
Journal of Physics D: Applied Physics

PAPER

Reverse battery model for anodic arc discharges near atmospheric
pressure
To cite this article: Carles Corbella et al 2019 J. Phys. D: Appl. Phys. 52 485201

 

View the article online for updates and enhancements.

This content was downloaded from IP address 128.164.111.22 on 15/12/2019 at 18:13

https://doi.org/10.1088/1361-6463/ab3c71
http://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssKipAYb1mZgwdMMjRRKQUMXC1iojKP-Mt0ZKxQJXzIu0cwlndwlnLMrWZwcTvCHC2wePza4m7gqvviZ0xWBj_j-hlIgt73KC4nUtMr5QPxg4GAOp_yFOXhdQy37dCsjrf2Mq7Ep0xYFeTt243Oxr2q8q8y-2rralGRTaX4zaeF3zy5XGEhsQqCY6FjEjxLBQGbZgm4KgTCgG03gmtMIOdxrbj8Zdy_9aKRYnGfWWKAjQlkXqxd&sig=Cg0ArKJSzKb_Nkv-82wi&adurl=http://iopscience.org/books


1 © 2019 IOP Publishing Ltd  Printed in the UK

1.  Introduction

Anodic arc discharges constitute very efficient sources of nano-
materials because of the high temperatures reached and adjust-
able technological parameters, such as arc current and working 
pressure. Among the different nanomaterials, production of 
carbon nanoparticles like graphene and carbon nanotubes stand 
out mainly due to their high cristallinity and accurate control 
of structure and properties [1–4]. A recent example addressing 
compound material synthesis is the growth of boron nitride 
nanotubes by arc discharge of boron-based anodes in reactive 
atmosphere of nitrogen [5]. All the efforts towards control and 

optimization of arc nanosynthesis require deep understanding 
of the involved plasma physical processes. In general, tai-
loring of the extreme structural and functional properties of  
these materials imply detailed knowledge of the following 
fundamental steps: (1) Sublimation of the anode to generate 
gas precursor. (2) Assembly of atoms and molecules in plasma 
arc to grow nanoparticles. (3) Transport and further growth 
(agglomeration) of the created particles by diffusion and 
convection within the chamber. Finally, (4) deposition of the 
growth flux onto a substrate with adjustable temperature. These 
processes are currently under investigation from experimental 
and theoretical approaches, thereby providing up-to-date 
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Abstract
In this study, the macroscopic electrical parameters of anodic arc discharges performed 
with solid carbon and molybdenum anodes are described in terms of an equivalent circuit. 
The proposed 1D model shows that the plasma volume behaves as a dissipative medium 
combined with self-generated voltage from the plasma sheaths. This model is tested by fitting 
virtual circuits of resistors and batteries to the measured voltage–current (V–I) characteristics 
representative of atmospheric arc processes (300 and 500 Torr He), resulting in the 
identification of two phenomena relevant for arc technology. First, steady DC arc experiments 
show that a minimal arc voltage (V0  ≈  20–30 V) or threshold voltage is necessary to keep the 
plasma arc on. Second, we prove that pulsed arc discharges excited with rectangular current 
waveforms (1–5 Hz) are never extinguished but remain ignited during the inactive time of 
the pulse as long as the aforementioned threshold voltage is maintained. In summary, an 
atmospheric anodic arc discharge with solid electrodes consumes electrical power as a voltage 
source opposed to the external voltage supply together with a resistor that accounts for the 
plasma impedance. This approach permits us to estimate basic plasma parameters from simple 
electrical diagnostics, as well as to predict how power consumption is distributed within an 
anodic arc and to understand dynamics of arc plasmas excited by periodic signals.
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recipes of nanomaterial deposition by anodic arc discharges. 
Usually, the accurate description of such processes either by 
simulation tasks or analytical approaches is only possible via 
complex models that couple electrodynamic properties and gas 
kinetics of the system. The simultaneous consideration of elec-
tromagnetic and thermodynamic processes within a multicom-
ponent fluid permits therefore the construction of nanoparticle 
growth models with increasing accuracy [6].

So far, a number of studies have successfully described 
plasma dynamics of atmospheric arcs with 1D models in 
terms of basic electric parameters. In fact, the steady state arc 
discharge structure is basically composed of the sequence of 
layers: cathode sheath, arc column and anode sheath [4]. For 
instance, previous studies have successfully used voltage–
current (V–I) characteristics measured during arc growth of 
carbon nanotubes to evaluate plasma parameters like elec-
tron temperature, electron density and ion fluxes using a 1D 
approach [7, 8]. In another study, optical imaging has been 
correlated to electrical parameters of an equivalent circuit 
to analyze high pressure sparks [9]. Beyond the established 
models focused on nanoparticle synthesis, the development of 
simple models accounting exclusively for electrical properties 
of arc discharges is still missing. Such new models are very 
adequate to provide first approximation solutions to the fol-
lowing problems:

1.1.  Fast estimation of basic plasma parameters

Balance of energy absorption and power share between arc 
column and sheaths are very useful data to design more effi-
cient deposition recipes based in arc discharges. Also, the 
knowledge of such electrical parameters would provide a 
fast approach to plasma magnitudes like electron density and 
ionization rates, which otherwise are only accessible by means 
of standard plasma diagnostics. For instance, Langmuir probe 
diagnostics constitutes a very efficient but intrusive method 
of plasma parameter evaluation, since introduction of the 
electrostatic probe induces modifications in the discharge. 
Moreover, the obtained data are difficult to interpret in the 
scenario of large gradients in plasma temperature and density 
characteristic of atmospheric arc discharges. Optical emis-
sion spectroscopy (OES) is a non-invasive, experimentally 
straightforward technique where the most difficult step is 
plasma parameter evaluation due to the complexity in optical 
spectra modelling. In another example, laser techniques such 
as laser induced fluorescence (LIF) provide reliable data on 
plasma composition and parameters, but the instrumental 
preparation is relatively complicated.

