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Hydrodynamic model for a vacuum arc operated with background gas:
Theory and experimental validation

D. Grondona,a� H. Kelly, and F. O. Minotti
Departamento de Física, Instituto de Física del Plasma (CONICET), Facultad de Ciencias Exactas y
Naturales (UBA), Ciudad Universitaria Pabello’n I, 1428 Buenos Aires, Argentina

�Received 15 June 2005; accepted 14 December 2005; published online 24 February 2006�

A stationary, one-dimensional fluid model is presented to describe the interelectrode region of a
nonfiltered vacuum arc operated with a background gas. The model includes the electron energy
equation and the main elastic and inelastic atomic processes among metallic ions, electrons, and gas
particles. To validate the model predictions an experimental study of the plasma-neutral gas
structure, using a titanium �Ti� cathode and argon �Ar� as the background gas, is presented. The
measured electron temperature and the experimental dependence on the pressure of neutral Ti and
Ar spectroscopic emission lines are well reproduced, using a simple atomic model to interpret the
plasma radiation emission. © 2006 American Institute of Physics. �DOI: 10.1063/1.2168239�

I. INTRODUCTION

Cathodic vacuum arcs �CVAs� are widely employed to
produce coatings.1 In these devices, an intense metallic
plasma jet is generated from minute regions on the cathode
surface �cathode spots�, with ion kinetic energies in the range
of 20–120 eV, depending on the cathode material and on the
charge state of the ions.2,3

In many situations, CVA complex coatings are obtained
by combining metallic ions with molecules �or atoms� of a
reactive gas introduced in the discharge chamber.4 Also, a
nonreactive gas such as argon has been introduced to pro-
duce a pretreatment of the substrate surface that improves
film adhesion5 or because of the well-known arc-stabilizing
effects of Ar.6,7

When a background gas is present, a plasma-neutral gas
structure is formed, where the metallic ions lose their kinetic
energy through elastic and inelastic interactions with the gas
particles, change their original charge state by charge-
exchange processes, and are eventually lost by recombina-
tion processes. Usually, all these processes occur in the so-
called interelectrode region, which is a neutral plasma zone
extending from the cathode spot plasma to the anode sheath.
The knowledge of this complex structure is important be-
cause the ion energy and ion flux distribution have a strong
influence on the resulting film structure and properties.

Several published works have focused on plasma-gas in-
teractions. Some of them were mainly related to the study of
elastic interactions between metallic ions and neutrals.8–12

Other studies referred to inelastic interactions in the inter-
electrode region. From photon and ion emission studies,13–15

it was concluded that charge-exchange reactions were the
main channel for metallic ion losses, in a gas pressure �p�
range of 10−6–10−2 mbar. For higher gas pressure values �p
�10−2 mbar�, a three-body electron recombination was pro-
posed as the main reaction for neutralizing metallic ions.15,16

Later on, ion diffusion to the chamber wall was proposed as
a relevant ion-loss mechanism.17,18

It must be noted that several theoretical models for the
interelectrode region have been presented in some of the
quoted works. In all of them, mass and momentum conser-
vation equations are used to study atomic processes and ion
slowing down, but energy equations are not employed. While
it is true that at low p values �and short distances from the
cathode surface� inelastic electron collisions are very rare, at
larger p values exciting or ionizing collisions between elec-
trons and heavy particles can be relevant, thus producing a
depletion in the electron temperature �Te�.

In this work, we will present a one-dimensional fluid
model including the electron energy equation that is appro-
priate to describe the interelectrode region of a nonfiltered
vacuum arc. The usual geometrical configuration of these
arcs is a cylindrical cathode surrounded by another cylindri-
cal anode of large diameter �usually the discharge chamber�.
In this configuration, the arc current �carried by the elec-
trons� is distributed almost in the radial direction �thus clos-
ing the electrical circuit through the shortest anode-cathode
path�, while the ion emission is mainly in the forward �axial�
direction.

