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ARTICLE INFO ABSTRACT

Keywords: A comprehensive study of behavior and parameters of the low-pressure (1-20 mTorr) large-area plane-sym-
Large-volume arc discharge metric direct current arc discharge plasma in pure Ar and Ar-N, mixtures was carried out. A low-pressure arc
Low-pressure discharge was ignited in a large chamber between a planar vacuum arc cathode with magnetic steering of arc

OES methods
Langmuir probe
EEDF

spots and a surrounding grounded primary anode while a long-length remote arc discharge was extended toward
a remote linear anode parallel to the cathode plate. The arc column moved up and down along the cylindrical

Retarding potential analyzer
IEDF

Modeling

Drift-diffusion approximation

cathode target positioned perpendicular to the cathode-to-remote anode direction, following the motion of the
cathodic arc spots. Current-voltage characteristics of the low-pressure direct current arc discharge, electron
density, electron temperature, electron energy distribution function (EEDF), ion energy distribution function
(IEDF) and dissociation of nitrogen molecules in the discharge were studied using electro-technical methods,
electrostatic probes, a microwave resonant probe, an ion energy analyzer and optical emission spectroscopy
(OES) methods. A number of OES methods were used to determine temperature and density of electrons in the
discharge: the T, was measured using 1) the Iaq415/Iam,306 intensity ratio, 2) an intensity ratio of the (0-0)
vibrational bands of 1st negative and 2nd positive systems of Ny; the n, was obtained by 1) the Inu487/Iar1,451
intensity ratio and 2) ratio of N,(C3II,,v = 1) and N,(C3II,,v = 0) populations. In addition, the nitrogen dis-
sociation degree was monitored using Inyses.os/Iari,ss2.14 and Inyse2.92/Iam s52.14 intensity ratios. Spectral and
probe measurements of T, and n, in the large-area arc discharge show reasonable agreement. The electron
population analysis based on the second derivative of the Langmuir probe current-voltage characteristics al-
lowed accurate measurements of electron population parameters in the discharge including EEDF, electron drift
velocity along with plasma potential, electron density and energy. Modeling of the low-pressure large-volume
arc discharge using the axially symmetric drift-diffusion approximation exhibited good qualitative and accep-
table quantitative agreement between calculated plasma parameters and experimental data.

1. Introduction

energy distribution function (EEDF) has two populations of electrons:
the main non-Maxwellian population with a mean electron energy of =

Large area plasmas produced by low-pressure discharges are utilized
in industrial-scale plasma processes such as surface treatment, dielectric
and semiconductor etching and thin film deposition [1,2]. Large area
plane-symmetric low-pressure direct-current (DC) glow discharge in Ar
and in Ar-N, mixtures was studied in our previous work [3]. The
combination of different plasma diagnostic techniques including elec-
trostatic probes, MW resonance “hairpin” probe and optical spectro-
scopy were applied to obtain reliable information regarding physical
processes in the discharge. The electron density in the glow discharge
was found varies from 1-107 cm ™3 to 410'° cm ™2 and the electron
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0.3-0.4 eV and a second, small Maxwellian population of “hot” elec-
trons, with a mean electron energy = 1.0-2.5 eV [3].

More powerful source of dense plasma, which can be used in various
technologies such as surface engineering processes [4], electric pro-
pulsion [5], and isotope separation [6] is a low-pressure arc. The low-
pressure (LP) arc as well as the vacuum arc was studied intensively from
1950s [7-10]. Properties of large area LP arc discharges are different
from properties of the conventional vacuum arc discharges and are less
investigated and understood. The arc discharge plasma generated in the
large volumes by using stationary thermion emission cathodes was
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previously investigated by Gekelman et al. [11], Leneman et al. [12],
Awasthi et al. [13], Hong et al. [14]. In the named works, the low-
pressure arc discharge plasma had a stationary distribution of plasma
parameters across the vacuum chamber.

In the present paper, the parameters of the low pressure arc dis-
charge operating in a large vacuum chamber with atmospheres of Ar or
Ar-N, mixtures at the pressures ranging from 110> to 2:10 2 Torr are
obtained by the combination of the Langmuir probes, hairpin probes
and OES plasma diagnostics techniques. The large area cascaded arc
discharge at such a low pressure has not been previously studied in a
comprehensive collection of the diagnostic techniques. The primary
goal of this paper is characterization of a composition of the large area
arc plasma commonly used in industrial plasma vapor deposition and
chemical vapor deposition coatings, plasma cleaning, ionitriding and
other surface treatment processes with the emphasis on plasma diag-
nostics methodology and its experimental verification.