1.2.  Dynamics of non-stationary, pulsed arc discharges

Such discharges have been recently introduced by Corbella 
et al [10]. Their performance addresses issues of arc instability 
and powder formation [11–13]. However, the basic mech
anisms remain unexplored. For example, the transition from 
active to inactive phases within a current pulse cycle leads 
to stable pulsed discharges in a periodic breakdown regime 
during the whole experiment. Whether such regime implies 

arc re-ignition or the existence of transient plasma stages is 
an open question. Such question urges to find an appropriate 
framework in the form of plasma model. The development 
and improvement of said model should provide an approxi-
mate picture of the basic dynamics of plasma bulk and plasma 
sheaths in front of periodic variations of arc signals (current 
and voltage). To the best of our knowledge, a 1D modelling 
approach of pulsed arc discharges with elementary circuit ele-
ments has not been reported yet, in part due to the novelty of 
such method [10]. All the aforementioned factors justify the 
convenience of the present study on electrical plasma param
eters within the framework of atmospheric arc discharges.

This paper deals with the above issues by proposing a cir-
cuit model which mimics the electrical behaviour of anodic 
arc discharges in helium atmosphere at 300 and 500 Torr. 
Carbon and molybdenum anodes have been used as example 
materials. The virtual circuit branch consists of series resistors 
and voltage sources assigned to plasma column and sheaths, 
and it is tested by studying arc discharges excited with peri-
odic current signals. The analysis of the respective V–I charac-
teristics from signal waveforms provides values of the virtual 
circuit elements: resistances of the plasma arc and voltage 
drop at the sheaths are quantified. Finally, the application of 
this model sheds light onto pulsed arc dynamics and permits 
to estimate plasma parameters.

2.  Experimental details and modelling

2.1.  Experimental setup

The anodic arc discharges were performed with an exper
imental setup described elsewhere [10, 14]. Briefly, the 
discharges were sustained between two vertically aligned elec-
trodes installed in a cylindrical stainless steel chamber, whose 
volume is 4500 cm3. Anode (lower electrode) and cathode 
(upper electrode) consisted of Poco EDM-3 graphite solid 
bars with respective diameters of 3 mm and 10 mm. A molyb-
denum anode (99.95%) with 3 mm in diameter was also used. 
The inter-electrode gap during arc discharge was comprised 
between 0 and 12 mm. Cathode position was fixed and anode 
vertical position was regulated through a computer-controlled 
stepper motor. The vessel was continuously pumped by means 
of a mechanical pump down to a background pressure lower 
than 0.1 Torr. The system was fed with helium gas (99.995%) 
up to 500 Torr through an electro valve gas input. The working 
pressure was adjusted at the gas output by means of a manual 
throttle valve. The electrodes were connected to the terminals 
of a Miller Gold Star 300SS DC power supply, which was 
used to ignite and support the arc discharge. Details regarding 
source operation can be found in the supporting information 
file (stacks.iop.org/JPhysD/52/485201/mmedia). Initially, the 
powered electrodes are brought in contact and short-circuited. 
The discharge strikes upon separation of the electrodes. The 
power supply was current-regulated and remotely controlled 
by a waveform generator. The supplied current was propor-
tional to the waveform voltage amplitude within a range from 
0 through 5 V. Hence, the maximal value of stable arc cur-
rent was approximately 150 A, whereas peak arc current was 

J. Phys. D: Appl. Phys. 52 (2019) 485201

http://stacks.iop.org/JPhysD/52/485201/mmedia


C Corbella et al

3

limited to around 250 A. Figure 1 shows the basic electrode 
configuration together with the two periodic waveform signals 
used in this study: rectangular pulse signal (1, 2 and 5 Hz with 
nominal edge time of 5 ns) and symmetric triangular signal 
(1 and 2 Hz). All electric measurements were performed with 
a 4-channel oscilloscope and a calibrated current clamp. Arc 
discharge processes were recorded by a digital camera (≈10 
frames s−1) through a glass port view protected with a strongly 
absorbing filter.

2.2.  Modelling

Here, the arc discharge is described through a simple 1D 
model. The treated region consists of the arc space comprised 
between anode and cathode. It corresponds to the arc length, 
so the considered parameters depend only on such length. 
Figure 2 shows a schematic representation of potential distri-
bution of the arc discharge within the inter-electrode gap. This 
sketch is accompanied with the proposed equivalent circuit 
model for the arc discharge. The plasma arc can be depicted as 
a series circuit with active and passive elements. The passive 
element of the circuit consists of a plasma arc resistance, Rarc, 
which is equal to the sum of cathode sheath resistance, Rs,c, 
anode sheath resistance, Rs,a, and plasma column resistance, 
Rcol. Mathematical expression: Rarc  =  Rs,c  +  Rs,a  +  Rcol. This 
component is connected in series to a voltage source, which 
is the active element of the circuit and whose voltage is the 
sum of voltage drops generated at cathode sheath, εs,c, and 
at anode sheath, εs,a. In other words: εs  =  εs,c  +  εs,a. In this 
approach, the total voltage drop across the inter-electrode gap, 
arc voltage Varc, is generated by the response of the plasma 
resistance and of the sheath voltage source to the arc current, 
Iarc. The following general expression applies to this scenario:

