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Abstract
The glow-to-arc transition of a convection-stabilized atmospheric pressure air discharge is 
numerically investigated. Two separate models are considered: a one-dimensional axisym-
metric time-dependent fluid model of the positive column, describing the thermal-instabil-
ity, and a sheath model of a cold cathode describing the field-emission instability, which 
must then be properly matched together. The fluid model considers the most important 
chemical reactions in air plasma, including thermal ionization in atomic collisions. The 
radial electric field in the plasma is obtained from the Poisson equation. The voltage–cur-
rent characteristic of the discharge is simulated for a time-varying current up to 300 mA. It 
is found that at some critical value slightly above 200 mA, the contraction of the positive 
column arises from a vibrational–translational energy relaxation. The subsequent increases 
in the discharge current density in the positive column drive in turn a field-emission insta-
bility in the cathode, which is accompanied by a large voltage drop. Simulation results are 
validated against available experimental data.

Keywords Glow-to-arc transition · Thermal instability · Field-emission instability · 
Numerical simulation · Voltage–current characteristic

Introduction

It is widely accepted that in an atmospheric pressure glow-type discharge in the intermediate-
current regime [1–4], the discharge structure is consistently contracted, resulting in a relatively 
high-gas temperature. However, despite this contraction, the discharge remains quit far from 

 * E. Cejas 
 cejasezequiel87@gmail.com

1 Grupo de Descargas Eléctricas, Departamento Ing. Electromecánica, Facultad Regional Venado 
Tuerto, CONICET, Universidad Tecnológica Nacional, Laprida 651, Venado Tuerto, Santa Fe, 
Argentina

2 Departamento de Física, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, 
Buenos Aires, Argentina

3 Instituto de Física Interdisciplinaria y Aplicada (INFINA), CONICET–Universidad de Buenos 
Aires, Buenos Aires, Argentina

http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-023-10438-4&domain=pdf


 Plasma Chemistry and Plasma Processing

1 3

kinetic equilibrium. This discharge can be considered as a ‘hybrid’ or filament discharge [5], 
sharing some common features with (diffusive) glow and (thermal) arc discharges [2, 4]. Addi-
tionally, it has been observed that at atmospheric pressure, a raising in the discharge current 
can disturb the discharge stability. This disturbance leads to the emergence of inhomogeneous 
modes caused by instabilities, which ultimately initiate the transition to an arc discharge, i.e., 
the glow-to-arc transition [5, 6].

According to the recent review work [7], there is still no wide consensus on the causes that 
lead to instability. Phenomena in the cathode region (characterized by large electric field val-
ues in self-sustained discharges) as well as processes in the plasma itself can contribute to this 
transition [8, 9]. There are at least two recognized (linked) mechanisms resulting in the glow-
to-arc transition for a discharge operating with a cold cathode: (i) the so-called thermal insta-
bility, which causes contraction and thermalization of the discharge; and (ii) field-emission 
instability, which causes a shift from ion-impact emission to field-emission of electrons from 
the cathode surface [5].

Although constriction phenomena in atmospheric pressure discharges have been inten-
sively investigated experimentally (see, e.g., [10]), the number of numerical investigations 
reported in the literature is not extensive. Numerical studies have been conducted principally 
at moderate pressure (p = 50–500 Torr) in atomic [11] as well as in molecular gases [12–14]. 
However, because those simulations do not include both thermal ionization reactions and cath-
ode phenomena, they cannot simulate the transition to the arc phase. More recently [15] also 
a numerical investigation of a DC discharge in atmospheric pressure nitrogen gas in a tube 
with a thermionic cathode was developed under the one-dimensional approach. The model 
simulates several stages of the discharge, spanning from the Townsend to the arc regime in 
the current density range of  10−1–103 A/cm2. The results suggest that the main mechanism of 
gas heating is vibrational–translational relaxation, accompanied by energy release in chemical 
reactions. At present there is no published numerical investigation involving both the phenom-
ena in the cathode-sheath and the processes in the plasma that lead to the arcing transition of 
an air discharge at atmospheric pressure.

In the present study, a one-dimensional axisymmetric time-dependent fluid model is used 
to simulate a convection-stabilized atmospheric pressure air glow-type discharge. The elemen-
tary processes occurring within the positive column which are responsible for the thermali-
zation of the discharge are examined. The model is coupled to an extended fluid model of 
the high-pressure cathode-sheath in a cold cathode [16] which accounts for the field-emission 
instability. The current–voltage characteristic of the discharge is investigated up to 300 mA. 
Simulation results are validated against available experimental data.

