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NON-SELF-SUSTAINED ARC DISCHARGE IN MAGNETIC FIELD:
MAIN CHARACTERISTICS OF THE ARC DISCHARGE IN ZIRCONIUM
VAPOR AND THE PARAMETERS OF THE GENERATED PLASMA
FLOWS
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The paper presents the results of studies of non-self-sustained arc discharge in zirconium vapors. The method of
initiating a vacuum arc discharge is described. Its main characteristics are given. The influence of the external
magnetic field on the characteristics of the discharge and generated plasma flows is shown. The values of the plasma
potential in the flows are determined. It was found that the anodic potential drop in the discharge has a positive
value and decreases with grows of the discharge current. The values of the electron temperature, plasma density and
floating potential in the generated flows of the zirconium vapor plasma were determined. Data on the growth rate of
deposited films are given and it is shown that the ionization coefficient in plasma flows is (60-90) % at various

currents of the discharge.
PACS: 52.50.Dg,52.80 Vp

INTRODUCTION

It is believed that the concentrated energy flows
(pulsed electron flows and plasma flows) can be an
effective tool in the development of new corrosion-
resistant steels and protective coatings. Plasma streams
allow not only alloying of the material, but also
finishing of the surface layers of parts. It is proposed to
use both metal coatings and coatings of metals
compounds with various gases [1].

Plasma generators based on the cathodic vacuum arc
discharge even when using filtering elements of
different designs do not allow to completely get rid of
the presence of drops of the working material in the
created flows [2]. To reduce the porosity of the coatings
created with their help, it is necessary to significantly
increase their thickness. Therefore, it is desirable to use
sources without droplet plasma streams for applying
coatings with a minimum number of pores. Such plasma
flows are capable of generating a non-self-sustained arc
discharge in vapors of the anode material [3].

Zirconium refers to materials that are considered in
nuclear energy as the most promising for solving the
problems of anti-corrosion protection of uranium
products. As a structural material, zirconium belongs to
the group of refractory materials and has a very small
thermal neutron capture cross section. This is the reason
for the wide use of zirconium and its alloys in nuclear
energy in the manufacture of heat-dissipating elements
and other structures of nuclear reactors. It has high
chemical resistance, is used in the manufacture of
various acid-resistant components in devices and
equipment of the chemical industry.

Zirconium is also characterized by high resistance
and inertness to the influence of biological
environments and is widely used in medicine for the
creation of bone and joint prostheses, various surgical
instruments. A wide range of areas of zirconium use
allows us to talk about the possibility and expediency of

using zirconium coatings on cheaper materials. All this
makes the development and research of the sources
plasma streams of zirconium vapor without droplet
important and relevant.

1. EXPERIMENTAL SET-UP AND
DIAGNOSTIC INSTRUMENT FOR PLASMA
OF DISCHARGES IN VAPORS OF METALS

The schematic diagram of the experimental device is
shown in Fig. 1. A non-self-sustained arc discharge was
"ignited" between the water-cooled anode 4 and the
grounded cathode 1 in vapors of the working material 2.

In these experiments, the working material was
single-crystal zirconium, which was placed in a graphite
crucible 3, installed on the upper surface of the anode 4
of the main arc discharge. The distance between the
cathode of discharge 1 and the working material 2 was
5...7 mm. The discharge cathode was made of the | mm
diameter tungsten wire and connected to the power
source through a 10 Q resistor. The cathode heated
current was usually 60 A. The magnetic coil 6 was used
for creating of magnetic field in the area of the
discharge.

The cylinder 5 ensured the absence of a direct flow
of discharge plasma on the inner surface of the magnetic
coil 6. It also served to create an electric field transverse
to the magnetic field and could be used as an anode of
the additional electric discharge in the crossed ExH
fields between electrode 5 and the discharge cathode 1.
Electrode 8 was used to measure the ion current in the
plasma flows at the exit from the plasma source.
Usually it had a negative potential -200 V relative to the
grounded cathode of the discharge. The distance
between electrode 8 and the anode was 18 cm.

To study the plasma parameters in streams generated
by a non-self-sustained arc discharge in pure zirconium
vapors, we developed a suitable design of the flat probe
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with a guard ring 7. The design included the recorder
flat probe element with a diameter of 4 mm made of
non-magnetic stainless steel. The protective electrode
surrounding the probe had the form of a cylinder with a
diameter of 6 mm and providing the invariance of the
ion and electron registration surface of the probe at
different values of the probe potential.

