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Abstract. The corona discharge in argon at atmospheric pressure has been studied by means of a 2D model.
The reduced characteristic derived from the experimental data has been described by linear regressions
for the different pressures and the two studied inter-electrode distances thus confirming the validity of
Townsend’s approximation also in case of point to plane configuration and argon as process gas. The model
validated this hypothesis which has been attributed to the minor influence of space charge in the ionization
zone. Its effect is, on the other hand, more significant in the drift zone where the electric field is greatly
enhanced, leading, for higher currents, to the formation of a spark gap. Electron and ion distributions allow
the influence of structural (electrode configurations and distance) and operative (pressure and discharge
current) parameters to be evaluated including the current loss due to diffusion through different confining

boundaries.

PACS. 52.80.Hc Glow; corona

1 Introduction

A corona discharge is characterized by a highly non-
uniform electric field due to the small dimensions of at
least one electrode (for example a sharp edge or a thin
wire) [1,2]. The electric field has very high values in its
proximity (active electrode), E ~ 107 Vm~!, whereas in
the remaining gap it is a few orders of magnitude lower:
E =~ 10*-10° Vm~!. Typical electrode configurations em-
ployed in experimental apparatus allowing for this field
strength are: point-to-point, point-to-plate, coaxial cylin-
ders with radius r and R (r < R), parallel thin wires.

The corona discharge has been the object of many
studies remarking different discharge features according to
the process gas, the polarity of the corona and its steady or
pulsed mode of operation [3,4]; the influence of electrode
geometry and gas flow rate in air [5,6] and Nitrogen [7];
the influence of chamber temperature [8]; ion mobility
measurements [9]; optical emissions [10]; positive corona
discharge in gas mixtures [11,12], photocurrents produced
by a helium corona [13] and recently in the removal of toxic
components from industrial flue gases [14,15].

Numerous numerical models of corona discharge have
been proposed. In references [16,17] a wire-to-cylinder
corona discharge is modeled. Further refinements of the
model include a radial temperature gradient [18]. Recent
papers have focused on positive [19] and negative [20] DC
coaxial corona discharge. Others have been mostly ad-
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dressed to glow corona in air [21] and nitrogen [22] both in
positive and negative pulsed mode. Usually the 1D mod-
eling has been employed without making allowances for
geometric effects. This approach tends to ignore or con-
sider negligible phenomenon such as charged particles dis-
tribution, radial losses of charges, estimations of different
current, contribution to Faraday’s cup detectors. In addi-
tion to this effect, the influence of electrodes geometry, the
electric field distribution and the presence of a flow pat-
tern can be studied more realistically using a 2D approach.
In the present paper a 2D model has been adopted to de-
scribe a positive corona in argon in a needle-plate config-
uration. The transport equation for the charged particles
and the Poisson’s equation have been solved adapting and
exploiting the features of a commercial multi-physics tool,
disclosing the possibility to model a corona discharge in
applied and engineering problems. The numerical results
have been tested against the experimental data obtained
for different discharge currents, gas pressures and elec-
trode gap distances.

2 Experimental set-up

A point-to-plate electrode has been adopted for the
present experiment. A nickel-plated steel needle with a
curvature radius r &~ 25 um and a stainless-steel plate of
10 mm diameter have been employed as anode and cath-
ode respectively. The distance between the electrodes, that
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Fig. 1. Experimental set-up.

is regulated through a bellows, has been set to 1 mm and
2 mm.

The corona discharge is ignited, as illustrated in Fig-
ure 1, inside a closed cylindrical chamber (diameter 35 mm
and length 200 mm) (1). The chemically pure argon
(99.999%) (11), is passed through a mass flow controller
(10) and a gas purifier (9) which reduces its impurity con-
tent (O2, CO, COq2, Ha, H20) to 1 ppb level. During the
system warm-up period, the outlet gas is vented through
a purge line (12). After this stage, the argon flows into
the corona chamber. The argon pressure in the chamber
has been varied between 1 x 10% and 1.54 x 10° Pa.