This paper presents the comparison of the measured and modeled
parameters of the large-area plane-symmetric DC arc discharges in Ar
and Ar-N, mixtures. The arc discharge is generated by the cathodic arc
spots of the vacuum arc cathode, which are moving at high speeds
across the plasma volume. More than one anode is used to support
cascaded arc discharge in long vacuum chamber. The optical emission
spectroscopy (OES) methodologies previously developed for studying
the large area low-pressure glow discharge in [3] were applied in this
study in combination with other diagnostic techniques such as different
probes and retarding potential analyzer. The electron temperature T,
was obtained using 1) an intensity ratio of two ArI lines, 2) an intensity
ratio of the (0-0) vibrational bands of 1st negative and 2nd positive
systems of nitrogen. The electron density n, was obtained by 1) an in-
tensity ratio Iamr, 4s7/Iam, 4s510f Arll and Arl lines and 2) ratio of
N,(C3M,,v = 1) and N,(C3II,,v = 0) populations. In addition, the ni-
trogen dissociation degree was monitored using Inyses.03/Iar1,g852.14 and
Innse2.92/Iar1,852.14 intensity ratios. Spectral and probe measurements of
T, and n, obtained in the large-area arc discharge have demonstrated
reasonable agreement. The electron population analysis based on the
second derivative of the Langmuir probe current-voltage (I-V) char-
acteristics allowed accurate measurements of electron population
parameters in the discharge including EEDF, electron drift velocity,
plasma potential, electron density and energy.

The structure of the paper is following; section 2 briefly describes
experimental setup and diagnostic methods, section 3 presents the
large-area arc discharge parameters measured by probes and OESand
section 4 contains low-pressure arc modeling. Finally, Application A is
dedicated to analysis of the electron population based on the second
derivative of the Langmuir probe I-V characteristics.

2. Experimental setup and diagnostic methods

To develop the cascaded large area LP arc discharge we use a remote
anode together with a primary anode [15]. The remote anode draws out
electrons from the primary discharge and forces them to move for a
long distance producing large-area plasma. The experimental setup is
shown in Fig. 1. The discharge was ignited in the horizontal rectangular
discharge chamber of 2 x 1 x 0.25 m>. The primary arc (PA) discharge
was ignited between a planar stainless-steel cathode separated from the
discharge chamber by a chevron baffle which served together with the
chamber walls as a primary anode. The cathodic vacuum arc spots
moved up and down along the periphery of the vertical cathode under
the influence of a magnetic steering system which utilized a set of
permanent magnets positioned behind the 1-m long cathode.

The remote arc (RA) discharge, powered by a RA power supply
utilizing two Miller XMT 456 welding power supplies connected in
series with 180 V open circuit voltage, extended horizontally beyond
the chevron baffle, along the discharge chamber between the cathode
and the main remote anode, forming a = 1.5 m long RA column. The
resistances both in the primary arc circuit R1 and in the remote arc
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circuit R2 were approximately 0.5 Ohm each. An additional inter-
mediate remote anode was installed at about mid-point location be-
tween the cathode and the main remote anode. The intermediate anode
was connected to the positive terminal of the RA discharge power
supply via a variable resistor R3.

All experiments were performed with a primary arc current of 75 A
while the anode currents for both intermediate or mid anode and main
remote anode were varied from 5 to 200 A. Gas pressure was varied
from 21072 to 25102 Torr and the Ar-N, mixture composition was
changed from pure argon to pure nitrogen. A set of multi-channel ion-
collection probes was placed equidistantly along the vertical axes per-
pendicular to the cathode-anode horizontal axes within the distance
equal to the length of the cylindrical cathode target to determine the
vertical movement dynamics of the RA plasma column as shown in
Fig. 1b. Each of the ion collecting probes comprised a stainless steel (SS)
disk, 5 mm in diameter positioned perpendicular to the remote arc
column axes and biased negatively to —20 V below the floating shield
which surrounded the probes. The Langmuir and hairpin probes were
placed at the discharge axis as is shown in Fig. 1. The signals of these
probes can be collected simultaneously providing information of ion
current density distribution in the direction perpendicular to the
cathode-remote anode axis.

The cylindrical Langmuir probe ESPION was manufactured by
Hiden Analytics. The Langmuir probe had a 150 um diameter tungsten
wire filament with an active length of 10 mm, which was enclosed in an
alumina tube. The scanning speed of the probe's I-V measurements were
typically set to 1 V/0.66 s. The details on the T, and n, measurements
using the Langmuir probe technique in the arc discharge plasma are
described elsewhere [3]. The Hiden Analytics hairpin resonator was
fork-shaped and has 75 mm length and 20 mm gap. The principle of
measuring electron density by the hairpin probe is based on the relative
shift of its resonance frequency in plasma from the resonance frequency
in vacuum [16]. The ion energy distributions functions (IEDFs) in the
RA discharge column were measured by the scanning gridded retarding
potential analyzer (RPA) probe shown in Fig. 1b, which was immersed
within the RA discharge plasma. The RPA could be moved laterally and
rotated around its vertical axes perpendicular to the cathode-remote
anode lateral axes all owing its front orifice to either face the cathode or
the remote anode. Five grids and anion collector are employed in the
RPA. The ion energy distribution function f(V) was extracted by dif-
ferentiation of the collector ion current I.(V,) with respect to the vol-
tage applied to the analyzing grid V, [18].

