of the ratio of the height of the protrusion to the tip
radius.

Let us designate by r and R the radii of the inner and outer
electrodes, respectively. The results reported in this work sim-
ulate experiments with the following values of these para-
meters: r = 1.2 mm, R = 48.75 mm and r = 3.18 mm,
R = 48.75 mm, which are geometries studied experimentally
in [31], and r = 6.35 mm, R = 13.5 mm, which is a geometry
studied experimentally in [11]. In the modelling, the radius of
the inner sphere was chosen equal to the radius of the inner
cylinder in the experiment being simulated. The radius of the
outer sphere was chosen equal to the radius of the outer cyl-
inder in the modelling of the experiment [11]. In the model-
ling of the experiment [31], the radius of the outer sphere was
chosen such that the discharge gap be equal to 10 mm, instead
of about 46—48 mm as in the experiment. This reduction of the
computation domain allowed reducing the number of elements
of the numerical mesh. On the other hand, this reduction did
not introduce a significant error, since the effect of the radius
of the outer electrode on the ignition field is weak, which is
well known (e.g. R does not appear in Peek’s formula for the
ignition field of a positive corona discharge between concent-
ric cylinder electrodes) and was verified in the modelling of
this work.

The comparison parameter is E,. the macroscopic
ignition electric field at the inner -electrode, defined
as E.=U./[rIn(R/r)] for concentric cylinders and
E.=U./[r(1=r/R)] for concentric spheres, where U, is
the ignition voltage.

Let us start with verifications for the case without protru-
sions. The solid lines in figure 3 represent the ignition field on
a positive electrode for concentric cylinder electrodes, com-
puted by means of the model used in this work without account

Figure 4. Ignition field on a positive electrode, r = 1.2 mm. Lines:
modelling without account of protrusions (solid) and with account
of a conical (dashed) or cylindrical (dotted) protrusion of height h.
Points: experiment [31].

of protrusions, for two of the above-mentioned geometries:
r=12mm, R =4875mmand r = 6.35 mm, R = 13.5 mm.
The dotted lines depict the corona ignition field at the surface
of a positive inner cylinder (wire) given by equation (1) of [31],
which is one of variants of empirical Peek’s formula. The solid
and dotted lines are very close to each other for both geomet-
ries; an additional validation of the model.

The dashed lines in figure 3 represent the ignition field cal-
culated for concentric sphere electrodes with » = 1.2 mm,
R =112 mm and r = 6.35 mm, R = 13.5 mm. The differ-
ence between the ignition fields computed for the concentric
sphere and cylinder electrodes is relatively small. As expected,
the difference is smaller for the wider electrode, r = 6.35 mm;
cf e.g. figure 4 of [39].

The effect of protrusions is illustrated by figures 4—7. The
lines in these figures were computed for concentric sphere
electrodes without account of protrusions (solid) or with
account of a conical or cylindrical protrusion of a height
h on the inner electrode (dashed and dotted, respectively).
The points in figures 4 and 5 represent the discharge ignition
field estimated from the experimental corona-starting voltage
reported in [31], in the pressure range p < 5 atm, where a pre-
ceding corona discharge was observed prior to sparkover, and
from the sparkover voltage [31] for higher pressures, where a
preceding corona discharge was not observed. The points in
figures 6 and 7 represent the discharge ignition field estimated
from the experimental breakdown voltage [11].

Figures 4-6 refer to the ignition field on positive electrodes
of different radii. In all the cases, the computed ignition field is
close to the experimental values in the pressure range of 0.5—
3 atm, where the effect of protrusions is negligible and the sim-
ilarity law and Peek’s formula hold. As expected, the presence
of a protrusion results in a reduction of the macroscopic igni-
tion field due a higher local electric field and, consequently,
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Figure 5. Ignition field on a positive electrode, r = 3.18 mm. Lines:
modelling without account of protrusions (solid) and with account
of a conical (dashed) or cylindrical (dotted) protrusion of a height of
50 pm. Crosses: modelling, concentric cylinder electrodes with a
ridge protrusion of height 4. Points: experiment [31].
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Figure 6. Ignition field on a positive electrode, r = 6.35 mm. Lines:
modelling without account of protrusions (solid) and with account
of a conical (dashed) or cylindrical (dotted) protrusion of height A.
Points: experiment [11].

substantially increased ionization in the vicinity of the protru-
sion. The effect comes into play at pressures of the order of
5 atm. As expected, the larger the assumed protrusion height
h, the lower the computed ignition field is. A cylindrical pro-
trusion produces a stronger effect than a conical protrusion of
the same height, although the difference is not very substantial.
A qualitative agreement with the experiment in all the cases is
achieved for protrusion heights of the order of 50 um. Such
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Figure 7. Ignition field on a negative electrode, » = 6.35 mm. Lines:
modelling without account of protrusions (solid) and with account
of a conical protrusion of a height of 60 um (dashed, dotted, and
dash-dotted lines), for various values of the secondary electron
emission coefficient . Points: experiment [11].

values seem rather high, however there is no other explanation
in sight at present.