7 8

Fig. 1. Experimental device:
1 — heated cathode; 2 — working material;
3 — crucible; 4 — cooled anode,; 5 — cylindrical
electrode; 6 —magnetic coil; 7 — flat probe;
8 — ion collector

The construction of the probe in general had an outer
diameter of 8 mm and was located in the center of the
electrode 8 through a hole with a diameter of 10 mm.
The probe was installed in such a way that its measuring
part was 4 mm below the lower surface of the electrode
8. The probe, its protective electrode and its screen were
electrically isolated from each other. A constant
resistance of 100 (2 was used as a measuring resistance
for the probe. When processing the probe
characteristics, we also used the possibility of
accounting of voltage drop on the measuring resistance
and more accurate determination of the potential of the
probe. The protective electrode of the probe was
connected in the measuring circuit after the measuring
resistance. The probe screen had a negative potential —
200 V. Usually the pressure in the vacuum chamber
was p <(1...2):107 Pa. In the conditions of the films
deposition the pressure in the vacuum chamber did not
exceed p =210 Pa.

2. THE FEATURES OF INITIATION
AND CHARACTERISTICS
OF A NON-SELF-SUSTAINED ARC
DISCHARGE IN ZIRCONIUM VAPORS

To initiate the arc discharge in zirconium vapors, we
used the additional gas discharge in crossed electric and
magnetic fields between cylinder 5 and heated cathode 1
[4, 5]. The gas discharge was formed at the pressure of
argon in the vacuum chamber p = (2...3)-10” Pa and the
presence of a positive potential on the cylindrical
electrode 5. The volt-ampere characteristic of the arc
discharge, under the conditions of its initiation, is shown
in Fig. 2, curve 2. In the described experiments, the gas
discharge current was Is =3 A. After the "ignition" of
the gas discharge in the ExH fields the voltage was

applied between the anode 4 and the cathode 1. The
corresponding current was generated, Fig. 2, curve 2,
section A. The increase of voltage and discharge current
was accompanied by heating of the working material 2
and the change of the working medium composition in
the discharge gap.
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Fig. 2. Volt-ampere characteristics of the vacuum arc
discharge at the its initiation in zirconium vapors using
the gas discharge in ExH fields

At the electric power Wy = 2.4 kW was invested in
the discharge, the formed pressure of zirconium vapor
ensured the transition of the discharge into a self-
consistent mode of existence, section B of curve 2 of
Fig. 2. At point C, the main arc discharge and the
discharge in the ExH fields simultaneously existed at
the same time. The working medium of both discharges
under these conditions were the mixture of argon and
zirconium vapor. However, the zirconium vapors were
the main component in the working environment of two
discharges. It pressure were sufficient for the existence
of the non-self-sustained arc discharge in the mode of
self-generation of the working medium. Stopping the
supply of argon to the vacuum chamber led to the
"burning" of both discharges only in zirconium vapors
at the pressure in the vacuum chamber p <2:10~ Pa and
currents I;=18 A and Is=3 A. In the future, it was
possible to move to the stable existence of only the main
arc discharge in pure zirconium pairs at Is = 0. The volt-
ampere characteristic of this discharge is shown in
Fig. 2, curve 1.

The typical current-voltage characteristic of a non-
self-sustained arc discharge in pure zirconium vapor is
shown in Fig. 3 curve 1, in more detail at B=80-10* T
and I5=0. It can be seen that as the discharge current
increases from 20 to 40 A, the discharge voltage
decreases from 140 to 85 V.

At the same time, the electric power of the stationary
existing discharge in zirconium vapors is in the range of
W4=2.8...3.4 kW. The minimum electric power of the
discharge in zirconium vapors, under the conditions of
these experiments, was approximately Wy~ 2.2 kW. In
Fig. 3, curve 2 shows the value of the ion current on the
ion collector 8 placed in the center of the plasma flow.
Usually, the electrode 8 in the experiments had a size of
0.08x0.08 m and a negative potential “-200 V” relative
to the cathode of the discharge. The total current of ions
on this electrode increases with the growth of the
discharge current and under experimental conditions is
55...110 mA. At the currents over 30 A, the growth of
the ion current is close to linear.
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Fig. 3. The voltage of the main arc discharge in
zirconium vapors, U,, and the ion current on the ion
collector, I, at the discharge current, 1,

The data obtained in these experiments are in good
agreement with the values of ion current which are
calculated according to the formula

L=To [ 1+ ([la— Lol / Lao) - (1)

Here I; is the ion current on electrode 8, I;, is the ion
current on electrode § at the minimum discharge current
4o, 14 is the current of the “burning” discharge. In our
case, I4o=20 A, and I, =55 mA. Thus, expresion (1)
can be used, at least, for an approximate estimate of the
possible ion current in the generated plasma flows. At
the same time, the distribution of the flow of ions along
the radius of the electrode 8 is significantly different
from the uniform one [3]. The possibility of using thus
expression for appropriate estimates of the ion current in
a wider range of discharge currents is of practical
interest, but requires further experimental verification.