In addition, the electron temperature T, and density n, were mea-
sured using optical emission spectroscopy (OES) technique. In the Ar
discharge T, was measured by the intensity ratio of two Arl lines 415.86
and 306.65 nm Ia415/Iar,306, Which is a function of the T, under
conditions of coronal equilibrium [16]. In the Ar-N, discharge T, was
also estimated using the intensity ratio of the (0-0) vibrational band of
the N, 1st negative system (391.4 nm) and the (0-0) vibrational band of
the N, 2nd positive system (337.1 nm) [3]. The electron density n, in
the argon RA discharge was obtained using the intensity ratio Ias,4s7/
Iar1,451 of Arll 487.98 nm and Arl 451.07 nm lines [3]. In the Ar-N; RA
discharge we also estimated n, using the contour graph of
No(C3I,,v = 1)/ No(C3I,,v = 0) population ratios [19]. The nitrogen
dissociation degree was monitored using Iniges.o3/Iamss214 and
Inns62.92/Iar,852.14 intensity ratios [10]. Four HR-4000 Ocean Optics
spectrometers with full bandwidth of 199-972 nm and having optical
resolutions of =0.03 nm (1200 lines/mm gratings) and high sensitivity
detectors were utilized to measure intensities of the spectral lines. Light
was gathered from a volume having a length of =1.5 m. A collimated
30 cm long focus lens collected light along very narrow volume near the
center of the chamber and focused it into a fiber optic cable divided in 4
channels and connected to the entrance slits of the spectrometers. The
relative sensitivity of the devices with wavelength was calibrated using
Ocean Optics Deuterium Tungsten-Halogen Calibration Light Source
DH-2000-CAL.
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Fig. 1. The low-pressure remote arc discharge setup in long chamber: (a) planar view; (b) side view.

3. Experimental results and discussion

The RA discharge appeared to be spatially uniform in the lateral
direction while in a direction perpendicular to the cathode-remote
anode axis the RA column was observed, which was moving up and
down drugged by the motion of the cathodic arc spots. The I-V char-
acteristic of the remote arc discharge in argon is shown in Fig. 2a. The
V-P characteristics of remote and intermediate anodes are shown in
Fig. 2b and c. The remote anode voltage Ury rose with increasing re-
mote anode current Iz, from 20 A to = 60A and saturated at
Ira > 60A. Urs was decreased when the discharge pressure was in-
creased. This effect can be also seen from V-P characteristics of the
intermediate anode in different gas mixtures, Fig. 2¢, which also shows
that adding nitrogen to argon increased the remote anode voltage drop.

A typical set of signals from the four disk ion collector probes lo-
cated at different heights from the bottom of the chamber is shown in
Fig. 3. It is demonstrating spikes of the ion currents collected by each
disk-probe when the remote arc column is crossing the probe during its
vertical movement, driven by the vertical motion of the cathodic arc
spots along the cathode evaporation surface in the vertical direction
perpendicular to the cathode-remote anode axes.

The velocity of the arc plasma column movement was further ver-
ified by the measurements taken by RPA and OES. For this purpose the
estimated frequencies of the picks of the ion collecting signals collected
by the RPA or OES, the signals taken at the selected spectral lines were
compared with the frequencies f, ; of the picks of the ion current density
signals collected by the multi-channel probe. Assuming, that cathodic
arc spot is traveling up and down along the cathode target of the length
Liarger, the characteristic velocity of the cathodic arc spots can be esti-
mated as Ve, (M/S) = Lirger (m)fcs. (1/5). The frequencies estimated
from RPA and OES measurements ranges from 10 to 100 Hz in a good
agreement with the frequencies estimated from the multi-channel probe
measurement resulting in cathodic arc spot velocities ranging from 1 to
10 m/s.

It should be noted, that usually there are more than one traveling
arc spot on the SS cathode at currents exceeding 50 A, which is the
minimum arc current for one spot on SS. This can explain that some of
the disk-probes can show the signal outside of the time-shift line. It was
found that the arc spot speed increased with the remote arc current in
agreement with the vacuum arc retrograde movement law [10]. One
can see that each signal representing an arc column crossing the probe
is split in a number of the higher frequency fringes. This can be
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The calculated standard deviation does not exceed 15-20% for ¢, and 10% for V),

attributed to the helical movement of the cathodic arc spots steered by
the external longitudinal magnetic field, which rotates the cathodic arc
spots around the cathode target cylinder and periodically moves the
cathodic arc spots to the side of the cathode target cylinder opposite to
the side facing the remote anode. This motion results in the periodically
increase of the remote arc plasma impedance and decrease of the
plasma density in the remote arc discharge column with the annular
frequency corresponding to the annular frequency of rotation of the
cathodic arc spots. The estimated speed of the vertical movement of the
arc spots ranged from 1 to 10 m/s which is typical for an arc current of
~100A [10].

The ion energy distribution functions obtained with the RPA in
argon RA plasma are shown in Fig. 4. It can be seen that in the RA
plasma with Iz4 = 300A there were well-defined groups of energetic
ions, having the mean energy of =20-30 eV both when the RPA faced
the cathode (a) and the anode (b) with full width at half maximum
(FWHM) of =10-15 eV. The higher ion energies taken from the anode
side than from the cathode side can be explained by acceleration of the
ions in the electric field of the arc column.