Numerical Model

Two separate models are considered: a one-dimensional axisymmetric time-dependent fluid 
model describing the thermal-instability in the positive column, and a sheath model of a cold 
cathode describing the field-emission instability.
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Plasma Model

The discharge simulations were conducted for experimental conditions like those used in 
[2]. The discharge is generated between two flat copper electrodes aligned vertically and 
separated by an atmospheric air gap of L = 3 mm. The cathode is cooled with water. The 
polarity of the electrodes is set using a full-wave semiconductor rectifier bridge without 
a filter located in the secondary side of the high-voltage AC power transformer (25 kV, 
50 Hz) with high-stray reactance (95.3 ± 0.5 kΩ). The impedance of the transformer pro-
vides negative feedback between the discharge current and voltage without the use of 
external ballasts. The stray capacitance of the circuit (due to the wiring and electrodes 
geometry) is C ≈ 30 pF. The discharge current I is regulated through a variable autotrans-
former located in the primary circuit. The voltage V of the discharge was measured using a 
high-voltage probe (Tektronix P6015A, 1000X, 3pf, 100 MΩ) connected to an oscilloscope 
(Tektronix TDS 2004C with a sampling rate of 1 GS/s and an analogical bandwidth of 
70 MHz), while the discharge current was inferred through a 100 Ω shunt resistor. Note 
that the measured current not only contains the conduction (plasma) current, but also the 
small displacement current derived by the parallel stray capacitance. The electrode sur-
faces were polished between successive discharge ignitions to remove any contaminant 
from the electrodes.

A one-dimensional approach, in which the dependence of the plasma parameters is 
only on the radial coordinate r, is used to simulate the positive column of a convection-
stabilized discharge in atmospheric pressure air as in [2]. For such conditions (gap lengths 
larger than 1  mm, much larger than typical discharge radii of the order of 0.1  mm) the 
radial gradients of the discharge parameters considerably exceed those along the discharge 
and the heat losses to the electrodes due to thermal conduction are negligible small [17]. 
However, the weak longitudinal (along the axis of the vertical column) flow effects caused 
by natural convection were considered.

The model includes time-dependent continuity equations for neutral species, ions, and 
electrons,

in the drift–diffusion approximation [5],

In these equations, the subscript k refers to the k-th species, being [nk] its corresponding 
number density. D is the diffusion coefficient, μ the particle mobility, q the electric charge, 
Er the strength of the radial electric field, and τ the timescale of convection flow. The dif-
fusion coefficients of neutral species are obtained from data at 300 K [18] and corrected by 
gas temperature [19]. The mobilities of charged particles are obtained from [20–22]. The 
diffusion coefficients of charged particles are obtained from the corresponding mobilities 
through the Einstein relation. The term S represents the rate of production and destruction 
(negative in this case) of the species k due to the reaction i.

The average vibrational energy εV of the  N2 molecule and the average translational 
energy of the neutral species (gas) are described through the corresponding energy balance 
equations,
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The average vibrational energy of the nitrogen molecule and its vibrational temperature 
Tv are related through the equation �V = qℏ�∕

[

exp
(

qℏ�∕
(

kBTV
))

− 1
]

 . Here, ℏ ω is the 
vibrational quantum of the  N2 molecule (= 0.29 eV) and �V

(

Tg
)

 its equilibrium vibrational 
energy value for Tv = Tg [12, 17, 19, 23]. kB is the Boltzmann constant. The vibration–trans-
lation relaxation time (V–T), �VT , considers the relevant V–T relaxation processes in nitro-
gen–oxygen mixtures [19]. The dependence of the rate of V–T relaxation by O atoms on 
the gas temperature is taken from [24]. σ is the electrical conductivity (= q [ne] µe) and Ez 
is the axial component of the electric field strength. The coefficients �V and �T represent the 
fraction of electronic energy transferred to the vibrational and translational modes, respec-
tively. QR is the energy transfer to the gas due to the fast electronic–translational relaxation 
(E–T) [24, 25] in reactions of electron-impact predissociation and electron–ion recombina-
tion. cpk is the heat capacity of the neutral species k (= 7/2 kB for diatomic molecules, 8/2 
kB for triatomic molecules, and 5/2 kB for atoms) and κ is the translational component of 
the heavy particles thermal conductivity [26].