Varc = εs + Rarc × Iarc.� (1)

The voltage source provides a constant voltage that opposes 
to the external current supply. Thus, arc current flows from 
anode to cathode only when Varc  ⩾  εs. Otherwise, there is no 
arc current and the plasma vanishes. In this model, ionic and 
electronic contributions are not distinguished in the total cur
rent in the plasma arc. The sheath voltage source defines a 
threshold for the arc voltage so that plasma can be sustained. 
The electrical measurements in this study will be discussed 
within the context of this model. Roughly, plasma arc behaves 
as a purely dissipative medium with an opposed voltage 
source, similar to a battery with internal resistance Rarc. To 
keep a simple notation, we refer to the constant voltage drop 
from sheaths as V0  ≡  εs. The objective of this study is to eval-
uate Rarc and V0 in steady and pulsed arc discharges, and to 
discuss their correlation with basic plasma parameters.

3.  Results

3.1.  DC arc discharges: study of plasma column

The voltage drop of carbon anodic arcs at the plasma column, 
Vcol, has been obtained from the temporal evolution of the arc 
voltage at constant arc current. Varc is expected to increase 

linearly with time for a constant ablation rate. It is assumed 
that the plasma column elongation is equal to the gap sepa-
ration, since sheath thicknesses are of the order of microm-
eter [16]. The experiments were performed at 300 Torr and 
500 Torr He with arc currents of 60 A and 150 A flowing 
between the electrodes. Figure  3 shows the curves corre-
sponding to 300 Torr experiments. The linear fit on the plots 
of arc voltage versus gap separation provides Vcol and the 
sheath voltage, Vs, as indicated in the example. For a given 
discharge, the total plasma voltage drop can be expressed as 
Varc  =  Vs  +  Vcol, where Vs is considered constant because the 
sheath potential drops are practically unaffected by the gap 
length [17]. The data taken at small distances deviates from 
linearity, which is a known issue in very narrow gaps due 
to coupling between anode and cathode sheath regions [7, 
18]. Therefore, such points were not considered in the linear 
fittings. Another reason of the initially non-linear behaviour 
of arc voltage may be introduced by electrical conductivity 
decrease of the electrodes due to melting process. This effect 
is assumed to exert a low impact on arc column resistance 
because changes in electrode conductivity are absorbed into 
the values of sheath resistances Rs discussed in section 3.2. 
Electrical resistance associated to the plasma column is eval-
uated as Rcol  =  Vcol/Iarc. This resistance achieved maximal 
values between 0.01 Ω and 0.10 Ω in the present experiments. 
In a further step, the electrical conductivity of the plasma 
column, σ, has been determined from the slope of the fitted 
curve according to the expression:

σ =
x

Rcol

1
S

� (2)

where x is the gap separation and S is the plasma column 
section. In this case, S has been calculated approximating 
a column diameter equal to the anode diameter, i.e. 3 mm, 
because it is the size of the deposit on cathode surface (see 
image in figure 1). The gap separation was deduced from the 
anode length variation after each process, which matched well 
with the ablation rates  ≈2 mg s−1 at Iarc  =  60 A, and  ≈20 mg 
s−1 at Iarc  =  150 A. Such ablation rates match with the values 
reported in our previous study [10]. The values of σ at 60 A 
and 150 A in arc current were 1–3  ×  104 S m−1 and 1–2  ×  105 
S m−1, respectively (see table 1). The electrical conductivity 
in DC plasmas is proportional to electron density, ne, from the 
expression [19]:

σ =
e2ne

mevm
.� (3)

Here, me is the electron mass, e is the elementary charge, and 
vm is the electron-neutral collision frequency. This last vari-
able adopted values within the range 109–1010 s−1 according 
to the equation vm  =  ngs〈ve〉, where ng is the neutral gas den-
sity calculable from ideal gas equation; s is the collision cross 
section, which is approximately 10−16 cm2 [16], and 〈ve〉 is 
the average thermal electron velocity from a classical electron 
gas with an electron temperature Te  ≈  1 eV. The respective 
estimates of ne at 60 A and 150 A are ne  ≈  2–3  ×  1021 m−3 
and ne  ≈  3  ×  1022 m−3, which agree well with results from 
arc discharge simulations [20].

J. Phys. D: Appl. Phys. 52 (2019) 485201
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Similarly, the voltage drop corresponding to Mo arc dis-
charge has been studied by analyzing the arc voltage varia-
tion with inter-electrode distance at 300 Torr (figure 4). In 
this case, a Mo anode of 3 mm in diameter and a graphite 
cathode of 10 mm in diameter have been used. The reason 
of using carbon as cathode lies in the relatively high melting 
temperature of carbon (around 4000 K) compared to molyb-
denum melting point (2900 K). Carbon was thereby chosen 
as cathode material to avoid issues associated to melting and, 
therefore, to achieve a stable arc discharge thanks to stable 
thermionic emission of the hot cathode. Similar strategy of 
using refractory materials as cathode was followed in a recent 
study [5]. However, the Mo anode melted already at very low 
arc currents, so an experiment with DC arc discharge sustained 
uniquely at 30 A was performed. Figure 4(a) shows that the 
arc parameters were not stable with time. Such variations are 
attributed to anode melting occurring simultaneously to abla-
tion. Indeed, the progressive anode melting hinders arc sta-
bility. Figure 4(b) shows the drop with melted material formed 

on top of a Mo anode after DC arc discharge. The ablation rate 
was  ≈1.5 mg s−1, whereas anode melting was significant: the 
melted-to-ablated mass ratio is around 150. The voltage drop 
curve yields values of σ  =  2000 S m−1 and ne  =  3  ×  1020 m−3 
as calculated with equations (2) and (3). These values suggest 
that Mo anodic arc provides lower plasma density than carbon 
arc discharge, probably due to the low arc current supplied.