The plasma potential determined from the potential at which the
Langmuir probe I-V curve had its maximum derivative was 16-20 V,
and its value was depended weakly on the RA current. The T, was

decreased slightly with RA current Iz, and with the gas pressure P in-
crease and was in the range of 1.8-3.0 eV. The character of the T, de-
pendencies on Iz, and P measured by the Langmuir probe are like that
obtained using the intensity ratios, but T, values measured by the probe
were higher by = 0.5 eV than that obtained by the intensity ratios.

The electron density in the low-pressure arc was increased with the
both Iz, and with gas pressure P. In Ar-N, arc discharges, both Ia 457/
Inmas1 and nna, c1/nnz, co ratios show close values of n, at
P = 251072 Torr. The n, was increased from 2.5 x 10° up to the
2.5 x 10'° cm ™3 when the remote anode current was increased from 5
up to the 75 A. Under most discharge conditions, the Langmuir probe
indicated a n, of about 2-3 times higher than what the OES gave while
the microwave hairpin probe indicated a n, similar to the OES. The
difference appears due to the Langmuir probe measurements being
local, while the OES measurements are non-local, averaged over whole
discharge length. The ionization degree in the RA discharges was in the
range of = 2.5 X 107°-25 x 10~

In Fig. 5 the plasma potential, electron temperature and density as
well as the N, dissociation degree as a function of the argon fraction in
Ar-N, mixtures are shown. The electron density is found to be 1-2 or-
ders of magnitude greater than that measured at the low pressure glow
discharge in the similar pressure range [3] and comparable to the
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values obtained in a stationary thermionic arc plasma [12-14].

The values of V,, T, and n, were weakly depended on the mixture
composition at Ar fractions > 20% because ionization potentials of the
Ar atoms (15.76 eV) and N, molecules (15.6 eV) are close. The Ny
dissociation degree increased with the Ar fraction. The dependence is
opposite to the case of the large-area low-pressure glow discharge [3] in
which N, dissociation degree decreased with Ar fraction. The difference
is because of 2-3 eV higher T, in the low-pressure arc as compared with
the low-pressure glow discharge. Estimations provided were showed,
that T, and n, changed a little with Ar fraction, the Ar,," density rises
with increasing Ar fraction, and the most probable mechanism of N,
dissociation under low-pressure arc conditions is excitation transfer
from Ary,* to Ny:

Ary, + Np(X'Z) = Ny(CPTL,) + Ar 6
N,(C3MI,) —» N, (B3Hg) + hv (2)
N,(B*IIg) — Np(A’EY) + hv 3)
Ny(AZH) + Np(AZH) > N, + N + N (€)]

The detailed analysis of the electron population in the remote arc
discharge followed the methodology described by Shunko [20] and

previously applied to the glow discharges [3] is presented in the Ap-
pendix (Supplementary data). The electron population in the vicinity of
the remote anode, at the distances d, from the anode ranging from 0 to
5 mm, was studied using the Langmuir probe in the electron-collecting
mode at an electron-repelling potential V; < V < 0, where V;is the
floating potential.

The parameters of the electron population in the area near the re-
mote anode (see the Appendix) were compared to the parameters of the
electron population within the bulk remote arc plasma far from the
chamber walls and remote anode. The results of this analysis have
demonstrated a considerable difference of plasma properties in the area
near the remote anode vs. bulk plasma within the remote arc plasma
column.

Parameters of the electron population far from the chamber walls
and electrodes (d, > 10 cm) were measured as functions of the Ar
pressure and the remote anode current. In the Fig. 6 the plasma po-
tential V, and parameters of the electron population (n,, vq and ¢,) are
shown as the functions of the argon pressure P in the range of (2-25)
10~2 Torr. The error bars shown in the Figs. 6, 7 are the standard
deviations calculated at 95% confidence level over 10 values of the
experimental data.

The measured electron energy ¢, corresponds to the most probable
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Table 1
The reactions included in the model. The cross-sections for the electron impact
reactions were taken from the Phelps database [24].

No. Type Formula Energy (eV)
R1 Elastic e+ Ar—e + Ar 0

R2 Excitation e+ Ar —e + Ar' 11.5

R3 Superelastic e+ Ar' —e + Ar -11.5

R4 Ionization e+ Ar—e + Ar* 15.8

R5 Ionization e+ Art —e + Art 4.24

R6 Penning ionization Ar* + Ar* —e + Ar" + Ar -

R7 metastable quenching Ar* + Ar — 2Ar -

thermal velocity v, = /2¢,/m of the Maxwellian electrons in the system
moving with the drift velocity v4 found from the measurements. The
plasma potential and the electron density have values close to those
obtained by the traditional Langmuir probe calculations without data
corrections, and the electron energy corresponding to the most prob-
able electron velocity v, for Maxwellian electrons moving in the re-
ference system with drift velocity vy was close to the average electron
energy corresponding to the electron temperature T, obtained by the
traditional Langmuir probe data treatment technique without correc-
tions.