In Eqs. (1), (3), and (4), the last term on their right-hand sides accounts for the transport 
along the axial coordinate z due to the weak longitudinal flow effects caused by natural 
convection [5, 27]. The variation of τ with r is estimated by assuming that the axial veloc-
ity of the gas follows the analytical expression [28]:

where g is gravitational acceleration, and ρ the gas density. This simple approximation 
based on the Bernoulli’s equation agrees well with the variation of v with r and discharge 
current I found in a two-dimensional numerical simulation of a natural convection-stabi-
lized low-current discharge in atmospheric pressure air [17]. The subscript 0 refers to the 
radial distribution of the corresponding quantity at T0 = 300 K.

The coupling of the fluid equations with Poisson’s equation guarantees the self-consist-
ent treatment of charged particle transport. The strength of the radial electric field, Er is 
calculated by means of the electrostatic approximation,

where � is the corresponding electrostatic potential obtained from the Poisson’s equation
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where �0 is the vacuum permittivity.
The axial electric field strength in the discharge column is obtained from Ohm’s law,

where σ is electrical conductivity and Ip the conduction current through the discharge.
The kinetic scheme used in this model is based on that proposed in [23] and used in 

[2] and [17]. A total of 40 reactions are considered in the model, which are presented 
in Appendix 1 (Table 1). Thus, Eq.  (1) was solved for a scheme that included reactions 
involving neutral molecular and atomic species  (N2,  O2, NO,  O3,  N2O,  NO2, N and O), ions 
 (NO+,  N2

+,  O2
+,  O+, O−,  O2− y  O3−) and electrons (e). The number density of the domi-

nant species  N2 was determined by the constancy of the pressure (p =  105 Pa). Meanwhile, 
the density of  O2 was calculated from the N and O conservation considering the initial gas 
composition.

The transport and reaction coefficients of electrons are determined as functions of the 
local reduced electric field Ez/N (where N is the total neutral density) by using a Boltzmann 
solver [29]. This approach, which is typically satisfied in molecular plasmas at atmospheric 
pressure (e.g., [5, 19]), has been successfully employed to simulate the contraction of a 
glow-type discharge in nitrogen and air gases [12, 14, 30]. The reaction coefficients of elec-
trons are calculated for the mixture  N2:O2 = 4:1 [23] (they depend on the mixture composi-
tion only slightly [31]). The corresponding cross-section data are taken from [32] and [33]. 
The ‘effective’ electron temperature, Te, is assumed to be 2/3 of the mean electron energy. 
The values of ηT and ηV are determined as functions of the Ez/N values. The parameter ηT 
in (4) accounts not only for the electron energy that goes directly into gas heating through 
elastic collisions, but also those of rotational excitation of the  N2 and  O2 molecules, as well 
as of vibrational excitation of the  O2 molecules, which fast relax into gas heating through 
neutral collisions. Additionally, the reaction rates for high-threshold electron impact reac-
tions were corrected to account for the deformation in the electron energy distribution 
function calculated for the vibrationally non-excited conditions through the factor 
F = exp

(

Cz∕
(

Ez∕N
)2
)

 , where C = 6.5 ×  103 Td and z = exp
(

−ℏ�∕kBTV
)

 [5, 19, 23]. Fur-
thermore, the enhancement in the thermal dissociation rate of  N2 under non-equilibrium 
conditions was considered through the Losev β model [34, 35].

The rates of the processes of thermal ionization in atomic collisions (R7) and of elec-
tron recombination with  NO+ ions (R8) were taken from various authors [36–40]. The pre-
sented results were obtained for rates (R7) and (R8) taken from [38] and [40] respectively. 
However, the influence of the relatively large uncertainties in the reaction coefficients of 
processes (R7) and (R8) on the critical value at which the plasma contraction occurs is also 
assessed (see below).