3.2.  DC arc discharges: study of plasma sheaths

The calculations above provided information on the electrical 
properties of the plasma column, and now we will focus on 
the electrical parameters of plasma sheaths of DC arc dis-
charges. Voltage drop at the plasma sheaths, Vs   =  Vs,c  +  Vs,a, 
is generated by the combined effect of the sheath resist
ances, Rs   =  Rs,c  +  Rs,a, and of the minimal sheath voltage, 
εs  =  εs,c  +  εs,a  =  V0. Then:

Vs = V0 + Rs × Iarc.� (4)

Figure 1.  Configuration of anode and cathode inside the plasma arc chamber together with a sketch of the measurement setup. Anode 
diameter (D  =  3 mm) and range of inter-electrode gap (x  =  0–12 mm) are indicated. The current-regulated power supply is operated in 
remote mode by means of a waveform generator. Examples of the generated waveform signals used in this study (pulsed and symmetric 
triangular) are depicted. The following signals are measured by means of an oscilloscope: CH1  =  cathode voltage; CH2  =  anode voltage 
(CH2–CH1  =  discharge voltage); CH3  =  discharge current; CH4  =  pulse signal waveform (figure adapted from [10]). Thicker connecting 
lines represent high power cables attached to the arc power source.

J. Phys. D: Appl. Phys. 52 (2019) 485201
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To determine such parameters, we need to study the variation 
of arc voltage with respect to arc current, i.e. to analyze the 
V–I characteristics of the arc discharge. These curves were 
obtained as follows. Arc discharges were sustained with vari-
able arc currents following periodic triangular waveforms at 1 
Hz and 2 Hz during several cycles. The selected frequency had 
no influence on the shape of the obtained waveforms. Figure 5 
shows examples of current and voltage waveforms applied to 

arc discharges at 300 Torr and 500 Torr with carbon electrodes. 
Mo arc discharges show arc instabilities due to melting issues. 
Thus, Mo arcs operated with variable current were not ana-
lyzed. Initially, the energized electrodes are short-circuited, 
so voltage is proportional to current according to Ohm’s law. 
The proportionality constant is the value of contact resistance. 
As soon as a gap is formed between the electrodes, the arc 
discharge strikes and the voltage waveform is shifted to higher 
values. In parallel, the maximal values of the current wave-
form are slightly reduced. Another feature during arc opera-
tion is the asymmetry on voltage waveform within one cycle: 
arc voltage is more noisy at decreasing voltages. The origin of 
the observed voltage spikes might be ascribed to arc instabili-
ties due to rarefaction of the hot gas and projection of droplets 
from the ablating anode. Voltage-to-current ratios are also rep-
resented on figure 5. Please note that the arc voltage is mea-
sured at the electrical contacts of anode and cathode outside of 
the arc chamber. Therefore, the ratio depicted between points 
I and II (short-circuited electrodes) accounts for the sum of 
series contact resistances located between the voltage mea-
suring points. Furthermore, the ratio from point II to point III 
(arc plasma) shows minimal values at the peak values of cur
rent and diverges when there is no current flowing. The rela-
tion between voltage and current at the plasma region requires 
further analysis which will be performed below.

Importantly, it must be proved that current and voltage 
waveforms shown in figure 5 were obtained in steady DC arc 
conditions. This question is addressed by analyzing the optical 
emission of graphite anode during one current cycle at 1 Hz 
and 300 Torr (figure 5(a)). The sequence of images shown in 

Figure 2.  (a) 1D sketch of potential distribution along plasma arc together with equivalent circuit model. A negative anode sheath (electric 
field towards anode) is also possible if arc is constricted at the anode (see section 4) [15]. Anodic arc discharge is modelled as a series 
association of virtual resistors and batteries. (b) Compact sketch of the series circuit in the situations where arc voltage is lower (top) and 
higher (bottom) than the sheath voltage source. Rarc  =  Rs,c  +  Rs,a  +  Rcol; εs  =  εs,c  +  εs,a  ≡  V0.

Figure 3.  Evolution of arc voltage in DC arc discharges sustained 
between graphite electrodes at 60 A and 150 A for a working 
pressure of 300 Torr. The curves at 500 Torr show similar 
behaviours. The determination of plasma column voltage, Vcol, 
and of sheath voltages, Vs  =  Vs,c  +  Vs,a, is illustrated for the arc 
discharge at 60 A.

J. Phys. D: Appl. Phys. 52 (2019) 485201
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figure  6, which were captured with 0.12 s of time interval, 
shows that the optical emission pattern corresponds to steady 
DC anodic arc discharge. As reported elsewhere, this pattern 
is characterized by a predominant light emission coming from 
the anode tip, in contrast with plasma glow located between 
both electrodes characteristic of non-stationary pulsed arcs 
[10]. The arc diameter ratio related to optical emissions taken 
at Iarc  ≈  100 A and Iarc  ≈  200 A, D200/D100, is approximately 2. 
This suggests that current density increases with arc increase. 
The fact that arc radius is roughly proportional to arc current 
at high current values is a typical signature of anodic arc [8]. 
In conclusion, the observed optical emission patterns sup-
port the hypothesis of arc discharge operation in stationary, 
steady DC mode. Most importantly, although the discharge 
burns with variable intensity depending on the phase of the 

cycle, the discharge remains ignited in DC regime during the 
whole process since the pattern of arc breakdown discharge 
(core located at the intermediate position between electrodes) 
is never observed in these experiments [10].