From the point of view of practical use of plasma
flow sources, one of their most important properties is
the ability to ensure the appropriate growth rate of the
applied films or coatings, as well as good adhesion of
applied films, which is largely related to the proportion
of ions in the deposited plasma flow. The growth rate of
zirconium films, q, deposited on the dielectric sital
substrate at different arc discharge currents, Iy, is
presented in Fig. 4, curve 1. In this experiment the
pressure in the vacuum chamber was p = (1...2):10” Pa,
15=0, B=80-10"* T. The presented data show that in the
range of arc discharge currents up to 40 A, the growth
rate of films q has the linear dependence on the current
of the arc discharge and is q=(5...17)-10"" m/s, or
q=2...6 um/h.

The fraction of ions in the flows, or the flow
ionization coefficient, K, is also the important
characteristic of the generated plasma streams. It is
defined by the expression:

Kion = 0jvi/(n;-vi + Ny* V). (2)
Here n;, N, are the densities of ions and atoms in the
flows, and v;, V, are the velocities of ions and atoms.
The calculation of the ionization coefficient of plasma
flows is described in more detail in publications [3].
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Fig. 4. The films growth rate, q, and the ionization
coefficient of the plasma flow, K,,,, from the current of
the main arc discharge, 1,

The curve 2 in Fig. 4 shows the values of the
ionization coefficients of flows generated by an arc
discharge in zirconium vapor at different discharge
currents. The values are calculated taking into account
ion sputtering of deposited films and singly ionized
zirconium ions in the flow. It is obvious that the non-
self-sustained arc discharge in vapors of anode material
really creates plasma flows with a large part of the ions
in the stream. In our experiments, the ionization
coefficient of plasma flows was K;,, = 60...90%.

3. THE INFLUENCE OF THE EXTERNAL
MAGNETIC FIELD

The influence of the external magnetic field, which
is created by coil 5, on the voltage of the main arc
discharge is shown in Fig. 5, curve 1.
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Fig. 5. The voltage of the arc discharge in zirconium
vapors, Uy, and ion current on the electrode 8, I, at
different induction of the external magnetic field, B

In this case, the main discharge current was
[4=25A, and I5=0. The vacuum in the discharge
chamber was p = 1.2:10” Pa.

The presence of the magnetic field leads to the
decrease in the requirements for the conditions of
existence and ignition of the discharge. According to the

ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne6(154) 63



given data, the increase in the magnetic field leads to a
significant decrease of the discharge voltage: at
B=20-10"T, we have U;=400V. And at B>6010° T,
Ug <100 V. At lower values of B, the discharge stops.
The magnetic field also significantly affects on the part
of ions in the created plasma flows. Curve 2 in Fig. 5
shows the dynamics of the ion current on the ion
collector 8 when the induction of the external magnetic
field changes. The arc discharge current in zirconium
vapors is ;=25 A, while the discharge current in ExH
fields is Is = 0. The change in the magnetic field leads to
the change in the total ion current in the streams by
almost 4 times, from 10 to 40 mA. It can be seen that
the flows of zirconium plasma have the largest ion
current at magnetic fields B = (40... 100)-10™ T.

The change of the external magnetic field intensity ,
affecting on the processes of the ionization in the
volume, leads to the change of the discharge voltage and
thus significantly affects on the electric power of the
discharge. Thus, at ;=25 A and 15=0, a change of the
magnetic field from B=30-10"T to B=150-10"T is
accompanied by the decrease in the electric power of
the main arc discharge from Wy=3 kW to W42 kW
(Fig. 6, curve 1).
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Fig. 6. The electrical power of the arc discharge in
zirconium vapors, W, = 1,xU,, and the potential of the
isolated electric probe, V., depending on the induction

of external magnetic field, B

The potentials of the isolated electrical probe 7 were
determined at different values of the external magnetic
field induction. The data are shown in Fig. 6, curve 2.

