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In these experiments, the energy distribution functions of ions and plasma parameters in the generated flows of a
non-self-sustained arc discharge in pure molybdenum vapors and in a mixture of molybdenum vapors with gas were
investigated. It is proved that there are practically no ions with energy over 100 eV in the flows, and that the maximum
of the ion distribution function shifts to lower values of the ion energy when the vacuum arc discharge current
increases. The values of the plasma potential in the flows, the density and temperature of the plasma electrons at
different discharge currents were determined. It is shown that the working medium of the discharge in pure
molybdenum vapors is formed during the diffuse evaporation of the working material, which ensures the absence of
droplets of the working material in the generated flows. Growth rates of deposited molybdenum films at different
operating modes of the discharge were determined. It has been proven that the plasma flow created by a discharge of
this type in molybdenum vapors has a compensated volume charge and can be used to apply metal films and coatings

to substrates made of various materials, including dielectric ones.

PACS: 52.50.D9,52.80 Vp

INTRODUCTION

Currently, in nuclear power, such metals as Zr, Mo,
Nb, Ti, Ni, Ta, V, Cu are considered the most promising
for solving the problems of anti-corrosion protection of
uranium products. In order to improve their corrosion
properties, it is considered appropriate to use metal
coatings made of molybdenum and coatings made of its
compounds with various gases [1]. A non-self-sustained
arc discharge in the vapors of the diffusely evaporating
anode is capable of generating highly ionized and
droplet-free plasma streams [2-9]. Therefore, the study
of the discharge characteristics and parameters of the
plasma flows generated by this discharge are relevant
and necessary, both in the case of discharge in pure
molybdenum vapors and discharge in vapors-gas
working medium.

1. EXPERIMENTAL SETUP

The schematic diagram of the experimental setup is
shown in Fig. 1. A non-self-sustained main arc discharge
was initiated between the grounded cathode 1 and the
water-cooled anode 3 in pairs of the working material 2.
In these experiments, the working material was
molybdenum. Initially, the Mo sample had the form of a
cylinder with a diameter of 0.01 m and a height of 0.02 m
and was directly placed on the upper plane of the anode
3. The distance between the cathode of discharge 1 and
the working material 2 was 0.005..0.007m. The
discharge cathode was made of a tungsten wire with a
diameter of 1 mm. The cathode glow current was usually
60 A. A resistance of 10 Q was used to stabilize the main
discharge.

An additional gas discharge in the crossed magnetic
and electric fields between electrode 4 and the cathode of
discharge 1 was used to initiate the main arc discharge.

The magnetic field in the discharge gap with a strength of
B=80-10*T was created using magnetic coil 5.
Cylindrical electrode 4 was used as anode of the
additional discharge. After “ignition” of an additional
discharge in argon, the electric voltage that fell between
electrodes 1 and 3 led to the formation of the main arc
discharge in the working environment, the composition of
which changed. At low currents, the main discharge
existed in the gas. The increase of the discharge current
was accompanied by the evaporation of the molybdenum
and the formation of a vapors-gas working medium.

1Ll
6 7
4 5

\ /| \
ViV
/ /
\ X
,/ \\\ oM ’/ \
// \ " / \

Fig. 1. Experimental device:

1 — heated cathode; 2 — working material; 3 — cooled
anode; 4 — cylindrical electrode; 5 — magnetic coil;
6 — flat Langmuir probe;

7 -ion collector -substrate holder

Special constructions of the flat probe with a
protective ring 6 and the electrostatic analyzer of the
charged particles energy were developed to study the
parameters of plasma flows generated by a non-self-
sustained arc discharge in pure molybdenum vapors.
Electrode 7 was used to measure the current of ions in
the plasma flow at the exit from the plasma source. It
was usually a negative potential “-200 V.
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Electrode 7 could also be used to place pads. The
distance between electrode 7 and the anode was 0.18 m.
Usually, the pressure in the vacuum chamber was
p=(1...2)-10%Pa. The pressure in the vacuum
chamber decreased significantly during the deposition
of molybdenum films and was p <1-10® Pa. Stopping
the supply of gas to the vacuum chamber led to the
transition of the main discharge in the vapors-gas
mixture to its "burning" mode in pure metal vapors.