To validate the model predictions, we present also an
experimental study of the plasma-neutral gas structure in Ar
gas. A dc, nonfiltered cathodic arc operated at a current of 90
A with a titanium cathode is employed. The geometry of the
arc discharge is similar to that quoted in the previous para-
graph. In addition to Langmuir probes to register Te, optical
emission spectroscopy is included as a diagnostic to register
the behavior of Ti and Ar lines with the gas pressure, and the
obtained results are confronted with the model predictions.

II. EQUATIONS OF THE MODEL

The one-dimensional �1D� stationary model simulates
the axial profiles of density and velocity of different species,
as well as electron temperature and axial electric field. The
model is valid in the interelectrode region outside the main
discharge channel and describes the plasma formed by the
metallic ions ejected mainly in the axial direction from the
cathode surface. It is assumed that a sufficient number ofa�Electronic mail: grondona@df.uba.ar
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randomly distributed spots are present over the surface of the
cathode, so that the individual plasma jets merge and form a
relatively uniform plasma region beyond the cathode sheath.

If a diatomic gas is used only molecular ions are in-
cluded in the model, considering that they are generated by
charge exchange with metallic ions �and also by electron
impact, as a small contribution, at large gas pressure values�.
The generation of atomic ions would require a large energy
cost because of the previous dissociation step. Besides, for
typical vacuum arc operating pressures the main recombina-
tion process is dissociative recombination:

N2
+ + e → N + N*, �1�

where N represents each atom of the diatomic molecule, the
asterisk denotes an excited atom, and e represents an elec-
tron. At the low densities considered only metastable levels
of excitation are included, as a significant density of excited
atoms can only exist for these levels.

For a monoatomic gas �we explicitly use argon�, ions are
also mostly produced by charge exchange with metallic ions,
with also some contribution of electron-impact ionization at
large gas pressure values. Since a three-body recombination
is not effective in the range of ion density and electron tem-
perature considered, gas ions recombine by dissociative re-
combination, which in turn requires molecular ions provided
by the conversion reaction

Ar+ + 2Ar → Ar2
+ + Ar. �2�

One thus needs to consider three additional species related to
the background gas in this case: atomic gas ions, diatomic
gas ions, and excited atoms.

The species considered in the model are then three spe-
cies of metallic ions with charge Zne �Zn=n, and n=1, 2, 3�,
mass Mm, density nn, and directed axial velocity wn; metallic
atoms of density n0 and velocity w0; atomic gas ions of
charge e �multiple gas ionization is neglected in the electron
temperature range considered, �2 eV�, mass Ma, density na,
and axial velocity wa; excited atomic gas �one species for
metastable level considered� with density na

* and velocity wa
*;

molecular �diatomic� gas ions of charge e, mass Mg, density
ng, and axial velocity wg; and neutral background gas of
uniform density N0 assumed to be at rest. Note that, for the
considerations above, na=0 if the background gas is di-
atomic.

A. Mass conservation equations

The mass conservation equation for each species is writ-
ten generically as

d

dz
�nsws� = �dns

dt
�

i
− �sns, �3�

where dns /dt�i represents the rate of change of the species
density due to inelastic processes, and �s is a frequency loss
of particles due to lateral diffusion. Apart from the conver-
sion reaction and dissociative recombination, already men-
tioned, the other inelastic processes considered are charge
exchange between each metallic ion species and the back-
ground gas, charge exchange between metallic atoms and gas

ions, ionization of the gas by electron impact, excitation of
gas atoms by electron impact, and the Penning reaction be-
tween a metallic atom and an excited gas atom represented
by �M symbolizes the metallic atom, and A the gas atom�

M + A* → M+ + A + e . �4�

The inelastic rate of change of the metallic species den-
sity is then

�dn1

dt
�

i
= �ce2n2w2N0 − �ce1n1w1N0 + kpn0na

*

+ �ce0n0�nawa + ngwg� , �5�

�dn2

dt
�

i
= �ce3n3w3N0 − �ce2n2w2N0, �6�

�dn3

dt
�

i
= − �ce3n3w3N0, �7�

�dn0

dt
�

i
= �ce1n1w1N0 − �ce0n0�nawa + ngwg� − kpn0na

*,

�8�

where �cen is the charge-exchange cross section of metallic
ions of charge Zne with the gas, �ce0 is the charge-exchange
cross section of metal atoms with gas ions, and kp is the rate
coefficient for the Penning reaction.