The waveform data plotted in figure 5 are represented as V–I 
curves in figure 7, where one can observe two well-distinguished 
behaviours. It is worth noting the transition from the initial 
linear, Ohmic behaviour during the short-circuit phase to the 
particular relation between current and voltage upon arc igni-
tion. The reproducibility of the V–I curves of several plasma 
cycles agrees with the fact that the arc discharge is not extin-
guished during the triangular cycles, but it remains ignited. 
The plasma characteristics are similar to the short-circuit 
characteristics but they are floating above a potential V0 and 
are more noisy (especially at 500 Torr). In other words, V–I 

Table 1.  Electrical parameters determined for DC and pulsed anodic arc discharges with carbon and molybdenum electrodes. The basic 
parameters of the model are V0, Rs and Rcol. They have been obtained by fitting the model (equations (1), (2) and (4)) to the experimental 
data after two experiments at least. Thus, arc voltage can be represented as a function of current and arc length as predicted by the proposed 
model. Please note that Rarc  =  Rs  +  Rcol and that Rs for pulsed arcs correspond to the stable values. The plasma conductivity values, σ, are 
correlated to Rcol and to ne values through equations (2) and (3), respectively. Power dissipated by Joule effect: P  =  R  ×  I2.

Mo DC arc 
(300 Torr)

Carbon DC arc (300 and 500 
Torr) Carbon pulsed arc (300 Torr)

30 A 60 A 150 A
1 Hz, 2 Hz 
max 250A 5 Hz

Ablation rate (mg s−1) 1.5 2–3 20 10/pulse 10/pulse
Threshold voltage, V0 (V) ≈20 25–30 25–30 15–25 15–25

Sheath resistance, Rs (Ω) — 0.12–0.16 0.12–0.16 0.11–0.14 —
Column resistance, Rcol (Ω) ≈1 0.01–0.10 ≈0.01 <0.01 <0.01
Plasma resistance, Rarc (Ω) — 0.13–0.26 0.12–0.16 0.11–0.14 —
Electrical conduct., σ (S m−1) 2  ×  103 1–3  ×  104 1–2  ×  105 >2  ×  105 —
Electron density, ne (m−3) 3  ×  1020 2–3  ×  1021 3  ×  1022 >3  ×  1022 >3  ×  1022

Sheath power share, Rs/Rarc — >50% >90% >90% —
Col. power share, Rcol/Rarc — 5%–50% <10% <10% —

Figure 4.  (a) Evolution of arc voltage and arc current in DC arc discharges sustained between graphite cathode and ablating Mo anode at 
an average current of 30 A for a working pressure of 300 Torr. The determination of plasma column voltage, Vcol, and of sheath voltages, 
Vs  =  Vs,c  +  Vs,a, is illustrated. Linear fitting of arc voltage curve is indicated with a black solid line. The arc instability regions highlighted 
with vertical arrows are associated to shape modification of the anode due to melting. (b) Images of the Mo anode before and after the 
arcing process, which lasted a total time of 7 s. Mo anode diameter: 3 mm.

J. Phys. D: Appl. Phys. 52 (2019) 485201
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characteristics of arc plasmas show a linear evolution shifted 
to a higher constant voltage value. This behaviour contrasts 
with the result found by Shashurin et al [7], where V–I curves 
showed non-linear evolution (V-type shape). Nevertheless, this 
earlier paper reports arc discharges on carbon hollow anodes 
full of metal catalyst for nanotube growth applications, while 
in the present study we are dealing with solid anodes. If we 
neglect the voltage drop at the plasma column, i.e. Vcol � Vs, 
the represented arc voltage can be approximated to the voltage 
drop at the sheaths, Varc  ≈  Vs,c  +  Vs,a. The potential V0 is 
assumed to be the voltage supplied by the sheaths, V0  =  εs, 
which defines a zero-current threshold to sustain the plasma. 
The discharge extinguishes if the arc voltage is lower than V0, 
which eventually happens as displayed in figure 5 (point III).

The electric parameters that define the equivalent circuit 
(model in figure 2) are quantified from the linear fit analyses 
on the plots of arc voltage, Varc, on figure 7. The linear fits 
were performed only on the increasing voltage branches of 
three stable cycles at each pressure. Thus, sheath resistance, 
Rs, and the threshold voltage, V0, are provided according to 
equation (4) by identifying Varc  =  Vs (Vcol � Vs) and V0  =  εs. 
Sheath resistances of the order of 0.15 Ω and threshold volt
ages of around 25–30 V have been obtained from this anal-
ysis. eV0 is consistently higher than the first ionization energy 
of carbon (11.3 eV). The detailed results are summarized in 
table 1.

3.3.  Application to pulsed arc discharges

As recently introduced, pulsed arc discharges with ablating 
carbon anode show adequate performance in nanoparticle 
synthesis at the frequency range 1–5 Hz [10]. Here, we ana-
lyze the pulsed current and voltage waveforms to obtain the 
electrical parameters of pulsed arc discharges at 1, 2 and 5 Hz. 
Figure 8 shows three representative waveforms together with 
optical emission images captured at the instant of maximal 
plasma emission within a pulse cycle. The waveforms can be 
divided into three regions, namely region i, or region previous 
to the current and voltage increase; region ii, or region during 
active part of the pulse (plateau); and region iii, or region pos-
terior to decrease of signals. Regions i and iii correspond to 
the inactive part of the pulse, and they are usually stabilized 
on a positive voltage. Region ii shows the maximal voltage 
and current associated to the arc after a short rise time. The 
transient response time of arc current will be discussed later. 
Moreover, the recorded signals are distorted by higher fre-
quency harmonics: the frequency spectra of the pulse signals 
depicted in the supporting information show the presence of 
60 Hz-harmonics generated by the electric network system.