The model radial domain is uniformly discretized into a 200-cell grid. The radius R of 
the domain was taken large enough so that the variation of R as well as the boundary con-
ditions at r = R have a negligible influence on the model calculations. At the discharge axis 
(r = 0) rotational symmetry conditions (∂/∂r = 0) are assumed, while at r = R free boundary 
conditions (∂/∂r = 0) are considered for all plasma quantities except for the gas temperature 
and potential, for which Tg (r = R) = T0 and φ(r = R) = 0, is used.
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At the initial instant, the radial profile of the gas temperature was specified, and the den-
sities of the main neutral species were assumed to be equal to their equilibrium values. The 
initial distributions of charged particles as well as the gas temperature were described by 
a Gaussian-like radial profile. The specific values used for these initial conditions have no 
significant impact on the simulation results. Because of the stiffness of the equations, the 
temporal step was 1.0 × 10−10 s during the glow-type phase but had to be strongly reduced 
to 1.0 × 10−15 s at the early stages of the arcing transition due to the shortening of time 
scales associated with different plasma processes which reduce the time step needed for an 
accurate numerical integration.

Balance Eqs.  (1), (3), and (4) are solved using the implicit Crank–Nicholson scheme 
[41]. The drift–diffusion fluxes in (1) were approximated using the exponential differ-
ence scheme [42]. For 200 cells, calculations demonstrate that the ratio of potential drop 
between two adjacent cells to the local electron temperature remains significantly lower 
than unity (less than  10−2) throughout the entire radial coordinate, thus providing confi-
dence on the accuracy of using the exponential difference scheme [43]. Furthermore, the 
accuracy of the results was verified by repeating the simulation with a grid consisting of 
600 cells (i.e., by reducing the radial thickness of the cells by a factor of 3) at the expense 
of a significant increase in computational cost. The differences found in the radial distribu-
tions of the different plasma variables were less than 5%.

The Poisson Eq.  (7) was solved by the relaxation method based on the Gauss–Seidel 
iteration scheme with successive over-relaxation [41].

The experimentally inferred current and voltage waveforms of the discharge are shown 
in Fig. 1. At these experimental conditions, the discharge was unstable. Figure 1 shows that 
at some critical value slightly above 200 mA the discharge voltage suddenly drops as the 
discharge regime changes to an arc, and then rises again for some lower current value when 
the discharge returns to a glow. Similar voltage disturbances have been previously observed 
[44, 45].

The inclusion of the external circuit into the model is not necessary because the tempo-
ral evolution of the axial electric field in the discharge is self-consistently determined from 
(8) for the measured current data. It should be noted that the discharge current waveform 
under the condition considered [2] is almost independent of the discharge parameters since 
the current is mainly controlled by the high impedance of the external circuit transformer. 
On the other hand, the discharge voltage (or axial electric field) reflects the elementary pro-
cesses that occur within the plasma column as well as in the near-electrode sheaths (mostly 
the cathode). Calculations show that the displacement current through the small stray 
capacitance of the circuit is negligibly small compared to the conduction current, even dur-
ing the arcing transition when it reaches a value < 0.1 mA.

Cathode Model

A one-dimensional fluid model is used to simulate the underlying processes leading to 
the field-emission instability at the Cu cathode of an atmospheric pressure air discharge. 
The model aims to study the glow-to-arc transition in which the field electron emission 
(given by the Fowler–Nordheim equation) replaces secondary emission due to the inten-
sification of the non-local ionization processes within the cathode-sheath as the current 
density increases. The model simulates the cathode fall voltage–cathode current density 
(VC–jC) characteristic within the broad cathode current density range of 1 to  102 A/cm2; 
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highlighting three different stages of a typical self-sustained quasi-stationary discharge: 
from the normal glow discharge, through abnormal glow discharge, to the onset of the arc-
ing transition. A detailed description of the model can be found in [16].

The specific conditions on the cathode surface have a strong effect on determining the 
critical value of the cathode current density at which the field-emission instability devel-
ops according to the Fowler–Nordheim equation. For the conditions considered in [16] (a 
cathode work function φC = 2 eV and a field enhancement factor β = 15) the model predicts 
that the field-emission instability arises when the cathode current density is larger than a 
critical value of 10 A/cm2. Experimental data [2, 45, 46] indicates that the cathode current 
density is around 9–11 A/cm2 for discharge currents in the range of 100–200 mA. As this 
current range is close to the critical current value measured for the glow-to-arc transition 
(about 210 mA, as shown in Fig. 1), the data appear to support that field-emission instabil-
ity arises for a cathode current density larger than 10 A/cm2.