For comparison purposes, also shown in figure 5 are results
of simulations for concentric cylinder electrodes with a long
ridge at the surface of the inner cylinder, parallel to the cylin-
der axis. These simulations were 2D as well, but performed in
the Cartesian coordinates (x,y), rather than in the cylindrical
coordinates (r,z) as the simulations for concentric sphere elec-
trodes with a conical or cylindrical protrusion. The ridge had
a 60° full aperture angle and a cylindrical rounding of a radius
of 2 pum at the tip, i.e. the transversal (perpendicular to the cyl-
inder axis) cross section of the ridge was the same as the axial
cross section of the conical protrusion. The crosses in figure 5
refer to two values of the ridge height, 60 pm and 160 pm.
One can see that ridge protrusions must have a bigger height
than conical ones for a comparable effect.

The experimental data [11] shown in figure 6 manifest
saturation of the breakdown field in the range p = 30 atm,
whereas the modelling does not. However, one should note
that the author [11] mentioned that the measurements were
uncertain at higher pressures and a reproducible breakdown
voltage measurement was hard to perform.

For completeness, let us consider the effect of protrusions
in the case of negative polarity (the inner cylinder being the
cathode). The experimental data from [11] for the negative
polarity under conditions comparable to those of figure 6 are
shown in figure 7. One can see that the deviations from the
similarity law for the negative polarity are qualitatively sim-
ilar to those for the positive polarity, however at high pressures
the breakdown voltage for the negative polarity is, somewhat
surprisingly, higher than for the positive polarity. Note that a
similar effect has been observed in conditioning experiments
described in [40]: at application of DC high voltage to a plane-
plane gap with a 4 mm diameter sphere at one of the electrodes
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Figure 8. Bidimensional distribution of the logarithmic density of the negative ions O in the vicinity of a conical protrusion of a height of
50 pm at the surface of a positive electrode. Density in m >, Discharge current 10™!* A, r = 3.18 mm. (a): p = 1 atm. (b): p = 5 atm.

in air at pressure of 30 bar, the first breakdown voltages for a
positive potential at the sphere were considerably lower than
the corresponding values for the negative polarity.

In the case of negative polarity, primary electrons are sup-
plied to the ionization zone at the inner electrode by the elec-
tron emission from the electrode surface, rather than by pho-
toionization as in the case of positive polarity. Two electron
emission mechanisms need to be considered: secondary elec-
tron emission and field emission. The modelling shown in
figure 7 was performed for various values of v the effective
coefficient of secondary electron emission without account of
the field emission. The ignition field on the negative electrode
varies with v as one could expect, and the presence of the
protrusion significantly enhances this variation. The latter can
be understood as follows. In the case without protrusions, the
electric field at the cathode surface is close to the critical field,
i.e. the field value at which the electron impact ionization is
just sufficient to balance the electron attachment. The elec-
tron impact ionization rate coefficient grows very rapidly with
the increasing electric field in this field range, and minor dis-
charge voltage variations are sufficient to compensate signific-
ant variations in the number of primary electrons, caused by
variations in . In the case with the protrusion, the electric field
at the protrusion is appreciably higher than the critical field;
the field dependence of the electron impact ionization rate
coefficient in this field range is less strong, hence variations
in the discharge voltage, caused by variations in +y, are more
significant.

The maximum average electric field at the surface of the
negative electrode under conditions of the experiment [11] is
5 x 107 V. m~!; cf figure 7. The electric field at the tip of a
protrusion of a height of 50 um, given by the axially symmet-
ric electrostatic simulations, is higher by the factor of approx-
imately 20 or 27 for the conical or cylindrical protrusions,
respectively, and thus is close to 10° V m~!. The latter value
is too low for the field emission to be appreciable. Indeed, the
field emission current evaluated from the axially symmetric
numerical modelling for conditions of figure 7 for p = 40 atm

is by six orders of magnitude lower than the secondary elec-
tron emission current even for the lowest v value considered
~ = 1073, Thus, the enhancement factor is not high enough or,
equivalently, the aspect ratio is not sufficient for appreciable
field emission. One can conclude that in these conditions the
effect of the enhanced ionization of air molecules in regions
of amplified electric field near microprotrusions at the cath-
ode surface comes into play for lower values of the aspect ratio
than the field emission.