For the monoatomic gas ions we have

�dna

dt
�

i
= S�kineN0 + �

n=1

3

�cennnwnN0� − kconvnaN0
2

+ ki*na
*ne − �ce0nawan0, �9�

where S is a factor of value 1 for monoatomic gas and 0 for
diatomic gas, ki is the rate coefficient of electron-impact ion-
ization of the gas, kconv is the rate coefficient of conversion to
molecular ion �reaction �2��, and ki* is the rate coefficient of
electron-impact ionization of the excited atomic gas. The
electron density ne is evaluated using local quasineutrality

ne = �
n=1

3

Znnn + na + ng. �10�

The inelastic rate of change of molecular ions is

�dng

dt
�

i
= �1 − S�

��kineN0 + �
n=1

3

�cennnwnN0 − �ce0ngwgN0�
+ kconvnaN0

2 − �recngne, �11�

where �rec is the rate coefficient of dissociative recombina-
tion �reaction �1��.

For the excited atomic gas species we have
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�dna
*

dt
�

i
= keeneN0 − ki*na

*ne − kpn0na
* + �recngne, �12�

where kee is the rate coefficient of electron-impact excitation
of gas atoms to the metastable level considered.

B. Momentum equations

The momentum equation for each species is written ge-
nerically as

Msws
dws

dz
= −

kBTm

ns

dns

dz
+ ZseE − �0sN0ws

2 Ms
2

Ms + Mg
, �13�

where kB is the Boltzmann constant, Ts is the species tem-
perature, E is the axial electric field, and �0s is the elastic
impact cross section with the gas. In the case of the ions of
the background gas we add to �0s the cross section of charge
exchange with the gas itself, �res, as this resonant process is
dominant over the elastic one. For the electrons, we neglect
their inertia to write the equation that determines the electric
field as

eE = −
kBTe

ne

dne

dz
. �14�

For the neutral metallic atoms, as Z0=0, we need to in-
clude the rate of impulse injection by neutralization of the Z1

metallic ions as a source of momentum, so we write

Mmw0
dw0

dz
= −

kBTm

n0

dn0

dz
+ Mm

w1

n0
�dn0

dt
�

i

− �00N0w0
2 Mm

2

Mm + Mg
. �15�

C. Electron temperature equation

The electron temperature Te is determined from the en-
ergy equation for the electrons written as

3

2
we

dTe

dz
= − UikiN0 − UeekeeN0 − Ui*ki*na

* −
3

2
�eTe, �16�

where the U’s correspond to the energy exchanged per elec-
tron in the corresponding reaction, �e models the energy lost
by thermal conduction �the lost due to lateral conduction
minus the gain due to axial conduction from the cathode�,
and the electron fluid velocity is taken as

we =
1

ne
��

n=1

3

Znnnwn + nawa + ngwg� . �17�

Of particular importance are the loss terms in Eqs. �3�
and �16�. They model diffusive terms of the form

− �sns → Ds��
2 ns, − �eTe → �e�

2Te,

where Ds is the particle diffusion coefficient for species
s ,��

2 represents the Laplacian in the plane perpendicular to
the axis, and �e is the electron thermal diffusivity �the Lapla-
cians are evaluated at the axis position�. We use the same
approach as in Ref. 19 in which the radial diffusion is esti-
mated, solving analytically the mass conservation equation

with lateral diffusion without source terms to obtain an ana-
lytical density profile nA from which one evaluates

�s = −
Ds

nA
��

2 nA. �18�

Analogously, the thermal diffusion equation is solved �this
time including the axial contribution in the Laplacian� to
obtain an analytical temperature profile TA. We proceed by
writing the diffusion equation as

we
�TA

�z
= �e��

2 TA + �e
�2TA

�z2 = − �eTA + �e
�2TA

�z2 ,

where �e is evaluated in the same way as �s, using �e instead
of Ds. For smoothly varying coefficients this equation has the
correctly decaying solution of the form TA�exp�−kz�, with

k =
	we

2 + 4�e�e − we

2�e
,

so that we approximate

�e�
2TA 
 − ��e − �ek

2�TA � − �eTA

that gives �e in terms of �e.