The chamber is also joined to a vacuum system includ-
ing a turbomolecular pump (7) and a dry rotary pump
(8). The system is evacuated, before each experimental
measurement, to maintain the chamber and the electrode
surfaces clean. A Leybold Membranovac gauge is used to
monitor the pressure in the chamber. The power supply
(3) is a DC high voltage source offering up to 6 kV. The
load resistance (4) is R = 100 MQ) with a current inten-
sity ranging from about 1 to 8 pA. Corona currents are
recorded, at the ends of a resistance (5) R = 10 k{2, using
a LeCroy 9304 AM oscilloscope (6).

3 Characteristics

The well-known Townsend’s equation [4] is generally em-
ployed to describe the I — V' characteristic in air in a
coaxial wire cylinder geometry:

I=kV(V - Tp) (1)

where [ is the corona current, V' the applied voltage, Vj
the initial corona voltage and k a dimensional constant
depending on geometrical parameters and the charge car-
rier mobility (u) in the drift zone of the discharge. Equa-
tion (1) has been derived under the approximation that
the space charge does not affect the electric field in the
ionization zone.

The currents associated with the positive corona in
argon in the present work range between I ~ 1-8 uA and
are stationary. For higher currents the corona turns into
a spark.
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Table 1. Regression coefficients of reduced characteristic for
an inter-electrode distance of 1 mm.

Pressure (Pa) K (A/V?)  Vu (V) R?
1 x 10° 5.2113 x 108 889 0.9994
1.04 x 10° 5.0094 x 108 878  0.9977
1.20 x 10° 4.6175 x 10° 962 0.9998

Table 2. Regression coefficients of reduced characteristic for
an inter-electrode distance of 2 mm.

Pressure (Pa) K (A/V?) 1 (V) R?
1 x10° 2.0005 x 10 1071 0.9999
1.04 x 10° 2.0008 x 106 1042  0.9998
1.20 x 10° 1.6758 x 10° 1098 0.9997
1.35 x 10° 1.5287 x 10° 1254  0.9976
1.54 x 10° 1.3091 x 10° 1282  0.9998
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Fig. 2. I/V characteristic at different chamber pressure, d =
1 mm.
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Fig. 3. I/V characteristic at different chamber pressure, d =
2 mm.

The reduced characteristic, I/V vs. V, derived from
the experimental data can be described, with fair agree-
ment, by linear regressions for the different pressures and
the two studied inter-electrode distances as shown in Ta-
bles 1 and 2 and Figures 2 and 3. This means that in the
studied case, the validity of equation (1) can be extended,
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Table 3. Boundary conditions.

1 2 3 1 5
877,6 (%)
Te nl’, =0 nl’, =~vynl, ne = 0 [23] nl’, =0 a_n:O
ni  nl,=0 %’;Z:o ni=01[23 nl,=0 ni =0
oV v v
Voo T V=ve n n V="Va

)9 /dn normal derivative with respect to surface.

with good degree, also to the positive corona in argon in
point to plane configuration.

The linear regression coefficients k& and V depend on
the gas pressure increase in the chamber. According to
Paschen’s law, the initial corona voltage Vj increases as
the pressure rises, for a fixed electrode distance. Instead,
for a given pressure, Vj is higher when the electrode dis-
tance is 2 mm. The angular coefficient of the linear re-
gression k decreases as the pressure goes up. This fact can
be explained considering that k is proportional to the ion
mobility u;, this latter being inversely proportional to the
pressure: k o< p; o< 1/p [24].

The linear regression coefficients, corresponding to the
pressure value 1.04 x 10° Pa, represent an exception to
the described behavior. The I/V-V characteristic is al-
most identical to the curve corresponding to the pressure
value 1x10° Pa, as shown in Figures 2 and 3. In this case,
the small pressure difference is not sufficient to clearly
separate the corresponding characteristics.

The effect of pressure variation has been taken into ac-
count by correlating the pressure increase in the chamber
to the measured argon gas flow rate, as shown in Figure 4;
charged species transport due to gas convection has been
neglected. The gas has been chosen to flow parallel to ions
drift motion (from tip to plate). The discharge character-
istic presents a significant dependence of the current on
the argon pressure resulting in a low discharge current as
the pressure is increased.