Fig. 7 shows plasma potential V,, and parameters of the electron
population (n,, vg and &) versus the remote anode current Igs = I, at
P = 251072 Torr. As it can be seen from the Fig. 7, the electron
density n. and the drift velocity vy are increased strongly with the Iz4
growth, while the plasma potential, V,, and the electron energy, ¢,, are
changed slightly. All the electron parameters plotted in the Figs. 6, 7
were calculated with the correctios described in the Appendix.

The values of the electron drift velocities presented in Fig. 7 enabled
one to find the corresponding parameters E/N, (see Table 6.4, Drift
Velocity in Argon at 293 K, in [21]). The density of the neutral argon-
gas atoms can be found from the equation N, = (To/TyN,, where Ny
and T, are Ar density and temperature near the probe position and Ty is
the gas temperature in the chamber. At the pressure of 2:10 2 Torr,
measured at 293 K, the gas density in the chamber, at 473 K, is
N;=4.08 X 10" m~3, and the average value of the electrical field E
expected for the drift velocities vg = 10* m/s shown in Figs. 6, 7 is
E < 0.1 V/cm with acceptable precision from the data presented in
Figs. 6, 7 by taking into account the distribution of the plasma potential

measured. It can be seen that electric field within arc column is more
than 3 times lower than that in the area near the remote anode (for
details see the Appendix).

4. Low-pressure arc modeling

The electric setup of the axisymmetric cascaded arc model con-
sidered in this work, mimicking the experimental setup shown in Fig. 1,
is shown schematically in Fig. 8. The cathode and remote anode were
positioned at opposite ends of a cylindrical metallic discharge tube. The
cathode was separated from the rest of the discharge volume by a
chevron baffle. The baffle was electrically connected to the discharge
tube, which together formed the combined primary anode for the pri-
mary arc discharge conducted between the cathode and the discharge
tube walls with or without chevron baffle. An optional mid-anode was
positioned in the middle between the cathode and a remote anode. Each
anode is provided with an independent electric circuit including power
supply, ballast resistor and blocking capacitor.

The low-pressure large-volume arc studied experimentally was
modeled using an axially-symmetric drift-diffusion approximation with
commercial COMSOL FEM software [20]. The arc discharge was ignited
between a small cathode mimicking the vacuum arc cathode spot and
the primary arc anode consisting of the discharge tube walls and the
chevron baffle. The primary arc feeds a large area remote arc discharge
in the space between the chevron baffle and the remote arc anode. The
cathode and remote anode are metal discs with small, 2 mm, thickness
ranging from 2 to 6 mm. To mimic the cathode spot emission, the
diameter of the cathode was chosen as 1 cm, while the diameter of the
remote anode was 20 cm. The thermionic electron current density
emitted by the cathode (the electron influx current) and the argon
pressure were the input parameter of the model.

The drift-diffusion model was used to model the low-pressure arc
discharge in argon. The core of the numerical model is the transport
equations, which can be expressed in the same form for all species
[22,23]:

ong
+ VeI, =R
at o )

where the subscript a denotes either electrons (e), ions (i) or various
neutral particles (n), both excited and in the ground state; n, is the
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Fig. 9. Model geometry (a) with three anodes and (b) with baffled miniature cathode and remote anode.

number density of the corresponding species; I', is its flux and R, is a
source term.

The excited particle fluxes I, in Eq. (5) are expressed in the Fick
form while the fluxes of the ions I'; and electrons I, are expressed in the
drift-diffusion form as the following:

I' = uEn — V(Dn) (6)

where ¢ is mobility of ions and electrons in electric field, E is the electric
field, n is density of the different species, D is diffusivity coefficient. In
case of electron transport and electron energy transport the electron
mobility ., electron energy mobility y.,, electron energy density nep,
electron diffusivity D, and electron energy diffusivity D., are sub-
stituted in Eq. (6). In the most models of this work we considered un-
magnetized plasma with a reduced electron mobility coefficient defined
as a scalar fiyeq—f1on, [As>/kgm?], but in the presence of the magnetic
field the electron and ion mobilities become tensors [22,23]. The
electron diffusivity, energy mobility and energy diffusivity are defined
via Einstein's relation for a Maxwellian electron energy distribution
function (EEDF):

De = Me’Ié’ Hen = (5/3)1"%’ Den = luenTe (7)

where T, is the electron temperature defined as T, = (2/3) < &>,
where the mean electron energy < € = ng,/n,.

The DC electron mobility 1. was obtained by solving the Boltzmann
kinetic equation in the two-term approximation in COMSOL
Multiphysics using the Boltzmann equation interface [22,25]. Seven
reactions, including electrons (e), ground-state argon atoms (Ar), ex-
cited argon atoms (Ar*) and single-charged argon ions (Ar*) were in-
cluded in the model as presented in Table 1.