The electrical properties of pulsed arc discharges are to 
be studied within the context of V–I curves. For this, voltage 
values have been plotted against current values in pulsed 
discharges in two distinct situations: before separation of 
electrodes, when they are short-circuited; and after their 

Figure 5.  Upper plots: current and voltage waveforms as response to symmetric triangular excitation signal applied to graphite electrodes 
at (a) 1 Hz for 300 Torr and (b) 2 Hz for 500 Torr. Lower plots: corresponding temporal evolutions of V-to-I ratios. Point I: contacting 
(short-circuited) electrodes are powered; point II: plasma strikes as electrodes are separated; point III: plasma is extinguished.
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separation, when plasma arc is ignited. Figure 9 shows these 
two scenarios by means of the representative V–I characteris-
tics of one pulse cycle in the two situations described above. 
Both curves evidence a hysteresis within one period due to a 
phase-shift between arc voltage and current. In particular, V–I 
curve in short-circuit shows a smoothly increasing trend as 
the pulse starts (region i); the system remains for some time 
in the plateau (region ii), and it returns to zero volts as the 
pulse finishes (region iii). The V–I curve in arc discharge con-
ditions shows a different pattern: while the shape of the curve 
is slightly distorted but it does not undergo any substantial 
change, the whole characteristic is shifted to a higher voltage 
value. This result coincides qualitatively with the behaviour 
displayed above by arc electrodes when they are energized 
with DC power (figure 7), where the most visual effect of 
plasma striking is the application of a voltage offset to the 
original V–I characteristics.

Figure 10 shows the V–I characteristics corresponding to 
the waveforms displayed in figure 8. The basic structure of 
hysteresis is the same for the three explored frequencies. In 
all cases, the characteristics float above the threshold voltage, 
V0, which is used as reference to evaluate the plasma resist
ances. The extreme points i, ii and iii account for the initial, 
saturation and final position within the waveforms, respec-
tively (figure 8). Plasma resistance is calculated using equa-
tion  (1), which is representative of the equivalent circuit. A 
distinctive feature of pulsed arcs is that they exhibit a plasma 

resistance that changes with time, thereby manifesting the 
non-stationary nature of pulsed discharges. The stable value 
of plasma resistance, Rarc, is approximated to 0.11–0.14 Ω 
for 1 Hz and 2 Hz, whereas no stable regime was achieved 
at 5 Hz. In pulsed arcs, the plasma column resistance is very 
difficult to determine because the plasma structure changes 
periodically, which makes the monitoring of potential vari-
ation challenging. Therefore, plasma electrical conductivity 
and/or electron density should be measured with plasma diag
nostics such as OES. Nevertheless, one can assume a lower 
estimate of ne  ≈  3  ×  1022 m−3 at the maximal current phase 
(region ii). Such electron density was determined for the  
150 A-DC arc discharge, and it is plausible to assume that 
plasma density achieves higher values in the 250 A-plateau 
region of the pulse. Concerning threshold voltage, V0 was 
comprised between 15 V and 25 V. Similar to the case of DC 
arc discharge, signal becomes noisy in the receding part of the 
pulse, where voltage spikes account for arc instabilities when 
arc current decreases. Instabilities at 1 Hz usually eliminate 
the threshold voltage V0 due to the long inactive time com-
pared to 2 Hz- and 5 Hz-processes, which causes important 
modification in the discharge structure and may end up extin-
guishing the discharge.

The persistent hysteretic behaviour observed in V–I curves 
is caused by the participation of an additional electrical comp
onent that causes a phase-shift to appear between current 
and voltage. The transient response time observed in current 

Figure 6.  Pictures of the arc discharge taken every 0.12 s during triangular signal excitation applied to graphite electrodes at 1 Hz and 
300 Torr. The arc current intervals are indicated. Images (d) and (e) show the characteristic emission at around 200 A, whereas images (a) 
and (h) correspond to low arc currents. The arc diameter (or size) ratio D200/D100 is approximately 2, thereby suggesting proportionality 
between arc diameter and arc current at high current values.
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pulses may be introduced by the equivalent inductance from 
the transformer coils built in the DC power supply (see sup-
porting information). The overall stray inductance, Lstray, can 
be evaluated by measuring the rise time or decay time of the arc 
current within a pulse cycle, τ, which is of the order of 10 ms. 
According to the approximation τ  =  Lstray/RDC, and knowing 
the internal resistance of the DC power supply RDC  =  12 Ω, 
one obtains Lstray  =  120 mH. Please note that such inductance 
value is not expected to modify the triangular waveforms at 1 
or 2 Hz. Consistently, the respective V–I curves do not show 
hysteresis (figure 7).

4.  Discussion

This section  aims to summarize the results from the above 
reported experiments and to discuss some implications of the 
proposed model. Especially, emphasis is put on the separation 
of total current into electronic and ionic contributions, and 
on the description of the different discharge phases observed 
during pulsed anodic arc discharges of carbon electrodes.