III. INTEGRATION SCHEME

Mass continuity, momentum, and electron temperature
equations are discretized using backward finite difference ap-
proximations for the spatial derivatives. Given the values of
densities, axial velocities, and electron temperature at the
cathode, the values along the axis are obtained, solving the
explicit algebraic equations obtained from the backward spa-
tial discretization. Velocities of the metallic ions are taken as
those corresponding to the experimental values of ion ener-
gies in vacuum conditions,20 their densities are prescribed
according to the experimental relative abundances, consider-
ing that they carry a given fraction, dependent on the gas
pressure �see below�, of the discharge current, and assuming
that they are emitted from the whole surface of the cathode.
Velocities and densities of the other species �other than the
background gas� are taken as zero near the cathode. A fine
discretization �1000 points� is employed in the first centime-
ter after the cathode in order to resolve correctly the region
where steep variations of the densities of ionized and excited
species occur. A resolution of 50 points per centimeter was
found to be sufficient for the other region.

IV. EXPERIMENTAL ARRANGEMENT

The experimental setup is shown schematically in Fig. 1.
The vacuum chamber is a stainless-steel cylinder with a
length of 40 cm and a diameter of 25 cm, acting as the
grounded anode with a water-cooling system. The cathode is
a water-cooled Ti cylinder with a diameter of 5.6 cm, sur-
rounded by a floating shielding. The cathode is located on
one end of the cylinder and is electrically connected to the
negative terminal of the arc power supply.

The discharge circuit consists of a current supply �18
kW, 150 A� in parallel with a capacitor bank �165 mF� con-
nected to the electrodes through a series inductor �2.8 mH� in
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order to provide the arc stability. A tungsten striker brought
into contact with the cathode ignites the discharge.

The chamber is evacuated down to 10−5 mbar and the Ar
gas is introduced into the apparatus and its pressure moni-
tored with a capacitance manometer. The arc is operated in a
continuous mode with an arc current of 90 A and with a
constant pressure ranging from 10−3 to 1 mbar.

For the spectroscopic diagnostic a circular optical win-
dow �4 cm in diameter� was mounted on a tube with a length
of 10 cm extending beyond the lateral wall of the chamber.
The tube that avoids the light coming from the cathode spots
enters to the detecting system �see Fig. 1�. The window was
located at an axial distance of 9 cm from the cathode surface.
The light emitted by the plasma was transported from the
optical window to the entrance slit of the spectrograph by
optical fibers �1.5 mm in diameter�. The spectrograph had a
crossed Czerny-Turner design with an optical grating of
1200 lines/mm. The light from the spectrograph was inten-
sified by a multichannel plate and detected by a photodiode
array �OSMA�. The wavelength calibration was made using
cadmium and neon lamps, and the resulting accuracy of the
detection system was 0.4 nm, determined by the line width.
The titanium and argon emission lines registered during the
arc discharge were identified using published tables and da-
tabases of spectral lines.21,22

In order to determine the electron temperature, an elec-
trostatic probe was mounted at the tip of a sliding rod, and so
different cathode-probe distances �d� along the axis of the
chamber were obtained without opening the chamber. The
distance was vaired in the range of 3–27 cm. The collecting
probe electrode was a cylindrical tungsten wire of 1 mm in
diameter and 4 mm long and the probe’s body was wrapped
with a double glass tube. The probe was biased by a power
supply �±50 V, 2 A� through a calibrated resistor. The volt-
age drop on the resistor determined the probe current, and
the electron current collected by the probe is given as23

Ie = Ie0 exp�e�Vp − 	�/kTe� ,

where Ie0 is the electron saturation current, k is the Boltz-
mann constant, Vp is the probe potential, and 	 is the plasma
potential. The electron temperature was obtained from the
slope of the electron branch of the probe characteristic.

