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A numerical investigation of the kinetic processes in the initial (nanosecond range) stage of the
double-arcing instability was developed. The plasma-sheath boundary region of an oxygen-
operated cutting torch was considered. The energy balance and chemistry processes in the dis-
charge were described. It is shown that the double-arcing instability is a sudden transition from a
diffuse (glow-like) discharge to a constricted (arc-like) discharge in the plasma-sheath boundary
region arising from a field-emission instability. A critical electric field value of ~10” V/m was
found at the cathodic part of the nozzle wall under the conditions considered. The field-emission
instability drives in turn a fast electronic-to-translational energy relaxation mechanism, giving rise
to a very fast gas heating rate of at least ~10° K/s, mainly due to reactions of preliminary dissocia-
tion of oxygen molecules via the highly excited electronic state O»(B>X, ) populated by electron
impact. It is expected that this fast oxygen heating rate further stimulates the discharge contraction
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through the thermal instability mechanism. Published by AIP Publishing.
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Plasma cutting is a widely extended process of metal cut-
ting at atmospheric pressure by an arc plasma jet." In order to
obtain a “high-energy density” plasma flow, a plasma jet
(oxygen is usually used as plasma gas) carrying a low-current
(~30 to 100A) is forced to flow through a small orifice
(~1mm) of an electrically neutral (floating) nozzle. One of
the most significant drawbacks of this process is the so-called
“double-arcing” phenomenon, which is a type of plasma insta-
bility inherent to the arc stabilization method.> A small loop
current circulating through the nozzle body (resembling a uni-
polar discharge®) is a feature of this mode of arc stabilization
due to the floating nozzle being in contact with the regions of
plasma with differing characteristics (the arc voltage drop
inside the nozzle is much higher than the electron tempera-
ture”). One part of the nozzle collects electrons while the other
part collects ions. The compensation between the ionic and
electronic currents requires that the nozzle potential be close
to that of the arc at the nozzle inlet* (i.e., the total arc voltage
drop inside the nozzle is close to the voltage drop across the
plasma-sheath boundary region at the nozzle exit). With
increased applied fields (as, for instance, for a too large arc
current?), an instability mechanism comes into operation in
the plasma-sheath boundary region at the nozzle exit as a
chain of causal processes (onset of additional kinetic pro-
cesses and locally increased ionization, movement of the new
ions to the nozzle wall, and the creation of a new cathode spot
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attachment by ion impact), and ultimately a constricted-type
discharge carrying a substantial part of the arc current (i.e., a
double-arcing) flows through the floating nozzle, likely
destroying it.”> Experimental results show that depending on
specific conditions, the characteristic instability time could
vary from 10~ °to 10~*5.>°

Despite the great interest and practical importance for
the cutting process, only a few papers®® were dedicated to
explore the double-arcing. Although there are some differ-
ences in the conclusions of those works, all coincide in that
the double-arcing results from a high voltage drop inside the
nozzle. However, the understanding of what specific mecha-
nism triggers the double-arcing phenomenon is less clear. At
present, there is no self-consistent theoretical model describ-
ing the gas heating and charged particles kinetic processes of
the mechanism of the double-arcing development. Note that
gas heating is one of the main issues in the theory of gas
breakdown because as the gas temperature increases addi-
tional ionization processes come into play. The development
of such a model is the main purpose of this work.

A numerical investigation of the initial stage of the
double-arcing phenomena with the focus on the kinetic pro-
cesses is presented. This work is based on a previously
reported fluid model,4 which was used there to describe the
properties of the unipolar-like, diffuse discharge in the
plasma-sheath boundary region of a cutting arc torch oper-
ated with oxygen (Fig. 1). Note that the conditions studied in
that work are those corresponding to the normal operation of
the torch (i.e., prior to double-arcing, where most of the

Published by AIP Publishing.
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FIG. 1. The scheme of the plasma-sheath boundary region (x and y being the
axial and normal to the nozzle wall coordinates, respectively).

current flows through the arc core) and not the double-arcing
conditions, the case this work is dedicated to.

In spite of the 3D nature of the double-arcing, a 2D
approach is used in the present work. In the case of 3D mod-
els, the complexity associated with a detailed kinetic model
increases enormously. However, a 2D model can still give
useful information about the kinetic processes in the initial
(nanosecond range) stage of the discharge contraction
because 3D (azimuthal) effects are not yet developed.