The transport equations were constrained by Neumann-type
boundary conditions. At the anodes, the wall boundary condition was
imposed, prescribing the normal fluxes to the boundary based on the

thermal movement of electrons and ions. The sticking coefficient for
both the Ar™ ions and the Ar* excited atoms was set to 1, which cor-
responds to a 100% recombination/de-excitation probability. The
electron emission from the cathode was modeled by mimicking ther-
mionic emission in which the electron influx is provided as an input
parameter of the model. At the same time the coefficient of secondary
electron emission was set to zero as negligible in comparison with
thermionic electron influx.

The Poisson equation constrained by Dirichlet-type boundary con-
ditions was used for calculation the plasma potential distribution across
the discharge tube from which the electric field was calculated from
Maxwell equation:

Ve(eo&,E) = py, ®
E=-VV )]

where V is electric potential, py is space charge density.

At the cathode, the electric potential was set to zero while at the
corresponding anode, the electric potential was given by arc electric
circuit equation

V= ‘/0 - RBIP - CBRggv (10)
where V), is the voltage at the output from the DC power supply, I, is the
plasma current obtained by integrating the current density over the
anode, and R is resistance of the ballast resistor in the DC circuit. In
addition, the electric circuit includes the bypass capacitor Cz which
improves the convergence in the ignition phase and does not influence
the results as we are only interested in the stationary state.

Two different axisymmetric geometries were considered for this
modeling as illustrated in Fig. 9. The model shown in Fig. 9a includes
the cathode and three anodes: two of them, the mid anode and the
remote (main) anode are positioned within a metallic cylindrical
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current with 4102 Torr in the cascaded arc discharge with three anodes: re-

mote anode (RA), mid anode (MA) and wall anode (WA); also shown is the
fraction of ion current at the cathode as a function of the cathode current.

discharge tube, 0.6 m long X 0.16 m diam. The metallic walls of the
discharge tube served as the third, the primary anode, while both the
cathode, mid anode and remote anode are made of thin disks, 0.075 m
diam X 61072 m thick and in some calculation as thin as 2:10~> m.
The model with three anodes shown in Fig. 9a was solved for the
thermionic current densities ranging from 0.5 to 4 A/cm? uniformly
distributed across the cathodes, which corresponds to the total ther-
mionic currents ranging from 50 to 300 A, while the input voltages in

10

the remote anode, mid anode and wall anode circuits were taken at
90 V and 60 V respectfully, mimicking the actual parameters of the
experimental cascaded arc circuits. The ballast resistor was set to
Ry, = 0.5 Ohm for all anodes, typical for the welder-style arc power
supplies and the blocking capacitor was set to C, = 1 pF for all anode
circuits. The voltage current characteristics were calculated for all the
anodes and the plasma parameters n,, T, and V,,, were taken both across
whole discharge tube and at two probe-points located on discharge
axes, probe 1 between the cathode and the mid-anode and probe 2
between the mid-anode and the remote anode as illustrated in Fig. 9a.
In the model presented in Fig. 9b with one single remote anode, the
cathode is shielded by the floated chevron baffles.

The electron density n,, the density of the electron current J, and
plasma potential V,, shown in Fig. 10, are distributed quite evenly in
the two regions - one between the cathode and the mid-anode and other
between the mid-anode and the remote anode. This demonstrates the
usage of a cascaded arc setup for extending the remote arc discharges
along large discharge tubes, as also demonstrated experimentally [15].

The anode currents and voltages as well as the fraction of the ion
current at the cathode are shown in Fig. 11 as functions of the cathode
current at 41073 Torr argon pressure. As it can be seen, all the anode
currents increase while the ion fraction of the total cathode current
decrease when the cathode current increases. Furthermore, the voltages
of all anodes decrease with increase of the cathode current. All of the
anode voltages (RA, MA and WA) decreased with increasing current to
that anode as illustrated in Fig. 12. Thus, the high-current low-pressure
cascaded arc discharge has a falling I-V characteristics both as a func-
tion of the total arc current generated by the cathode and also as a
function of the local arc currents conducted to each of the chain of arc
anodes. This was also seen in the drift-diffusion glow discharge models
[26].

Falling I-V characteristics are typical for high pressure arc
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Fig. 16. n,, T, and V,, with baffled primary anode electrically connected to the metal walls of the discharge tube and the remote anode.

m T T T
0.6 A 3.47x10'8
0.55F x10%7
0.5r 1
0.45F 0.9
0.4f 08
0.35} 0.7
0.3} 0.6
025} 0.5
>
0.15f ‘
0.1r -
: 0.1
0.05F
Or ] ] i\ 4 5.71)(1013
0.2 0 :2<im
10" 4
0
€
° fa—d—a—0—A 4 4 4, A—b A
QQ)
—m— model, PA
10" 4 —e— model, RA
H/"”r—’ A LP
—v— OES
0 é 1l0 1|5 2|0 215
P.10° Torr

b)
12 - —m— Te,PA, model 48
© —e— I/pPA, model
—A— TeRA, model |
Lt —v— Vp,RA, model 49
X Te, LP
8 —<4— Vp,LP 132
—p— Te, OES
o 61 24 >
i >
4 L 16
2 4 -8
0 T T T T T 0
0 5 10 15 20 .
P,10° Torr