4.1.  Arc plasma parameters

Table 1 lists the resistance and threshold voltage values mea-
sured in every arc discharge condition. Moreover, ranges of 
power share in sheath and arc column regions are indicated. 
Table 1 clearly shows that most of input power is consumed at 
the level of plasma sheaths. Such effect is more pronounced 
at high arc current, mainly owing to the significant increase 
in conductivity of the arc column. It is worth noting that the 
evaporation dynamics of Mo anode differs substantially from 
that found in graphite anode due basically to the melting issue. 
This point certainly deserves a separate study in the future 
considering the impact of the molten electrode on the circuit 
model parameters due to changes in anode shape, temperature 
and electrical resistances.

Although the circuit model does not distinguish between 
electronic current, Ie, and ionic current, Ii, here we discuss the 
possible values of these parameters. Expressions for electronic 
and ionic contributions to total current at the carbon cathode 
are shown in equations  (5) and (6), so that Iarc  =  Ie  +  Ii. 
Electronic current is taken from the Richardson’s equation for 
thermionic current. On the other hand, ionic current has been 
calculated based on the Bohm condition at cathode sheath-
edge assuming that the cathode sheath is collisionless [8, 16].

Ie = πr2
CAT2

C exp

Å
− ϕW

κTC

ã
� (5)

Ii = πr2
A0.6ene

Å
κTe

Mi

ã1/2

.� (6)

In these expressions, TC is the cathode temperature, κ is the 
Boltzmann constant, and Mi is the ion mass (12 u for carbon 
and 95.9 u for molybdenum anodic arcs). The radii of electron 
and ion beams at cathode surface are, respectively, rC  =  5 mm 
(cathode radius) and rA  =  1.5 mm (anode radius). Here, we 
assigned rA to ion beam spot at cathode because the deposit 

on cathode surface shows a circular shape with radius  ≈rA. 
Electron temperature has been taken Te  ≈  1 eV, and the elec-
tron density values, ne, are extracted from table 1. The con-
stant in the Richardson’s equation  for thermionic electron 
current (equation (5)) is A  =  120 A cm−2 K−2. The work func-
tion of the carbon cathode is ϕW  =  4.62 eV, although it can be 
slightly modified during arc due to material deposition [21]. 
Figure 11 shows an example on how cathode temperature TC 
is determined from the values of Ii, Ie and set total current, Iarc. 
There, arc current curve is computed from Ii and Ie curves, and 
it is plotted against cathode temperature in order to evaluate 
TC that best fits to the set total current.

Table 2 summarizes data corresponding to electronic and 
ionic currents from the arc discharges analyzed here. The 
electronic current dominates in all cases, which contrasts with 
the output from the model by Keidar and Beilis [8], where 
higher ion fractions were evaluated. However, it is difficult to 
establish a direct comparison since the earlier study consid-
ered hollow carbon anodes filled with metal catalyst aimed to 
nanotube growth, while here we consider merely solid anodes. 
The range of cathode temperatures matches with the simula-
tion values by Keidar and Beilis [8] and with in situ measure-
ments by Yeh et al [22]. The ionization degree of the vaporized 

Figure 7.  V–I characteristics of DC arc discharges excited with 
symmetric triangular signal applied to graphite electrodes at (a) 300 
Torr and 1 Hz, and (b) 500 Torr and 2 Hz. Linear fit analyses on the 
plots of arc voltage, Varc, which are represented with red straight 
lines, provided the sheath resistance, Rs (slope), and the threshold 
voltage, V0 (intercept).
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anode material, χi, can be approached by comparing the flux 
of ejected atoms (calculated from ablation rate) with the flux 
of ions: the ratio of ion-to-ablation fluxes is a approximately 
proportional to χi, In particular, such ratio and χi are iden-
tical when an ion beam containing only single ionized atoms 
is assumed. In all processes, one obtains 0.10–0.35 ratios. 
However, such ratio reaches unity at the plateau of pulsed 

arc of carbon anodes. One reason could be the relatively low 
ablation rate in pulsed arc (10 mg s−1 per pulse) compared 
to the ablation rate in DC full power arc (20 mg s−1). Then, 
the strong ionization detected in pulsed arcs may owe to an 
energy-dominated (or material-deficient) scenario, where the 
unbalance between low ablated material concentration and 
high power input leads to a substantial ionization degree. In 
contrast, DC arc discharge ejects atoms at a doubled rate but 
the electron density is similar to pulsed arcs, so the supplied 
energy may not suffice for high ionization level and, thus, an 
important fraction of the ablation flux remains neutral.

4.2.  Dynamics in pulsed arcs

The present study shows evidence that the inactive phase 
in pulsed arcs during regions i and iii (figure 8), which can 
be called OFF phase, does show the features of a weak but 
still burning plasma. Optical glowing on the anode tip during 
OFF phase was detected in a recent article [10], which is a 
signature of ignited arc discharge. Interestingly, such anode 
glowing could be maintained for a few seconds or more by 
setting Iarc  =  0 (Varc  ≈  V0). Hence, in pulsed arc processes 
with frequency range 1–5 Hz and 10% in duty cycle, the 
system oscillates between a short-living stage of strong, dense 
arc plasma (ON phase), and a long-living stage of weaker arc 
plasma (OFF phase). This weak plasma state is identified as 
the zero-current state found in the present article at arc volt
ages  ≈V0. We refer to such weak plasma stage as zero-current 
plasma because of the respective very small, negligible arc 
currents.

Figure 8.  Current and voltage waveforms corresponding to pulsed arc discharges with carbon anode held at (a) 1 Hz, (b) 2 Hz and (c) 5 Hz 
at 300 Torr. Regions i, ii and iii will be discussed in V–I characteristics (see figure 9). The bottom figures show images of the corresponding 
pulsed arcs at the time of maximum light emission. In a way similar to steady DC arcs, maximal arc diameters (D1Hz, D2Hz and D5Hz) are 
approximately proportional to the respective maximal arc current values.