4 Corona model

For the mathematical description of the positive corona
discharge, the transport equation for electrons and ions,
together with the Poisson’s equation for the electric field
have been used. As source term in the electron and ion
equation, the Townsend’s formula has been considered.
The equations are:

A (Devne + MeEne) = —Qne |ye| (2)
V- (D;Vn; — iEn;) = —an. |u,| (3)
1
V-E=—e(n; —ne) (4)
=]

where n, and n; are the electron and ion densities; p.,
D., p; and D; are the mobility and diffusion coefficient
for electrons and ions; wu, is the electron drift velocity; o
is the ionization coefficient given by:

—Bp

a=Ape™®

(5)
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Fig. 4. Pressure increase as a function of argon gas flow rate.

where A and B are coefficients proper of the specific gas;
p is the chamber pressure; E is the electric field and F its
modulus. In equations (2, 3) the recombination term has
been omitted being many orders smaller than the ioniza-
tion term.

Zero density for ions and pure convective flux for elec-
trons boundary conditions are imposed at the anode. Pure
convective flow for ions is set at the cathode whereas, at
the anode, the electron current density,

Le = *Devne - ,Ufeﬂne

is maintained proportional to the ion current density, I5,
according to the following relation

nl', = —ynl;. (6)

The constant of proportionality v accounts for secondary
electron emission by ion impact, electron emission from
the electrodes by UV radiation generated in the discharge
and by metastable atoms impinging on the electrodes, n is
the normal vector to the surface. In Table 3 the boundary
conditions adopted for the solution of the set of equa-
tions (2—4) are listed, referring to Figure 5 for the calcu-
lation domain.

The conditions on boundaries 3 and 4 are worth some
comments: the problem domain, in fact, should in princi-
ple comprehend the whole chamber; in order to reduce the
calculation domain, virtual boundary 3 and 4 have been
placed sufficiently far from the needle tip as to minimally
affect the discharge: symmetry conditions have been set
on these boundaries for the electric field. Furthermore, in
order to have non-zero ion current, zero ion density condi-
tion has been set on boundary 3. The radial distribution
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Fig. 5. Scheme of calculation domain.

Table 4. Parameters used in equations (2—4) [24].

Quantity Units

wip 19 m?*V~1s7! Pa
e 4.4 x 10°m?V~1s7! Pa
Dep 8.4 x 10 Pa m?s™*
D;p 0.5 Pa m?s™1

v 1.1x 107

A 9m~! Pa~!

B 135 Vm ™' Pa™*

of ion density computed at the anode confirms that the
discharge takes place in a region inside the reduced do-
main.

The parameters used in the equations are summarized
in Table 4. The ion diffusion coefficient has been computed
according to the Einstein’s relation at a temperature of
300 K. The value of v has been fitted so that, for a gap
distance of 1 mm, the computed current at 1100 V matches
the experimental value of 1.2 pA.

Mobility and diffusion parameters are considered con-
stant throughout the whole discharge region. This is a sim-
plification as they depend on the gas and electron temper-
ature; moreover, ion mobility is affected by ion molecule
reactions like Ar™ + 2Ar — ArJ + Ar taking place in the
gap region. This reaction represents the most probable
reaction in UHP argon, whose reaction rate constant is
K = 4.4 x 10~*3m5 /s [25]. The average Ar* lifetime can
be estimated with the following equations:

dnArJr dnAr2+

+ +
= - n’K, =n™ 2K
dt dt
+ + _Kn?
nAr _ n(/)\r e Kn=t (7)

where n is the neutral gas density. The Ar™ lifetime turns
out to be of about 1078 s (n is about 2 x 10** m™3 in
standard condition). During this period of time ions travel
a distance of 2 x 107 m in presence of an electric field
of 10" V/m and 2 x 1075 m with a field of 106 V/m. This
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Fig. 6. Electric field intensity along the symmetry axis with
and without space charge: V= 1200 V, I = 1.9 pyA, P =
10° Pa.
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Fig. 7. Ion and electron density distribution along the sym-
metry axis: V =1200 V, I = 1.9 pA, P = 10° Pa.

means that most of the inter-electrode gap is populated
by Arj ions.