Fig. 17. Results of the modeling of the plasma parameters vs. experimental measurements in a remote arc discharge with a baffled miniature cathode and remote

anode, as a function of pressure.

discharges driven by ohmic heating, thermal-conductivity, and radia-
tion losses [15]. The difference between the falling I-V characteristics
obtained by the modeling and the rising I-V of the remote arc discharge
observed experimentally (Fig. 2a), where the discharge voltage in-
creased slightly with increase of the arc current, can be attributed to
neglecting the magnetic pinch effect in the high current remote arc
plasma column in the model. Pinching of the arc discharge by the self-
magnetic field creates a visible arc column, increases the current den-
sity and the arc column electrical resistance.

In contrast, the model I-V characteristics of arc discharge between
the cathode and the metal walls of the discharge tube without addi-
tional remote and mid-anodes shows the increase of the anode voltage
when the arc current was increased, as shown in Fig. 13a.

The plasma density distribution across the arc discharge with a
single wall anode shown in Fig. 13b demonstrates the rapid decrease of
n, along the axis of the discharge. This differs from the almost flat
distribution of the electron density in the cascaded arc [15,26].

The anode currents and voltages and the cathode ion current frac-
tion vs. pressure with a thermionic current influx of 256 A are shown in
Fig. 14.

12

The remote anode and mid-anode currents increased slightly with
pressure, while the potentials of the remote anode and mid-anode with
respect to the cathode fell. This is typical for arc discharges and agrees
well with the experimental finding. On the other hand, the currents and
voltages of the primary anode are almost independent of pressure in the
range (1-25) -10~3 Torr.

Shown in Fig. 15 are the plasma potential V), electron temperature
T, and n, versus pressure at two probe-points along the discharge axis:
between the cathode and the mid anode (z = 0.23 m) and between the
mid-anode and the remote anode (z = 0.4 m) for a fixed thermionic
emission current of 256A (corresponding to the thermionic current
density of 2.5 A/cm?).

The plasma density increased slightly when the pressure was in-
creased. The plasma potential difference V), across the discharge tube
was close to the potentials of the RA and MA, considerably exceeding
the wall anode potential WA, while the RA potential was slightly
greater than that of the MA. The plasma potential decreased when the
pressure was increased. The electron temperature T, across the dis-
charge tube did not exceed 5 eV, was highest near the cathode and
decreased with increasing pressure. It demonstrates a small increase of



S. Avtaeva, et al.

A 4.5849x10!

Spectrochimica Acta Part B 165 (2020) 105785

06f 17 9:8: 5 '
x10
a m |(b)
m |(@) o
0.55 0.55
0.5+ 4 0.5
0.45 | S 0.45 |
0.4 0.4
3
0.35 | 0.35
25
0.3 F 0.3+
0.25 2 0.25 |
0.2 |+ 1.5 0.2
0.15 05 F
1
0.1F 0.1}
0.5
0.05 0.05
or, . : n s 15 ok,
01 005 0 005mo.1Y1022x10 0.1 -0.05

0

, A 4.9851 — , y : . A24.16
m |(€)
0.55 L
0.5
4.5
20
0.45 |
a4 0.4 +
0.35 | 2
3.5 0.3}
0.25 L -
13
0.2 b
0.15 b
2.5 5
0.1}
0.05 |
2
i Sons 0k, \ ; ; ' 0
0.0smol1 "~ 01 005 o0 o005mo1 Y0

Fig. 18. Distribution of plasma parameters across a high-current low-pressure arc discharge under the influence of the self- magnetic field, at 4103 Torr and 213 A

cathode current: (a) n, (b) T, and (c) V.

the plasma impedance with increase of the pressure. This behavior can
explain the almost flat plasma density in the same pressure range
(4-25) ‘102 Torr found by the Langmuir probe measurements and the
small increase of the plasma density with increasing argon pressure
found by OES.

The plasma density, electron temperature and plasma potential
distribution across the modeled discharge tube with the baffled primary
anode, consisting of a set of a parallel thin rings all electrically con-
nected to the metal walls, and the disk-shape remote anode as presented
in the geometry illustrated in Fig. 9b are shown in Fig. 16.

The plasma density and the potential distribution is quite uniform
across the area between the primary anode and remote anode, except
for the thin plasma sheet areas attached to the surfaces of the elec-
trodes, while the electron temperature is greater in the vicinity of the
baffled primary anode and the cathode. This behavior was similar to
that of the model with three anodes (geometry shown in Fig. 9a). It can
be seen that the remote plasma cloud almost evenly filled the remote
arc compartment (i.e. between the chevron baffle and the remote
anode), while in the primary arc compartment (i.e. between the
cathode and the chevron baffle) the plasma is dense only near the
cathode.

Fig. 17 shows the model density and temperature of electrons as
well as the plasma potential as functions of argon pressure in the low
pressure DC arc discharge calculated near the primary and remote an-
odes and measured by the Langmuir probes positioned within the dis-
charge tube in the corresponding locations near primary anode and
near remote anode.