Figure 9.  V–I characteristics corresponding to one pulse cycle 
of short-circuited electrodes (black line) and one pulse cycle of 
arc discharge for separated electrodes (red line) of carbon anode 
sustained at 2 Hz and 10% duty cycle at 300 Torr pressure. The 
vertical arrows represent the transition from short-circuit to plasma 
states. The pulse cycles evolve in time following clockwise rotation 
on the V–I curves.
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The control of arcs in zero-current state is a relevant topic, 
as demonstrated by the feasibility of pulsed anodic arc dis-
charge introduced earlier [10], and whose electrical behaviour 
was explored in section 3.3. Anodic arc plasma volume is basi-
cally sustained by thermionic electron emission from cathode 
and ion generation at the anode sheath. These mechanisms are 
active during ON phase. The zero-current state at OFF phase 
requires a potential distribution within gap leading to compen-
sation of electronic current from anode and cathode. For this, 
both electrodes need to be electron emitters. Hypothetically, 
thermionic electron emission from anode is compatible with 
the scenario of transition from positive sheath to negative 
sheath at the anode. The latter case (negative anode sheath), 
which has been suggested for atmospheric arc discharge at low 
current, accounts for electron repulsion from and ion attrac-
tion towards anode consistent with a negative voltage drop 
[16]. Similarly, the existence of a threshold voltage was also 
found to play a role in the structure of vacuum arcs. There, arc 
operation down to a critical voltage was indicative of forma-
tion of constricted arc characterized by negative anode sheath 

Figure 10.  V–I characteristics of carbon arc discharges operated at 300 Torr with rectangular pulse signal at (a) 1 Hz; (b) 2 Hz, and (c) 5 
Hz. All signals were delivered with a duty cycle of 10%. Arrows indicate the sense of rotation within a pulse cycle. All the characteristics 
float above the indicated threshold voltage, V0, which is used as reference to evaluate the plasma arc resistances, Rplasma  =  Rarc, depicted in 
(d)–(f).

Figure 11.  Plot of arc current, Iarc, parameterized with the cathode 
temperature, TC. The value of TC that best fits to the nominal current 
of 250 A is graphically determined. Electronic current, Ie, and ionic 
current, Ii, are computed using equations (5) and (6).

J. Phys. D: Appl. Phys. 52 (2019) 485201



C Corbella et al

12

[15]. Although that study was carried out in the context of low 
pressure processes, the reported phenomenon could be also 
connected to the threshold voltage treated in the present paper 
because constricted arcs are observed in atmospheric arcs as 
well [23].

In view of the results presented here, one may argue that 
arc instability near the threshold voltage could be triggered 
by oscillations between positive and negative anode sheaths, 
where the voltage drop might be eventually zero. This would 
diminish ion generation to a great extent. The formation of neg-
ative anode sheath is a typical feature in both low-arc current 
discharges and constricted arcs. As consequence, discharge 
could tend to vanish near the threshold voltage maybe due 
to the generation of such instable arc structure. Nevertheless, 
the fact that electrical breakdown voltage of high-temperature 
gases is substantially lower than in cold gases might com-
pensate such instability and increase the discharge lifetime 
[24]. These two competing trends of (1) arc life extension 
via reduced breakdown voltage, and (2) arc extinction due to 
anode sheath-induced instability, deserve detailed research in 
a separate study.

5.  Conclusions

Here, we have introduced a circuit model that describes atmo-
spheric arc discharges as a series circuit composed of an equiv-
alent resistor and voltage source. These elements account for 
the resistances of the arc system (arc column and sheaths) 
plus a constant voltage which defines a threshold value for arc 
voltage to keep plasma ignited. This model has been validated 
by running arc experiments with carbon and Mo anodes and 
evaluating the circuit parameters using V–I curve representa-
tion. Hence, steady DC arcs of carbon anodes show sheath 
resistances around 0.15 Ω and arc column resistances gener-
ally one of order of magnitude lower. Similar results were 
found in pulsed arc discharge at low frequencies (1–5 Hz). 
These results suggest that most of input power is dissipated at 
the sheath regions. Values of threshold voltage V0  ≈  20–30 V  
have been measured in both DC and pulsed arcs, which are 
consistent with the carbon ionization potential. The hysteresis 
evidenced in V–I plots of pulsed arc cycles has been attrib-
uted to an artefact generated by the power supply: this instru-
ment introduces a phase-shift related to the stray inductance 
of built-in transformer coils. The evaluation of electrical con-
ductivity of plasma column provided an estimate of electron 

density, which in turn yields to first approximations of elec-
tronic and ionic currents of the discharge. Furthermore, the 
relation between ablated flux and ion flux suggested that 
pulsed arc discharges are characterized by a high ionization 
degree. Finally, eventual fluctuations of anode sheath voltage 
drop around 0 V appearing at arc voltage Varc  ≈  V0 might 
explain why working close to the threshold voltage generates 
arc instabilities leading to discharge extinction. A detailed 
analysis would require investigation of the anode sheath 
attachment mode (constricted or diffuse), which is out of the 
scope of this article.

This study has shown the successful implementation of the 
circuit model to investigate electric properties of anodic arc 
processes. The results of this work encourage the transfer and 
upgrading of this simple model to further anodic arc systems, 
such as reactive arc discharges and compound/composite 
anode materials. As concluding remark, it is worth noting 
that the quantification of electrical parameters in hot arc dis-
charges has been performed self-consistently aside of thermo-
dynamic considerations, thereby assessing the robustness of 
the circuit model.
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