2. EXPERIMENTAL RESULTS

The volt-ampere characteristic of a non-self-
sustained arc discharge in a mixture of molybdenum
vapors with argon, curve 1, and pure molybdenum
vapors, curve 2, is shown in Fig. 2.
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Fig. 2. Volt-ampere characteristics of non-self-
sustained arc discharge in a mixture of molybdenum
vapors with argon, curve 1, and in pure molybdenum

vapors, curve 2

It can be seen that the formation of a vapors-gas
mixture takes place at 13>10A and already at
ls>15...20 A the influence of molybdenum vapors on
the characteristic is significant. Functions of the ion
energy distribution at different discharges currents are
presented in Fig. 3. The curves 1-3 are correspondent of
the data for discharges in gas and mixtures of metal
vapors with gas at p = 2.0-10°? Pa.
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Fig. 3. lon energy distribution at different currents of
the main, lg, and additional, 14, discharges

The curve 4 is presented characteristics for main
discharge in pure molybdenum vapors at p = 2.0-10° Pa. The
values of electron temperature and plasma potential in
the generated flows at different main discharge currents

are shown in Fig. 4. It can be seen that the electron
temperature is T, = 12...13 eV, curve 1. The plasma
potential, curve 2, is positive and changing in the
interval Vp = 8...10 V. At the same time, the voltage
between the anode and cathode of the main discharge in
molybdenum  vapors under these  conditions
significantly decreases from 135 to 75 V. The given
data show that under the conditions of the described
experiments, the reduction of the potential jump in the
anode layer can be a characteristic feature of this type of
discharge.
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Fig. 4. Electron temperature and plasma potential
of the main arc discharge in molybdenum pairs:
ls=0A;p=2.010%Pa

Fig. 5 shows the changes in the ion current on the
ion collector 7 and the value of the plasma density in
different operating modes of the discharge. The data
show that under the conditions of the described
experiments, the plasma density varies in the range of
Ne =~ (1.1...1.9)-10° cm™. At the same time, the value of
the ion current on electrode 7 has a non-linear
dependence on the discharge current. The given data
also show that the increase in the discharge current from
15 to 40 A leads to an increase in the value of the ion
current, which increases almost 5 times, changing from
2810 130 mA.
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Fig. 5. Dependence of the ion current on electrode 7,
curve 1, and the plasma density, curve 2, on the main
discharge current: I, =0 A; p=2.0-103 Pa

Fig. 6 shows the energy distribution of ions in the
main arc discharge in pure molybdenum vapors at
different discharge currents. It can be seen that there are
practically no ions with energy over 100 eV in the
flows.
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The maximum of the ion distribution occurs at the
energy much lower than the corresponding potentials of
the anode. The anode potentials in this case are 100 V
for curve 1 and 90 and 80 V for curves 2 and 3,
respectively. The data also show that when the
discharge current increases, the maxima of the ion
distribution shift to lower ion energy values.
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Fig. 6. lon energy distribution at different currents of
the main arc discharge, lq, in pure molybdenum
vapors: I, =0A; p=2.0-10° Pa

The growth rate of the molybdenum film on
dielectric sital substrate at different discharge currents is
shown in Fig. 7. The pressure in a vacuum chamber was
p < (1.2...2.0)-10° Pa. The substrates were placed at a
distance of 18 cm from anode 3.
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Fig. 7. Growth rate of the molybdenum films, q,
on the value of the main discharge current, lq

The speed of films deposition g has a non-linear
dependence on the main discharge current in the range
of up to 30A and is q=(5..15)-10"m/s, or
g=1.8...6.5 um/h.