It should be noted that the experimental current range shown in Fig. 1 does not include 
the threshold required for the formation of a hot arc spot, which is greater than 500 mA for 
Cu cathode [47]. The latter is characterized by intensive cathode evaporation and cathode 
temperature high above the boiling point. This arc takes place almost independent on the 
environment pressure [5]. These conditions cannot be described within the frame of the 
cathode-sheath model [16].

To join both models, the (average) current density in the cathode jC (which is the input 
of the cathode model) should be linked with the radial profile of the current density simu-
lated in the positive column by the fluid model,

where j(r = 0) is the axial value of the current density in the positive column correspond-
ing to each measured discharge current value, AC is the area of the cathode, and A* is the 
effective discharge area (defined by I/j(r = 0)). Unlike low-pressure glow discharges that 
have the same current density in the positive column as in the negative glow (i.e., AC ≈ A*), 
at atmospheric pressure the current density in the positive column is typically higher than 
that of the cathode. The value of the ratio AC/A*, was properly chosen so that the thermal-
instability in the positive column as well as the field-emission instability in the cathode 
occur simultaneously for some critical value of the discharge current.

Anode phenomena are unessential to describe the glow-to-arc transition [5]. The minor 
anode fall was included in the calculations as a constant value. Since no data at atmos-
pheric pressure air can be found in the literature, it was estimated by extrapolating the lin-
ear pressure dependence of the anode fall in the air pressure range of 20–200 Torr reported 
in [5] to 760 Torr.

Within the frame of the coupled model (cathode and plasma) the discharge voltage is 
determined by adding the voltage drop across the positive column (= Ez × L), which is cal-
culated by the plasma model through (8) for each value of the measured discharge current 
waveform, together with the cathode fall, which is calculated by the cathode model from 
the VC–jC characteristic using (9); and the anode fall as a constant value.

(9)jC =
j(r = 0)

AC∕A
∗
,
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Numerical Results and Comparison with Experimental Data

Figure  2 shows axial values of electron temperature, gas temperature, and vibrational 
temperature of the  N2 molecules versus the discharge current. As the discharge current 
increases the gas temperature increases, thus leading to a significant decrease in the depar-
ture between the vibrational and gas temperatures. This can be attributed to the strong 
dependency of the V–T energy relaxation rate on the gas temperature. Most of the electron 
power (ηV ~ 0.82–0.90) is transferred to the vibrational modes of  N2 molecules, accord-
ing to the values of the mean electron energies (< 1  eV). At some critical current value 
slightly above 200 mA, a significant increase in the vibrational temperature (within a time 
of the order of 100 μs) results in a further rise in the gas temperature through intensifica-
tion of V–T relaxation processes, mainly by collisions between  N2 molecules and O atoms. 
The gas undergoes rapid heating at a rate of 5 ×  106 K/s, eventually reaching a tempera-
ture of around 5800 K. The vibrational temperature experiences also a significant increase 
at a rate of approximately 1 ×  107  K/s, bringing it close to the electron temperature due 
to the substantial increase in electron density (as shown in Fig. 4). However, this energy 
is not completely transferred to the gas due to an incomplete V–T relaxation. This high 
rate of increase in gas temperature indicates the onset of thermal instability, resulting in 

Fig. 1  Current and voltage wave-
forms of the discharge. At a criti-
cal value slightly above 200 mA 
a voltage drop is observed as the 
discharge momentarily changed 
to an arc and then reverted to a 
glow

Fig. 2  Axial distribution of the 
electron (Te), vibrational (TV), 
and gas (Tg) temperatures versus 
the discharge current. Available 
experimental data for the gas 
temperature are also presented
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the thermalization and contraction of the discharge column [5, 48]. The fast E–T relaxa-
tion also plays a role during the contraction of the discharge (contributing to about 10% 
of the V–T relaxation), mainly through electron–ion recombination. Experimental data [4, 
49–51] are also shown in Fig. 2. Considering that there is a limited amount of experimental 
data available for the conditions considered, the agreement with the simulations is reason-
ably good.