Equations (2—4) have been solved iteratively by set-
ting a positive electric potential, V4, at the anode and
grounding the cathode, Vo =0 V.

5 Discussion of results

A needle electrode with a tip radius of 25 pym placed at a
distance of a few millimeters from a plane electrode cre-
ates steep electric field gradients close to the tip. For this
reason, an adapted grid with elements dimension ranging
from 107 m to 107% m has been employed.

The gap between the electrodes can be divided into
two separate regions: a region close to the needle where
ionization processes take place, and a drift region where
practically only ions are present. The first region is char-
acterized by a high electron density (1014-10m=2) and
a strong electric field (107 V/m). In the drift region, on
the contrary, the electron density and the electric field go
down to values of 101°-10¥m=3 and 10°-10°V/m (see
Figs. 6 and 7). The ion density presents a maximum in
the ionization region (~10® m~2) reducing of about one
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order of magnitude in the drift region. The effect of space
charge can be appreciated by comparing the electric field
with and without its influence (see Fig. 6): in the ioniza-
tion region the electric field intensity is slightly lowered
by the space charge passing from E,,.,; = 2.5 x 107 V/m
t0 Emaz,, = 1.9 x 107V /m for a corona current of 1.9 yA.
This effect can thus be associated with a mild stabi-
lizing effect on the ionizing process. However this re-
sult does not contradict the assumption that the space
charge does not affect significantly the electric field in
the ionization zone (Townsend’s approximation). On the
other hand, major effects are evident in the drift region:
the electric field increase is more marked passing from
Emin = 1.85 x 10° V/m to Ein,. = 6.33 x 10° V/m;
the space charge effect, in this case, tends to increase the
electric field and thus to intensify the ionization process.
If this phenomenon is protracted at higher currents the
corona turns into a spark (see Fig. 16).

In Figures 8 and 9 the spatial distribution of electrons
and ions is illustrated. Electrons are concentrated in the
narrow ionization region close to the tip. In the same re-
gion the ion cloud is generated and spreads sensibly to-
wards the cathode. The spreading is mainly due to dif-
fusion phenomena. Figures 10 and 11 show a fairly good
agreement between computed and experimental I-V char-
acteristics. In particular the variations of the I-V char-
acteristic with pressure and distance are quite well re-
produced. Computed currents are slightly overestimated
for a gap distance of 2 mm. The general behavior of the
characteristic quantities of the discharge can be summa-
rized as follows: electron and ion densities increase raising
the applied potential, V', as a result of the higher elec-
tric field, F, and thus of the ionization coefficient growth,
« (see Figs. 12 and 13); In particular, the electron den-
sity in the ionization region changes from ne,,,, = =
8.5 x 10 m™? to ne,,,, .. = 3x 10 m~? for an applied
voltage passing from 1100 V to 1900 V, whereas in the
cathode proximity ne,,,, = 1.2 X 10" m=3 goes up to