Fig. 8. Photo of the working material, molybdenum,
after its use in the main arc discharge

A photo of a sample of molybdenum working
material, after its use in research is presented in Fig. 8.
The upper surface of the sample has a mirror
appearance without any local inclusions. This indicates
that the working environment in the discharge was
formed by homogeneous diffuse evaporation of the
upper layer of the working material.

CONCLUSIONS

This  publication presents the results of
experimental research on the physics of generation
processes and the stable existence of a non-independent
arc discharge in pure molybdenum vapors and a
discharge in a mixture of molybdenum and argon
vapors. The functions of the ion energy distribution in
the generated flow at different operating modes of the
discharge and in different working environments were
studied. It is shown that in the generated plasma flows
there are practically no ions with an energy exceeding
the value of the discharge voltage. It was found that an
increase in the discharge current leads to a decrease in
the values of the average energy of the directional
movement of ions in the generated flows. The main
characteristics of the discharge in various working
mediums are presented. It is shown that the plasma
flows of the arc discharge in molybdenum vapors and
the discharge in molybdenum vapors with gas have a
compensated volume charge and can be used for the
deposition of films and coatings on metal,
semiconductor, and dielectric materials.

The presented results of the experiments indicate
the expediency and relevance of further studies of this
type of discharge in various working environments and
may be important for the development of new and
improvement of existing plasma technologies for
various purposes.
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JNHAMIKA PO3IIOALITY IOHIB 3A EHEPI'IEIO TA TAPAMETPU IUVIAZMH Y IIOTOKAX
HECAMOCTIHHOI'O IYTOBOI'O PO3PSTY Y HAPAX MOJIBAEHY

A.I. Bopucenko

Y mmx ekcrnepuMeHTax Oyiad JociimkeHi (YHKINI poO3MOIiIy IOHIB 3a CHEPri€l0 B IJIa3MOBHUX IMOTOKAaX
HECaMOCTIHHOTO AyTrOBOTO PO3psAy B YHCTHX Mapax MOdiOAEHy Ta mapaMeTpH IUIa3MH B T€HEPOBAaHMX ITOTOKaX.
JloBeneHo, 110 MaKCUMYM (PYHKITIT pO3MOIiTy 10HIB 3@ €HEPTIEI0 3MIIYy€ETHCS 10 MEHINNX 3HAYCHb €HEPrii 10HIB MPH
301IBIIEHHI CTPYMy BaKyyMHOT'O JyrOBOTO po3psiny. Bru3HaueHi 3Ha4eHHs IMOTEHIaly IIa3MH B IIOTOKaxX, I'yCTHHA
Ta TeMIlepaTypa eJEKTPOHIB IUIa3MHU NPHU Pi3HUX CTpyMax po3psay. [lokazaHo, mo poboue cepeoBHIle po3psiLy B
YUCTHX Tapax MOIiOIeHy (GOopMyeTbcs TpH MuY3HOMY BHUIIAPOBYBAaHHI pPoOOYOro Marepiany, mio 3adesmedye
BIICYTHICTB y CTBOPIOBaHMX HOTOKax Kparesb pobodoro marepiaidy. BuzHadeHi IIBHIOKOCTI POCTy OCalKyBaHHX
IUTIBOK MOJIIOJCHY B Pi3HHX poOOYMX pexuMax po3psay. JoBeneHo, M0 CTBOPIOBaHUH PO3PSIOM JAHOTO THUILY B
mapax MoJiOAeHy IIa3MOBHH TOTIK Mae KOMIIEHCOBAaHHMHA 00’eMHHI 3apsm i Moke OyTH BHKOPHCTaHHM JUIS
HaHECEHHS METaJIEBUX TUTIBOK i IIOKPHUTTIB Ha MIAKIAAMHKH 3 PI3HUX MaTepiaiiB, y TOMY YHCII 1 Ti€TeKTPHIHUX.
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