As mentioned above, deviations from the similarity law for
the negative and positive polarities, observed in the experiment
[11], are qualitatively similar. Comparing computation results
shown in figures 7 and 6, one can conclude that the effect pro-
duced by the account of the microprotrusion in the modelling
for the cases of negative and positive polarities is qualitatively
similar as well, in agreement with the experimental data. The
fact that the experimental breakdown voltage for the negative
polarity at high pressures is higher than for the positive polar-
ity, means in terms of the modelling that the effective second-
ary electron emission coefficient at the surface of the negative
electrode is smaller than 10~°, which is a typical value char-
acterizing photoionization in this pressure range. Indeed, the
value of ~, which ensures the best agreement with the exper-
iment in figure 7, is vy = 10~8. On the other hand, this value
is unusually low. This point clearly requires further experi-
mental investigation. One could imagine, as a possible reason,
a decrease of y with increasing pressure, for example, due to
the deposition of neutral gas molecules on the metal surface,
or since cluster ions with a large number of water molecules,
formed at high pressures, do not produce secondary electrons
as efficiently as light ions.

The effect of protrusions over the computed distribution of
discharge parameters along the electrode surface is illustrated
by figure 8. The simulation conditions are the same as those
of figure 5 with a conical protrusion of a height of 50 pm.
For the atmospheric pressure (figure 8(a)), the discharge is dis-
tributed along the electrode surface in a more or less uniform
way; in other words, the effect of the protrusion is minor. The
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Figure 9. Distributions of the reduced electric field (solid) and the
ionization integral (dashed) along the discharge axis. Dotted: critical
field. Positive inner electrode, r = 1.2 mm, p = 20 atm, conical
protrusions with 4 = 50 um, r4, =2 pumand h =5 pm,

rip = 0.2 pm.

discharge ignition field is adequately described by Peek’s for-
mula. As pressure increases, the discharge starts concentrating
in the vicinity of the protrusion (figure 8(b)) and the ignition
field is lower than the value given by Peek’s formula.
Although high values of the ratio of the protrusion height to
the tip radius are required for electric field amplification and
hence represent a necessary condition for the deviations from
the similarity law at high pressures observed in [11, 31], this
condition alone is not sufficient: the protrusion height must be
not too small, otherwise the electric field decays at very small
distances from the protrusion tip and sufficient ionization is
not produced. An example is shown in figure 9. Here z is the
distance measured along the discharge axis from the protru-
sion tip, E/N is the reduced electric field, and K = foz Qerdz 18
the ionization integral (o is the effective ionization coeffi-
cient evaluated using the data [1]). Data for two conical pro-
trusions of different heights / with the same aspect ratio 1/ rp
are shown. For the protrusion with # = 50 pum, the computed
ignition field, E. ~ 364 kV cm™!, is shown in figure 4 and
agrees with the experiment as seen in the latter figure. The
total (evaluated along the ionization zone) ionization integral
is contributed by the region of z of the order of ry, (=2 pm).
For the protrusion with 4 = 5 pm, the electric field is higher
at the protrusion tip but decays in space faster, therefore the
contribution of the region of z of the order of rg;p (=0.2 um)
to the total ionization integral is no longer dominating. Unsur-
prisingly, the computed ignition field, E. =~ 836 kV cm™!, is
much higher than the experimental value shown in figure 4.
It is seen from figure 9 that the total ionization integral
characterizing the ignition of corona-like discharges strongly
depends on the geometry. This is an interesting illustration of

the limitation of the method for evaluation of ignition potential
by assuming a prescribed value for the ionization integral,
which is routinely used as a substitute for numerical model-
ling similar to the one used in this work.

4. Summary and concluding remarks

The voltage corresponding to the initiation of a self-sustaining
discharge is computed in corona-like discharge configurations
with microprotrusions on the surface of the inner electrode
over a wide range of pressures by means of 2D numerical mod-
elling. The kinetic scheme includes electrons, one species of
positive ions, and negative ions O, , O™, and O . In particu-
lar, the model describes, in a natural way, the enhanced ion-
ization of air molecules in regions of amplified electric field
near the microprotrusion. The aim of the modelling is to find
out if the latter mechanism may be responsible for the devi-
ations from the similarity law at high pressures, observed in the
experiment.