V. EXPERIMENTAL RESULTS

Figure 2 shows Te as a function of d for vacuum �p

10−5 mbar� and for two different values of p. In vacuum,
the temperature is approximately constant, of value 2 eV.
When gas is present, the electron temperature decreases as d
increases and, at a given distance, it decreases as the gas
pressure increases. For p=2�10−3 mbar,Te is approxi-
mately 1.6 eV at d=3 cm and around 0.9 eV at d=27 cm,
while for p=0.5 mbar,Te has decreased to 0.7 and 0.3 eV,
for the same d values. The continuous lines in the figure
indicate the results of the theoretical model, which will be
discussed in the next section.

The reproducibility of the registered lines obtained with
the spectral diagnostic was found to be quite good. The ex-
posure time of the detector was 0.5 s in all cases. The statis-
tical dispersion in the intensity of a given line �over approxi-
mately equal to ten registers performed under similar
conditions� was not larger than 10%. For all the pressure
range investigated, the lines of TiI and TiII were registered
and, for pressure values higher than 10−2 mbar, also the ArI
lines were observed. However, no lines of TiIII or ArII could
be identified, according to the published data in spectral line
tables. This is an expected result, since the charge exchange
is very strong to eliminate Ti++ ions even with on small
amount of Ar �low p values�; and on the other hand, the
excitation of Ar+ would require larger Te values than those
presented in Fig. 2.

The relative amplitude of the line peaks was found to be
strongly dependent on the value of the Ar pressure. To study
the evolution of the amplitude of a given line with p, and
taking into account the wavelength resolution of the spectro-
scopic system ��0.4 nm�, we selected �=466.76 nm for TiI
and �=811.53 nm for ArI. These two lines are not sur-
rounded by other neighbor lines that could make the inter-
pretation of the results ambiguous. The TiI line corresponds
to the transition 3d34s2−3d2�3F�4s4p�3P0� of neutral tita-
nium, with binding energies of 2.68 eV �upper level� and
0.021 eV �lower level� with respect to the ground state. The
ArI line considered corresponds to the transition
3s23p5�2P03 /2�4s−3s23p5�2P03 /2�4p0 with an upper level
of energy 13.07 eV and a lower level �metastable level� of
energy 11.59 eV. The lines of TiII were not selected in this

FIG. 1. Experimental setup.
FIG. 2. Electron temperature along the chamber axis. Dots—vacuum,
squares–p=2�10−3 mbar, and stars–p=5�10−1 mbar. The lines indicate
the results of the theoretical model.
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study, since the intense lines of TiII �at low p values� were
soon overlapped by TiI or ArI lines for higher p values in the
spectral windows used in this study ���440–480 nm and
��790–830 nm�.

In Fig. 3 the behavior of the TiI line with the Ar filling
pressure is shown. The vertical axis on the left side of the
figure represents the count number registered by the detector.
These line intensities are defined by subtracting the back-
ground counts �around 1500 counts in this spectral region� to
the peak height. The theoretical result is represented with a
continuous line in the figure.

In Fig. 4 the behavior of the ArI line with the Ar filling
pressure is shown. The units of the vertical axis and the
meaning of the continuous line are the same as in the previ-
ous figure.

VI. INTERPRETATION OF THE RESULTS AND
DISCUSSION

Since the plasma light source is extended over the whole
discharge chamber, in order to predict the pressure depen-
dence of the intensity of different lines as observed at the
fixed optical window, it is necessary to know the axial and
radial distributions of the emitting particles �neutrals and
ions�, together with an adequate radiative model, which
gives the power radiated in each plasma volume element in

terms of the population of emitting particles with given ex-
cited levels �note that the lines typical of vacuum arcs corre-
spond to the transitions from highly excited levels�. Since
radial density profiles and relative population of particles
with particular excited levels cannot be obtained from the
presented one-dimensional hydrodynamic model, a simple
model of the light collected from the plasma was adopted.
We have assumed that the light is emitted mostly from the
axis, where the highest densities of particles exist. As for the
excited states, it is assumed that the upper level is populated
by electron impact from the fundamental level, and depopu-
lated by radiative emission, in a coronalike equilibrium ap-
propriate for the low-density plasma considered. According
to this model, the power �per unit volume� of line emission
for the transition from level n to m is modeled as24