Figure 3 shows the axial values of the number density of several neutral species versus 
the discharge current. Up to a current value of 60 mA, the primary production of N and 
O atoms is attributed to vibrational non-equilibrium thermal dissociation of  N2 molecules 
(R12) and electron-impact dissociation of  O2 molecules (R6), respectively. The destruction 
of O atoms gradually changes from the three-body recombination (R18) and (R19) to the 
reaction (R26), which becomes the dominant mechanism. The mechanism of destruction 
of N atoms is primarily governed by (R25), but then switches to (R24). The production of 
NO molecules is mainly governed by (R25) up to a current value of 60 mA, above which 
the dominant mechanism becomes (R26). The destruction processes shift from ion conver-
sion reaction (R39) to reaction (R24). Some underestimations in the neutral densities of 
O (as well as NO) may be expected for low current values because the O atoms are also 
produced via quenching of excited states of  N2 molecules. Above 60 mA the production 
of O atoms is mainly due to (R24), while the formation of N atoms is governed by (R26). 
For currents higher than 90 mA the reactions (R24) and (R26) are mutually balanced. For 
currents higher than 200 mA (Tg > 5000 K), which corresponds to the thermalization of 
the discharge, the densities of neutral particles are close to their corresponding equilibrium 
values [52].

Figure 4 shows the axial values of the number densities of several ions and electrons in 
the plasma versus the discharge current, while Fig. 5 shows the corresponding time-evo-
lution of the electron number density. For currents higher than 20 mA the dominant ion is 
 NO+. The numerical densities of negative oxygen ions resulting from electron attachment 
is negligible compared to that of  NO+ ions (and hence negligible in comparison to the 
electron number density). This implies that electron attachment does not play a substantial 
role in this discharge. For discharge currents greater than 200  mA, the electron density 
undergoes a sharp increase of approximately one order of magnitude when the discharge 
contraction occurs. This is also highlighted in Fig.  5, where the discharge contraction 

Fig. 3  Axial number density of 
neutral species (N, O, and NO) 
versus the discharge current
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(occurring at about 3.2 ms according to the current waveform given by the external circuit) 
is indicated by an arrow. The electron density then stabilizes again at a high value (of about 
5 ×  1020  m−3) due to the increase in the recombination rate favored by the decrease in elec-
tron temperature. The electron density in the arc phase approaches its equilibrium value 
corresponding to the gas temperature [52]. The simulated electron density shows good 
agreement with available experimental data [53–55].

Figure 6 shows the different mechanisms involved in the production and loss of elec-
trons at the axis of the plasma column versus the discharge current. The changes in the 
ionization kinetics in the glow phase as the discharge current increases are well known in 
the literature (e.g., [2, 23, 31]). The dominant charge production mechanism undergoes 
a progressive change with increasing discharge current (or gas temperature), from direct 
electron-impact to thermal ionization. For currents higher than 80 mA, when the gas tem-
perature is rather high (Tg > 4200 K), the dominant process of production of electrons is 
the thermal ionization in atomic collisions (R7). For low discharge current values, some 
imbalance in the ionization processes is observed, mainly caused by the time-variation of 
the discharge current with a timescale of 10 ms (as shown in Fig. 1). Indeed, for currents 

Fig. 4  Axial distribution of sev-
eral mechanisms involved in the 
production and loss of electrons 
versus the discharge current

Fig. 5  Axial distributions of the 
number density of several ions 
and electrons versus the dis-
charge current. Available experi-
mental data are also presented
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higher than 200 mA a sort of detailed balance is observed between thermal ionization (R7) 
and dissociative recombination (R8) due to the reduction of the electron–ion recombina-
tion timescale caused by the rapid growth of the electron density.

Figure 7 shows the axial values of the reduced electric field (1 Td ≡  10−21 V  m2) versus 
the discharge current. For currents higher than 80 mA (Tg > 4200 K) the thermal ionization 
(R7) leads to a sharp drop in Ez/N to ~ 10 Td. This small value of the reduced electric field 
favors kinetic equilibrium in the plasma column as shown in Fig. 2. The decrease in the 
electron temperature (linked by the reduction in Ez/N through the local field approxima-
tion) is expected because the production rate of electrons through the process (R7) does not 
depend on Te.

Figure 8 shows the axial component of the electric field versus the discharge current. The 
contraction of the plasma column is marked by an abrupt decline in the axial electric field, 
which is accompanied by a significant increase in electron density (Fig. 5 and 6). The simu-
lated electric field is in good arrangement with available experimental data [2, 45, 55, 56].