The model considers a fairly complete set of 45 chemical
reactions and processes with the participation of 12 oxygen
species [07, 0,7, 0,7, 0,7, Ox(a'A), 0(A’E, ), 04(B’E,),
0,(9.97eV), O('D), O('S), OCP), and Ox(X’E, )] and elec-
trons (e), describing the energy balance and charged particle
kinetic processes in the discharge. The set of reactions used
and related rate coefficients were presented in Table I of Ref.
4. The electron transport and source parameters were calcu-
lated using the Bolsig+’ as functions of the mean electron
energy. The model takes into account the previously suggested
mechanisms'® to describe observations of fast gas heating in
moderate (~10>Td; being 1 Td = 102"V m?) reduced electric
fields, as well as the processes that become important in the
presence of high electric fields (>500Td),'" and also includes
the mechanisms of energy release in direct and stepwise disso-
ciative ionization of the oxygen. More details on the equations
of the model and the treatment of the transport and source
terms can be found in Ref. 4.

In particular, the following processes responsible for the
gas temperature increase are relevant under the present condi-
tions: the dissociation of oxygen molecules [reactions
(R4)—(R6) in Table I of Ref. 4] by electron-impact following
predissociation from electronically excited states (e.g. Ref. 12)

e+0:(X'T; ) — e+ 02(A'E]),

0,(A’zF) — 0CP) +0CP) +0.8eV,
e+0;(XE,) = e+ 0:(BX,),

0,(B’%;) — OCP) +0('D) +1.26eV,
e+02(x3z;) e+ 05(9.97eV),

0,(9.97eV) — 0OCP) +0('S) +0.6eV, (1)

and the dissociative ionization of O,(X° 2, ) [reaction (R9) in
Table I of Ref. 4] and from the metastable state Oz(alAg)
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[reaction (R10) in Table I of Ref. 4]. The products O can
have significant kinetic energy ~3eV (Ref. 13)

e+oz(x3z;) — e+e+0"+0CP) +3eV,

e+0,(a'A,) — e+e+0"+0CP) +3eV. )

The boundary conditions for the model equations corre-
spond in general to the conditions in Ref. 4. At the sheath-
plasma interface, axial profiles of plasma and gas densities
as well as the electron temperature were specified as constant
in time, thus imposing restrictions on the discharge time.
Note that to find the precise boundary conditions it would be
necessary to solve the entire discharge problem self-
consistently, which is beyond the scope of this work. The
electron emission from the nozzle wall incorporates the ion-
enhanced field emission on the basis of the
Fowler—Nordheim equation.'* The electrostatic potential at
the nozzle wall was self-consistently calculated by using the
total current (conduction plus displacement) conservation
throughout the nozzle surface. In the calculations, the fol-
lowing parameters were assumed: yo="0.13,"> ¢ =2eV (for
an oxidizing copper surface),'® and  ~ 100."” (y, is the ion-
induced secondary electron emission coefficient for zero
electric field, ¢ is the work function, and f is the geometric
enhancement factor of the local electric field at the wall).

The model equations were solved using the same numer-
ical scheme as reported in Ref. 4. A uniform rectangular grid
with 20 x 20 mesh cells covered the rectangular model
geometry. To avoid numerical instabilities, a temporal step
shorter than 1 x 10™"% s was used.

The double-arcing development was initiated by per-
turbing the diffuse discharge in the plasma-sheath bound-
ary,* by a local rise in the surface electric field over a small
area of the nozzle exit. Actually, such increase in the electric
field can be associated with a change in the surface micro-
structure,17 or the deposition of non-conducting films’ on the
nozzle wall. It was found that a slight increase in the value
of the geometric enhancement factor f (from 95 to about
114) gives rise to a double-arcing instability under the stud-
ied conditions. However, for lower values of f§ the perturba-
tion decayed in a time of a few nanoseconds. In order to
approximately sustain the boundary conditions at the
plasma-sheath interface, the discharge time was restricted to
the first nanoseconds (0—7 ns) of the instability.

Figure 2 shows the calculated distributions of electrons
and positive ions (representing the concentration of O," plus
O™) at different times and illustrates the dynamics of the
contraction of the discharge during the initial stage of the
double-arcing phenomenon. The initial charged particle den-
sities correspond to the stationary solution of the model pre-
sented in Ref. 4.

By comparing Figs. 2(b) and 2(d), it is evident that a
large positive space-charge appears in the vicinities of the
wall at the nozzle exit (i.e., at the cathodic part) during the
discharge contraction. The formation of this space-charge is
induced by the ion-enhanced field emission from the wall
through further ionization of 02(X3E;), mainly in reaction
(R7) in Table I of Ref. 4 although a non-negligibly
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FIG. 2. 2D number density profiles corresponding to different times: electrons at # =0 s (a) and at =7 ns (b); positive ions at =0 s (c) and at = "7 ns (d).

concentration of O™ also occurs in that location, mainly due
to the dissociative ionization of 02(X3Zg) [reaction (R9) in
Table I of Ref. 4]. Such a space-charge is responsible for the
establishment of the local high-electric field strength at the
cathode of the discharge.