Inm�z� = Cg�n,0��
ne�z�ni0�z�fnmg0

gmTe
1/2�z�

� ��Enm

�En0
�3

exp�−
�Enm

Te�z� � ,

where C is a constant of value 2.56�10−24 W cm3 eV1/2 ,ne

is the density of electrons, and ni0 that of emitting ions or
atoms in the fundamental level �or metastable level�, to
which the subindex 0 refers. The energy differences between
levels n and m ,�Enm, and the electron temperature are given
in eV. The thermal-averaged Gaunt factor g�n ,0�� is taken
as 0.2 for ions and 1 for neutrals.24 The other magnitudes,
taken from Ref. 21, are the oscillator strength fnm, and gl, the
statistical weight of level l. For the TiI line we have fnm

=9.16�10−3 ,g0=5 ,gm=7,�En0=2.68 eV, and �Enm=2.66
eV. For the ArI line the values are fnm=0.458,g0=gm=5, and
�En0=�Enm=1.48 eV, where the lower level considered is a
metastable one, and so the density ni0�z� is that given in the
model as na

*�z�.
The light collected at the window is taken as propor-

tional to the local power �per unit volume� emitted by the
line, times the solid angle displayed by the window entrance
at the point of emission. With this simple model the power
measured at the window Iw can be expressed as proportional
to

Iw � �
0

zc Inm�z�dz

�Rc
2 + �z − zw�2�3/2 , �19�

where Rc is the radius of the chamber, zw is the axial position
of the window, and z is the generic point on the axis where
the line intensity per unit volume �in W cm−3 units� is Inm�z�.
The integral is taken along the axis from the position of the
cathode �z=0� to the chamber length �z=zc�. Expression �19�
is only proportional to the measured power, the constant of
proportionality being dependent on geometrical factors such
as the window surface and chamber radius, and also to the
radial profile of the species considered. As mentioned above,
the latter cannot be estimated with sufficient precision with
the one-dimensional model, so that we have left the propor-
tionality constant unspecified and used Eq. �19� in arbitrary
units. For the same reason the measured intensities �in num-
ber of counts� were not converted to absolute values �W�,

FIG. 3. Spectral intensity emitted from Ti I �466.76 nm� vs pressure. The
lines indicate the results of the theoretical model.

FIG. 4. Spectral intensity emitted from Ar I �811.35 nm� vs pressure. The
lines indicate the results of the theoretical model.
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although care was taken to keep the same acquisition time in
all measurements in order that the proportionality between
number of counts and measured power be the same in all
cases.

The numerical code gives the density of electrons and of
different species of atoms and ions, and the electron tempera-
ture �the density obtained for a given species includes all
different excited states, but in the assumed statistical equilib-
rium this density practically coincides with that of the fun-
damental level�. The results from the code can be directly
used to evaluate Inm�z� at each z position along the axis and
so to evaluate expression �19�.

The theoretical model was run for values of the arc pa-
rameters corresponding to our experimental situation. The
ionic current was taken as 8% of the 90 A main arc current
for pressures up to 0.1 mbar.25 For higher pressures we con-
sidered an exponential decrease with the pressure of this
fraction, down to 3% at 1 mbar, to match the observed de-
crease in the cathode erosion rate.26 The fractions of Ti ions
were taken as 0.11 for the z= +1,0.77 for the z= +2, and
0.12 for the z= +3 ions.27 It was also assumed that each me-
tallic ion carried out an average kinetic energy of 122 eV at
the cathode surface.20 The electron temperature was chosen
to be 2 eV at the cathode surface, in agreement with the
experimental values in vacuum �see Fig. 2�, the temperature
of metallic ions and atoms was assumed to be 0.3 eV,28 and
the gas temperature was 0.025 eV.8

The rate coefficients for the different processes were
taken from Refs. 29–33 and are given as elastic interaction
between metallic particles and gaseous ions and gas mol-
ecules, �0s=2�10−15 cm2, charge-exchange processes be-
tween metallic ions and the gas atoms, �ce1=10−16 cm2,
�ce2=2�10−16 cm2,�ce3=3�10−16 cm2, charge-exchange
processes between metallic neutral and the gas ions, �ce0