The model was applied to conditions of corona inception
and breakdown experiments on concentric cylinders over a
wide pressure range described in [11, 31]. An axially symmet-
ric geometry consisting of concentric sphere electrodes with
a single cylindrical or conical microprotrusion on the surface
of the inner electrode was considered. Since different pro-
trusions come into play under different conditions, the pres-
ence of several microprotrusions acting in close proximity is
unlikely. (Note that this reasoning does not apply to arrays of
identical protrusions, nevertheless it is interesting to mention
in this connection the recent experiments [41], which showed
little effect of the number of protrusions in the array for the
case of SF¢ but a more appreciable effect for the case COy;
figures 7, 8 and 12, 13 of [41], respectively. This is an inter-
esting point that may need to be revisited in the future.) On
the other hand, microprotrusions that are not located close to
each other do not interact. Therefore, the assumed computa-
tional geometry with a single protrusion should be sufficient
for a qualitative study while avoiding 3D modeling, which is
demanding and unwarranted at this stage. The reported results
refer to conical protrusions with a 60° full aperture angle and
a spherical tip with a radius of 2 ym and cylindrical protru-
sions of a radius of 2 pym with a half-spherical tip, the pro-
trusion heights being of several tens of micrometers in both
cases. While the cylindrical protrusion is slender, the conical
protrusion is not and the electric field amplification is due to
high values of the ratio of the height of the protrusion to the tip
radius.

For lower pressures, in the range of 0.5-3 atm, the discharge
is not appreciably affected by the presence of the protrusion
and is distributed along the surface of the inner electrode in
a more or less uniform way. The computed ignition field is
close to the experiment and to values given by empirical Peek’s
formula and increases with p approximately proportionally, in
agreement with the similarity law. For higher pressures, the
discharge concentrates in the vicinity of the protrusion and
the increase of the computed ignition field with pressure slows
down, in agreement with the experimental data. The protrusion
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heights necessary to achieve a qualitative agreement with the
experiment are of the order of 50 um in all the cases.

In the case where the inner electrode is positive, the
enhanced ionization of air molecules in regions near
microprotrusions on the electrode surface appears to be the
only possible explanation for the deviations from the sim-
ilarity law at high pressures, observed in the experiments
[11, 31]. The qualitative agreement of the simulation results
with the experiment can be considered as indirect evidence of
the existence of microprotrusions and indicates what height
of microprotrusion is necessary to produce the effect: on the
order of tens of micrometers. The protrusions need not neces-
sarily be slender; e.g. conical protrusions with a large (60°)
aperture angle and a small tip curvature radius produce a sim-
ilar effect. Ridge protrusions produce a similar effect as well,
however a bigger height or a smaller tip curvature radius is
required. This aspect is important since protrusions that are
not slender appear to be more realistic than needle-like ones.

It should be stressed that, although high values of the ratio
of the protrusion height to the tip radius are required for elec-
tric field amplification and hence represent a necessary condi-
tion for the deviations from the similarity law at high pressures
observed in [11, 31], this condition alone is not sufficient: the
protrusion height must be not too small, otherwise the elec-
tric field decays at very small distances from the protrusion
tip and sufficient ionization is not produced. Thus, while the
above-mentioned values of microprotrusion height of several
tens of micrometers may appear rather high, there seems to be
no other explanation at present.

The enhanced ionization of air molecules in regions near
protrusions on the electrode surface explains also the devi-
ations from the similarity law at high pressures observed in the
experiments [11] in the case where the inner electrode is neg-
ative. Another mechanism that may play a role in this case is
the enhanced electron emission from the cathode surface; the
same mechanism which causes deviations from the Fowler-
Nordheim formula in experiments on field electron emission
from cold cathodes in vacuum and which may occur due a
variety of reasons, such as amplification of the applied electric
field by microprotrusions on the cathode surface, local reduc-
tion of the work function of the cathode material, ‘nonmetal-
lic’ electron emission mechanism, plasmons. In this work, the
enhancement of the field emission due to the amplification
of the electric field was estimated and it was found that in
the range of values of the protrusion aspect ratio where the
enhanced ionization of air molecules in the gas phase comes
into play the field emission is still insignificant.

Modelling of this work shows that the experiments on pos-
itive corona discharge ignition and breakdown at high and very
high pressures can serve as a useful, albeit inevitably indirect,
source of information about microprotrusions on the surface of
electrodes. Unfortunately, the experimental information avail-
able is clearly insufficient. One of important questions to be
answered is the relation between the deviations from the sim-
ilarity law and the degree of polishing of the inner electrode.
Note that experimental results reported in [31] refer to four
values of the inner cylinder radius: 0.089 mm,0.216 mm,
1.20 mm, and 3.18 mm. Deviations from the similarity law,

found in the modelling with the same protrusion height of
50 pm, were comparable for all the four values. The deviations
found in the experiment [31] were comparable for the radii of
1.20 mm and 3.18 mm (cf figures 4 and 5 above), were signi-
ficantly smaller for 0.216 mm, and still smaller for 0.089 mm.
Of course, microprotrusions on different cylinders need not be
the same; in particular, it is unclear if 50 pm protrusions are
likely to occur on a wire of a radius of 89 pm. Hopefully, the
relation between the deviations from the similarity law and the
degree of polishing of the inner electrode will be addressed in
future experiments.
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