Because of the large field at the cathode, the emitted
electrons from the wall produce further ionization processes.
The positive ions from these processes in turn increase the
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local electric field by their space-charge. This increased field
at the cathode enhances the electron field emission and a
sudden transition from a diffuse (glow-like) discharge to a
constricted (arc-like) discharge arises.'® This “field-emission
instability” mechanism is illustrated in Fig. 3, where the tem-
poral evolution of the electric field and the electron current
density (in absolute value) at the cathode are shown. Once
the ionization of neutrals starts, the positive space-charge

FIG. 3. Temporal evolution of the
sheath properties at the cathode of the
discharge: electric field strength (a)
and electron current density in absolute
value (b).

time [ns]
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FIG. 4. Temporal evolution of the
sheath properties at the cathode of the
discharge: gas power deposition due to
chemical reactions (a) and gas heating
rate (b).
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increases, ultimately producing an exponential increase in
both the electric field and current density with time when the
field at the cathode reaches a critical value of ~10" V/m
under the considered conditions. However, it is important to
note that small differences either in the work function or in
the surface roughness can modify the calculated critical
value. The dynamics at the cathode also produces an increase
in the nozzle voltage (~1 V after 7 ns), which in turn allows
more electrons to return to the wall at the nozzle inlet (i.e.,
at the anodic part). The return flow of electrons as well as
the displacement current closes the current loop (~1 A after
7 ns) of the discharge.

The temporal evolution of the gas power deposition
term Qg due to the electronic-to-translational energy relaxa-
tion mechanism and the gas heating rate calculated at the
cathode of the discharge is shown in Fig. 4. The gas is heated
mainly in the reactions of preliminary dissociation of highly
excited electronic states of 02(X3Zg) that are produced by
electron impact [Eq. (1)]. About 65% of the power spent on
gas heating is produced by the dissociation of 02(X3Z;) into
OCP) + O('D) via the excited states O»(B>Zy). The dissocia-
tive ionization of O, (X3Zg) [Eq. (2)] contributes to about
30% of the power spent on gas heating; the higher the mean
electron energy, the larger the role of the latter process. The
fractions of the electron power (about 96 W after 7 ns) spent
on dissociation and ionization of oxygen are about 46% and
29%, respectively, while the fraction of the power spent on
electronic excitation and further converted to fast gas heating
is about 12%. By comparing the current results with those
presented in Ref. 4, large changes in the contribution of the
exothermic processes to the balance of the gas heating in
the discharge are evident due to the enhancement of the
electron-impact excitation processes. Prior to double-arcing,
a large part (about 63%) of the power spent on gas heating is
produced by ion-molecule and recombination reactions and
by the electron attachment. The electron power deposited on
the bulk of the sheath is less than 0.5 W (most of the electron
population is repelled in front of the nozzle wall) and only a
fraction of it, about 25%, is locally consumed in electron-
impact excitation processes.

Note from Fig. 4 that the oxygen gas is heated at a very
fast rate of at least 10° K/s during the instability development
due to the fast electronic-to-translational relaxation energy
rate at strong gas excitation conditions [7, ~ 10'* m—>, Fig.
2(b)]. Such a fast gas heating rate is comparable to that that
occurs in the head of a leader propagating in air.'® Recently,

time [ns]

an ultrafast gas heating rate of 5 x 10'"°K/s has been reported
in a nanosecond pulsed discharge in atmospheric pressure
air."” The main heating mechanism was identified as the fast
electronic energy relaxation in reactions of preliminary dis-
sociation of oxygen molecules through the quenching reac-
tion of the N2(B3Hg). It is expected that the fast oxygen
heating rate in the plasma-sheath boundary further stimulates
the discharge contraction through the thermal instability
mechanism. '

In conclusion, a 2D self-consistent model was for the
first time reported of the time-resolved dynamics of the ini-
tial stage (nanosecond range) of the double-arcing phenom-
ena, with the focus on the kinetic processes leading to the
fast gas heating during the discharge contraction. This model
extends our previous work* developed to describe the prop-
erties of the diffuse (unipolar-like) discharge that occurs
prior to double-arcing phenomenon in the plasma-sheath
boundary region of an oxygen-operated cutting arc. In partic-
ular, the results of the model show the following:

(1) The double-arcing instability is a sudden transition from
a diffuse (glow-like) discharge to a constricted (arc-like)
discharge in the plasma-sheath boundary region arising
from a field-emission instability. A critical electric field
value of ~107 V/m was found at the cathodic part of the
nozzle wall under the conditions considered.

(2) The field-emission instability drives in turn a fast elec-
tronic-to-translational energy relaxation mechanism, giv-
ing rise to a very fast gas heating rate of at least ~10° K/
s, mainly due to reactions of preliminary dissociation of
oxygen molecules via the highly excited electronic state
0,(B’%,) populated by electron impact. It is expected
that the fast oxygen heating rate further stimulates the
discharge contraction through the thermal instability
mechanism.
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