Figure 9 shows the current density at the discharge axis and the cathode-fall voltage VC 
versus the discharge current. The contraction of the plasma column is marked by an abrupt 

Fig. 6  Time-evolution of the 
number electron density accord-
ing to the discharge current 
waveform shown in Fig. 1. The 
arrow indicates the discharge 
contraction

Fig. 7  Axial distribution of the 
reduced electric field versus the 
discharge current
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increase in the current density from ~ 35  A   cm−2 to over 170  A   cm−2. This contraction 
induces in turn the field-emission instability in the cathode leading to a sharp decrease of 
the cathode-fall to ~ 140 V. This value of the cathode-fall is greater than that corresponding 
to a high-current arc (~ 10 V), but lower than that of a glow with a Cu cathode (~ 360 V) 
[2]. Such a chain of causal events, leading to the arcing transition, occurs for a critical cur-
rent density in the cathode of ~ 10 A/cm2. This corresponds to the ratio AC/A* ~ 3.5. How-
ever, because the current density in the positive column sharply grows during contraction, 
the simulation results are not very sensitive to the used value of the ratio AC/A*. Previous 
works [2, 45, 46] indicate that the ratio AC/A* varies in the range 2–6 for the current regime 
of 100–200 mA. It is important to note that the radii of the emission discharge and the cur-
rent discharge may not be equivalent, and their values, as well as their ratios, may depend 
on the experimental conditions [25, 27]. The simulated current density is in good agree-
ment with available experimental data [2, 45, 54] for the glow-phase regime.

Figure 10 shows the radial distribution of the current density in the positive column for 
several discharge currents. For currents higher than 210 mA the development of the ther-
mal instability in the positive column results in a rapid formation of a quasi-equilibrium 
hot narrow tube. The characteristic radius of the tube is in the same order as the length of 
the region where the electrons move through diffusion during its recombination lifetime.

Fig. 8  Axial component of the 
electric field versus the discharge 
current. Available experimental 
data are also presented

Fig. 9  Current density at the 
axis of the positive column and 
cathode-fall versus the discharge 
current. The contraction of the 
plasma column is marked by an 
abrupt increase in the current 
density accompanied by a similar 
decrease in the cathode-fall. 
Available experimental data for 
the glow-phase regime is also 
presented
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Figure 11 shows the simulated and measured voltage–current characteristic curve of the 
discharge for the conditions depicted in Fig. 1. The discharge voltage follows the previ-
ously depicted changes in both the ionization mechanisms in the discharge column and 
the phenomena at the cathode as the discharge current increases. The agreement between 
the model and the experimental data is good. The relatively large uncertainties in the reac-
tion coefficients of the processes of thermal ionization (R7) and dissociative recombination 
(R8) influence the critical value at which the plasma contraction occurs. Calculations show 
that the uncertainty in the critical current value caused by the uncertainties in the reac-
tion coefficients of the processes of thermal ionization (R7) and dissociative recombination 
(R8) is within the range of 120–260 mA. This current range contains the measured value.

Fig. 10  Radial distribution of the 
current density in the positive 
column for several discharge 
currents. The formation of a 
quasi-equilibrium hot narrow 
tube is observed at a critical cur-
rent value above 210 mA

Fig. 11  Voltage–current 
characteristic of the discharge. 
Symbols: experimental data, 
lines: calculations



 Plasma Chemistry and Plasma Processing

1 3

Conclusions

The glow-to-arc transition of a convection-stabilized atmospheric pressure air discharge 
with a copper cathode was numerically investigated. The two interrelated key mechanisms 
resulting in the glow-to-arc transition were simulated. The calculations show that:

1. At some critical value slightly above 200 mA the contraction of the positive column 
arises. The gas temperature experiences a rapid increase at a rate of approximately 
5 ×  106 K/s, primarily attributed to the V–T relaxation process. Additionally, the electron 
number density undergoes a significant increase while the axial electric field decreases, 
leading to the thermalization of the discharge.

2. The subsequent increase in the discharge current density in the positive column drives 
in turn a field-emission instability in the cathode when its current density reaches some 
critical value above 10 A/cm2. This transition is accompanied by a large voltage drop.

3. The simulated voltage–current characteristic curve agrees well with experimental 
data. The uncertainty in the critical discharge current value is within the range of 120–
260 mA, caused by the uncertainty in the rate coefficients that govern the ionization 
balance in the high-temperature air.

Appendix 1

See Table 1.
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