These data show that the potential of the isolated
probe at different values of magnetic field induction is
negative relative to the potential of the grounded
discharge cathode and wvaries in the range
V¢, = 40...60 V. It should be noted that the changes of
the magnetic field also lead to changes in spatial
characteristics and the geometry of the created plasma
flows.

4. PLASMA PARAMETERS OF THE
GENERATED FLOWS

The flat probe 7 was used to determine the plasma
potential, temperature of electrons, and density of
electron in the generated plasma flows at Is=0 and
B=80-10"T. The results of probe measurements and the
main characteristics of the arc discharge were obtained
in one experiment and were confirmed in other
experiments. The probe was located in the center of the

generated plasma flows at the distance of 18 mm from
the discharge anode 5. The obtained values of plasma
potentials at different discharge currents are shown in
Fig. 7, curve 1. The researches were showed that the
plasma of the flow at a distance of 18 cm from the
discharge anode has a positive potential in several units
of volts. At the same time, the plasma potential slow
increase up to approximately +7 V in the range of
discharge currents up to I3=30...35 A. Then plasma
potential is reduced to +2 V retains a positive value.

The question of the value of plasma potential in
streams at higher discharge currents in zirconium vapors
remains open.

Probe measurements, which were made at different
distances from the anode 4, allow estimating the
longitudinal intensity of the electric field in the plasma
flows as Ejong *1.5 V/ecm. We also measured the plasma
potentials on the various radiuses of the plasma streams.
These measurements showed that the plasma potential
varies from +6 V in the center to +5 V at the radius of
6 cm.
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Fig. 7. The dependence of plasma potential, V,,
and anode potential fall, V,, on the current of arc
discharge, 1,

These data indicate that the intensity of radial
electric field in the plasma streams is approximately
0.2...0.3 V/cm. The anodic potential drop was estimated
based on the discharge voltage, plasma potential values
and the longitudinal electric field strength obtained in
the experiments. The obtained results are presented by
curve 2 in Fig. 7. They indicate that in a given arc
discharge, the anode potential fall is positive and
decreases as the discharge current increases. According
to the presented data, in the range of discharge currents,
it decreases from approximately +100 to +50 V.

The characteristics of the probe made it possible to
determine the temperature of electrons in the plasma
flow. The obtained data are shown in Fig. 8, curve 1. It
was found that at a distance of 18 ¢cm from the anode,
under conditions of zero potential on cylinder 5, the
temperature of electrons in the plasma streams is
T.=12...14 V. These are quite high values, especially
considering that the single ionization potential of
zirconium atoms is 6.835 eV, and the double ionization
potential is 12.92 eV. The presence in plasma streams of
the electrons with a fairly high energy explains the
really high degree of ionization of the plasma stream,
70...100%. High-energy electrons can also lead to the
direct double ionization of zirconium atoms in the
discharge.
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Fig. 8. The dependence the temperature of plasma
electrons, T,, and "floating"” potential of the electric
probe, Vg, on the arc discharge current, 1,

A more detailed description of this process requires
confirmation and clarification in experiments, as it is of
the practical interest, for example, in the development
of sources of metal ions. From the data of Fig. 8, curve
1, it can be seen that at the discharge currents of more
than 30 A, when there is the increase of the ions current
to the electrode 8 and the vapor pressure in the
discharge gap, there is a tendency to decrease the values
of the electron temperature.
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Fig. 9. The dependence the density of plasma electrons,
N,, on the arc discharge current, I,

Using the flat probe with a guard electrode, we were
able to measure the value of the electron density in the
plasma for different discharge currents. Measurements
were made at the distance of 18 cm from the discharge

anode. The probe was placed in the center of the plasma
flow. The measurement results are presented in Fig. 9.

It can be seen that at a discharge current of 20 A, the
electron density in the plasma flow is about
N, =2-10° cm™. The increase of the discharge current to
40 A leads to the increase in the electron density to
N.=4:10"cm™. In general, this dependence is not
linear. Although, according to the given data, at the
discharge currents I3~ 30...40 A, there is a tendency for
the linear dependence of the plasma electron density on
the discharge current.

In Fig. 10 shows the dependence of the electron
density in the zirconium vapor plasma on the ion current
at electrode 8. It can be seen that there is a sufficiently
good linear dependence of the values. Thus, the value of
the ion current on electrode 8 can be used to determine
the plasma electron density.
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Fig. 10. The dependence the density of plasma
electrons, N,, on the ion current on electrode 8, I,
at various discharges current

The dependence of the electron density of the
discharge plasma, N, on the "saturation" current of ions
on the flat probe with a negative potential of -200 V,
Lisat, 1s shown in Fig. 11.
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Fig. 11. The dependence the density of plasma
electron, N,, on the ion current “saturation”

on the flat probe, Iy,

As expected, the electron density in the plasma
changes linearly with the increase in the “saturation” ion
current on probe 7 in the entire range of its values.