Nemarions = 3-2 X 101 m™2; for the ion density n;,,, =

1.6x10¥ m=3 becomes Mipariooo = D-D X 10 m=3 and

n; = 3.5 x 10"m=3 n, = 9 x 10*m™?
mariioo mar1900

for the same regions; for the electric field Enaz,,0, =
1.91 x 107 V/m gets t0 Emazy0, = 1.66 x 107 V/m in
the first region and from Epaz,,,, = 6.4 X 10°V/m to
Ermaziep = 1.7 x 105V /m in the second (see Fig. 16)
due to space charge effects. Figures 14 and 15 show the
radial distribution of electrons and ions at the cathode
plate for different applied potentials. It can be observed
that for identical discharge current I = 1.2 pA, both
charged particles densities and the electric field increase
with increasing the pressure as illustrated in Figures 17
and 18 for two inter-electrode distance: 1 and 2 mm. In
this case, the reduction of the ionization coefficient o due
to the pressure increment (see Eq. (5)) is more than com-
pensated by the higher voltage required to sustain the
imposed current. In fact, for an inter-electrode distance
of 2 mm and a current I = 1.2 pA, qpqee grows from
Qmazp, = 4.5 x 10° m~! at Py = 10° Pa and an ap-
plied potential of Vi = 1400 V (in Eq. (5) Emas has been
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Fig. 8. Distribution of electron density close to the needle tip:
V =1200V,I =19 uA, P = 10° Pa. A color version of the fig-
ure is available in electronic form at http//www.eurphysj.org.
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Fig. 9. Distribution of ion density: the region close to the
needle tip is represented, V = 1200 V, I = 1.9 yA, P = 10° Pa.
A color version of the figure is available in electronic form at
http//www.eurphysj.org.
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Fig. 10. Comparison between experimental and computed I-V
characteristic; d = 1 mm.
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Fig. 11. Comparison between experimental and computed I-V
characteristic; d = 2 mm.
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Fig. 12. Electron density along symmetry axes for different
applied voltages; d = 1 mm, P = 10° Pa.
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Fig. 13. Ion density along symmetry axes for different applied
voltages; d = 1 mm, P = 10° Pa.

considered) to Qmazp, = 9.5 X 10° m~! at P, = 1.5 x

10° Pa and an applied potential of V; = 1750 V.

As it can be expected, the ion cloud at the cathode
plate becomes wider for higher gap distance (see Fig. 19).
In this case, the effect of a more pronounced diffusion can
be estimated calculating the current loss due to diffusion
across side 3 of Figure 5. For a fixed value of corona current
I = 2.6 pA the calculated drift current due to diffusion is
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of 1.7 x 10~ pA and 2.6 x 10710 A for a gap of 1 and
2 mm respectively.

A comparison has also been made for an inter-electrode
distance of 2 mm by changing the boundary condition
for the potential on side (3) of Figure 5. In case of
0V /Onls = 0, the current lost by diffusion across side (3)
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represents the 0.003% of the total discharge current at
1 pA and about 0.014% at 6 pA as illustrated in Fig-
ure 20. In case the boundary on side (3) is kept at Vo
potential, nI’, = vnl';, and dn;/dn|s = 0, the radial
current ranges between about 3 and 6.5% of the total cur-
rent (see Fig. 21).
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As previously mentioned, constant mobility and dif-
fusion coefficients have been used in the mathemati-
cal formulation of the model. In literature different val-
ues of argon ion mobility are reported: for example,
Von Engel gives values of p;p of 16 m?V~1s~! Pa and
26.5 m? V=1s7! Pa for Art and Ar?* respectively [26]. In
order to evaluate the influence of variations of ion mobility,
the I-V characteristics of the corona discharge have been



122

calculated for different values of ion mobility (Fig. 22). A
higher value of ion mobility produces steeper I-V char-
acteristics. Due to the sensitivity of ion mobility on I-
V' characteristics, it is reasonable to argue that energy
issues can play a role on the general behavior of the dis-
charge: in fact, mobility and diffusion lengths are quan-
tities that depend on charged particles temperature and
neutrals temperature and density, these depending ulti-
mately on discharge parameters. These aspects are left
for discussion of future papers.

6 Conclusions

The corona discharge in argon at atmospheric pressure has
been studied by means of a 2D model.

The reduced characteristic derived by the experimen-
tal data has been described, with fair agreement, by linear
regressions for the different pressures and the two studied
inter-electrode distances thus confirming the validity of
Townsend’s approximation. This hypothesis has been val-
idated by the model due to the minor influence of space
charge in the ionization zone. Its effect is, on the other
hand, more significant in the drift zone where the electric
field is greatly enhanced, leading, for higher currents, to
the formation of a spark gap. Electron and ion distribu-
tions allow the influence of structural (electrode configura-
tions and distance) and operative (pressure and discharge
current) parameters to be evaluated including the current
loss due to diffusion through different confining bound-
aries.
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