One can see that the temperature and density of electrons were
higher near the primary anode than near the remote anode, with argon
pressure = 3-1072 Torr. The electron temperature near the primary
anode as well as near the remote anode decreased with pressure and,
the electron density near both anodes increased with pressure. This
phenomenon is well known: the increase in pressure increases ioniza-
tion rate and a lower electron energy and temperature becomes

sufficient to maintain the discharge.

For the low-pressure high-current remote arc discharge, the de-
pendence of the critical plasma parameters on pressure shown in
Fig. 17, exhibits good qualitative and acceptable quantitative agree-
ment with the experimental findings. As follows from these results, a
decrease in the plasma temperature with increasing pressure is ac-
companied by an increase in the plasma density. At the same time, the
plasma potential decreases indicating an increase of the electrical
conductivity of the discharge plasma with an increase of the pressure.
The comparison of model and experimental results shows weak sensi-
tivity of the model to its given approximations, such as dimensions of
the electrodes and its 2D axially-symmetrical geometry demonstrating
the robust behavior of the model.

This modeling also shows that in the high-current low-pressure arc
discharge, the arc current is conducted along the discharge axis, while
the current density distribution is almost flat across the discharge tube.
This allows the magnetic field within the arc column to be estimated.
For the rough estimate of the influence of self-sustained magnetic field
on arc column let us consider a case of a cathode current of 200 A
evenly distributed across the discharge tube, the characteristic value of
the magnetic field at the walls of the model tube of r = 0.08 m is
B = 5 G, which can explain the formation of the arc column in long
high-current low-pressure remote arc discharge by the self-induced
pinch-effect, similar to the magnetically compressed arc plasma flows at
higher pressures [27,28]. To estimate the possibility of the magnetic
pinch-effect and formation of a well-defined arc plasma column under
the influence of a self-induced magnetic field, a model with geometry
similar to that shown in Fig. 9a, but without the mid anode, was solved
at 4102 Torr and a thermionic current density of 2 A/cm?, while the
magnetic field was calculated in assumption that the arc current is
evenly distributed across the discharge tube. This gave the following
expression for the axial longitudinal magnetic field across the discharge
tube: B,(r) = (uo/Zn)I,/RZ where R is the radius of the discharge tube,
while the radial component of the magnetic field B,(r) = 0. In this
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model the electron and ion mobilities were used in tensor form instead
of the scalar mobilities of the non-magnetized plasma [22,23].

The results presented in Fig. 18 show the clear formation of a well-
defined remote arc plasma column, which can explain the observation
of the visible arc plasma constriction shown by the measurements of the
dynamic ion current distribution in Fig. 3.

5. Conclusions

A study has been made of the low-pressure arc discharges in large
chambers ignited between a planar vacuum arc cathode and both a
surrounding grounded primary anode and a remote linear anode. The
arc column moved up and down perpendicular to the cathode-anode
direction, following the motion of the cathode spots. It was found that
the cathode spot speed increased with the remote arc current and the
corresponding increase of the total arc current, resulting in an increase
of the arc steering magnetic field in agreement with the vacuum arc
retrograde motion rule. The measurements of IEDFs with the retarding
potential analyzer show that in the remote arc plasma there were two
well-defined groups of ions, one consisting of ions having mean energy
of several eV and another group with most probable ion energy =
20 eV with FWHM = 10-15 eV. The probe measurements showed great
uniformity of the low-pressure arc parameters in the discharge cross
sections. T, and n, measured with Langmuir probe were a bit higher
than with the parameters obtained with OES methods. It was shown
that T, and n, in the discharge rely more heavily on pressure and remote
anode current and were less dependent on gas composition. N, dis-
sociation degree in Ar-N, low-pressure arc discharges, as OES mea-
surements shown, increases with Ar fraction in gas mixture. The most
probable mechanism of N, dissociation in the low-pressure arc condi-
tions is excitation transfer between Ar,," and N,. The analysis of the
electron population in the remote arc discharge based on analysis of the
second derivative of the Langmuir probe I-V characteristics allowed
more accurate measurement of the electron population parameters in
the discharge including electron drift velocity, plasma potential, elec-
tron density and energy. Moreover, the low-pressure arc in the large
volume was modeled in the axially symmetric drift-diffusion approx-
imation using commercial COMSOL FEM software. Comparison of the
calculated and measured dependences of the remote arc plasma para-
meters on argon pressure showed good agreement between measured
and calculated values of the plasma parameters. The experimental
study and computer modeling have demonstrated that arc plasma can
be extended into long large-area discharge chamber by using a set of
remote anodes forming a cascaded arc discharge. The experimentally
observed formation of the constricted arc column in the high-current
low-pressure long remote arc discharge is explained by self-induced
pinch effect created by self-inflicted magnetic field. More detailed
modeling, taking into account the constriction of the high current arc
plasma column by the magnetic pinch-effect created by the self-in-
flicted magnetic field will be a subject of future work.
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