=10−15 cm2, resonant charge-exchange processes between
gas atoms and gas ions �res=7�10−15 cm2, electron-impact
ionization of Ar gas, ki=6.69�10−10Ci0Te1/2�Uion+2Te�
�exp�−Uion /Te� cm3 s−1 �where Ci0=2�10−17 cm2 eV−1

and Uion=15.8 eV�, Penning ionization of Ti by excited Ar,
kp=9�10−15 cm2�w0, conversion reaction for Ar gas into
molecular gas, kconv=5.5�10−31 cm6 s−1, dissociative re-
combination of molecular gas ions, �rec=10−7 cm3 s−1, exci-
tation of Ar by electron impact, kee=2.2�10−8Te1/2

�exp�−12.4/Te� cm3 s−1, and ionization of excited Ar by
electron impact, ki*=2.1�10−7Te1/2 exp�−5.3/Te�.

It can be seen from Fig. 2 that the electron temperatures
predicted by the model are in fairly good agreement with
those obtained in the experiment. The fall in Te at relatively
high p values is mainly due to electron energy losses in
excitation and ionization processes.

The behavior of the electron temperature shown in Fig. 2
can be understood by analyzing the relative weight of the
terms in the right-hand side of Eq. �16�. At low-pressure
values the excitation and ionization terms �the first three
terms� are very small, and the temperature evolution is con-
trolled by the last term, the thermal conduction term. At
larger p values the inelastic terms �mainly excitation of Ar
from the ground state� dominate over conduction close to the
cathode surface, thus producing a marked decrease of Te.

This reduction of temperature decreases the rate of inelastic
losses, and as one moves away from the cathode �between 3
and 5 cm from the cathode surface in the pressure range
investigated� the thermal conduction term dominates again.
As a result, above �10−2 mbar, and farther than �5 cm from
the cathode, the electron temperature has already decreased
to a value of 
0.4 eV and stays approximately constant.

From Figs. 3 and 4, it can be seen that the adjustment of
the line intensities with the results predicted by Eq. �19� is
quite reasonable, in spite of the simplifying assumptions in-
volved in the theoretical model and in the radiative processes
that originate the line emission.

Concerning again Fig. 3, the observed increase in the
intensity of the TiI line with p can be attributed to a strong
charge exchange of Ti ions that generate neutral Ti �at inter-
mediate p values� together with a decrease of diffusion losses
at high p. For large pressure values, however, the line inten-
sity decreases because the number of Ti atoms decreases due
to the reduction in the erosion rate, while Te remains practi-
cally constant.

The profile of the intensity of the ArI line, presented in
Fig. 4, can be understood considering that this line is excited
by electron impact, hence it grows with the Ar density and
Te. At high p values, for which Te remains practically con-
stant, the line intensity decreases because the electron den-
sity decreases due to the reduced erosion rates.

Note that the absence of TiIII lines �also found in other
works�, in spite of the fact that z= +2 is the most abundant
species for a Ti cathode, is a consequence of the strong
charge exchange of these ions with neutral Ar. The same
reason explains the absence of ArII lines �Ar+ ions are also
destroyed by conversion reactions, producing Ar2

+, which are
in turn destroyed by dissociative recombination�.

VII. FINAL REMARKS

We have presented a hydrodynamic model valid for the
interelectrode region of a vacuum arc operated with back-
ground gases. Besides the usual mass conservation and mo-
mentum equations, the model includes an electron energy
equation with source terms giving account for excitation and
ionization of neutrals and electron energy losses by thermal
conduction. For typical vacuum arc operating pressure con-
ditions, it has been found that the thermal conduction term
plays an important role in controlling the electron tempera-
ture. The predictions of the model have been compared with
experimental data of electron temperatures obtained at differ-
ent Ar gas pressures, and a fairly good agreement has been
obtained. Also, experimental pressure profiles of TiI and ArI
lines have been reasonably adjusted by the model predic-
tions, in spite of the relatively crude atomic model adopted to
interpret the plasma radiation emission.
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