This obtained data indicate that to estimate the
density of electrons in the plasma of the non-self-
sustained vacuum arc discharge in zirconium vapors can
be used as the values of ion saturation current on the
probe 7 at a negative potential -200 V, and the full
current of ions on the electrode 8.

CONCLUSIONS

The publication presents the results of experimental
studies of non-self-sustained arc discharge in pure
vapors of single-crystal zirconium. The given data
describe the conditions for the stable existence of a
vacuum arc discharge and determine the power of the
electricity sources that are necessary for “ignition” and
the conditions for a stable arc discharge. They also show
the influence of external magnetic field on the main
discharge characteristics in zirconium vapors.

The paper describes the results of studies of plasma
parameters in generated flows at different discharge
currents: plasma density, plasma electron temperature
and plasma potential values. It was established that the
temperature of electrons in the plasma of flows
significantly exceeds the potential of single ionization
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of atoms of the working medium and varies in the range
of T.=12...14 eV. It is proved that the total current of
ions in the generated plasma flows on electrode 8 and
the saturation current of ions on the flat probe 7 have a
linear dependence on the density of plasma electrons in
the generated flows.

In the article the value and behavior of the potential
fall near anode of the discharge are evaluated. It is
shown that in this arc discharge the fall of anode
potential is positive and decreases with increasing the
discharge current.

It is shown that at the use of generated plasma flows
of zirconium vapors can ensure the growth of deposited
zirconium films with growth rates up to q = 6 pm/h.

The paper shows that the ionization coefficient of
plasma flows generated by a non-self-sustained arc
discharge in zirconium vapors at different operating
modes of the discharge are high and amount to
Kion = 60...90%.

Data indicate that zirconium vapors plasma flows
which are capable generating the discharge of this type
can be used to apply films and coatings on metallic,
semiconductor, and dielectric materials because they
have a compensated volume charge.

The presented research results indicate the
expediency and relevance of further studies of this type

of discharge in various working environments with the
aim of developing new and improving existing plasma
technologies for various purposes.
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HECAMOCTIMHUA TYTOBUM PO3PS] Y MATHITHOMY IOJII:
OCHOBHI XAPAKTEPUCTHUKH AYT'OBOI'O PO3PAAY B TAPAX IUPKOHIIO
TA IIAPAMETPU TEHEPOBAHUX IIJIASMOBHUX ITIOTOKIB

A.I. Bopucenxo

IpeacraBiaeHo pe3yibTaTH MOCIIKCHh HECAMOCTIHHOTO IYrOBOIO PO3psAAy B mapax IupKoHito. OmwmcaHo
METOJUKY IHILiIOBaHHS BaKyyMHOI'O JyroBoro po3psnay. HaBeneHo ioro ocHoBHI xapakrtepucTuku. IlokazaHo
BIUIMB 30BHILIHBOTO MAarHiTHOTO TIOJII HAa XapaKTEPUCTUKU PO3PSy Ta TEHEepOBaHMX IUIA3MOBUX IOTOKIB.
Bu3HaueHo 3Ha4YeHH MOTEHIIaNy IJIa3MHU B IIOTOKaX. BcTaHOBIEHO, 0 NPUAHOIHE MaIiHHs MOTEHIIANy B PO3psiIi
Ma€ TO3UTHBHE 3HAYCHHS Ta 3MEHIIYEThCS 31 30UIBLICHHSM PO3PSAHOrO CTPyMy. BH3HA4YE€HO 3HAYCHHS
TEMIIEPATYPU EIEKTPOHIB, IIUIBHICTh IUIA3MH Ta IUIABAIOYMI MOTEHINa]l y FeHEPOBAHUX MOTOKAX IUIA3MH MapiB
nupKoHiro. HaBexeHi nmaHi moo0 IIBUAKOCTI 3pOCTaHHS IUTIBOK, IO OCAKYIOTHCS, 1 TOKa3aHO, IO 3HAYCHHS
koedimieHTa i0HI3aIi] B INIa3MOBHUX ITOTOKaxX cTaHOBIATH 60...90% y pi3HHX pexuMax poOOTH PO3PSAY.
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