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Introduction. Erosion sources of plasma provide a highly productive formation of ion-plasma streams by evaporating 
the electrode material and have been widely used in science and industry for synthesizing various coatings, modifying mate-
rial surfaces, and for creating the sources of charged particles.

Problem Statement. At present, the main problem in creating high-quality coatings is their limited homogeneity due to 
the presence of the microdroplet phase in ion-vapor stream of erosion plasma sources.

Purpose. To create a new generation of erosion plasma sources, particularly, of vacuum arc-type ones that are free of 
microdroplets in order to efficiently synthesize high-quality coatings with predetermined functional properties. 

Materials and Methods. For creating sources of pure metal plasma, an original idea based on the use of axially sym-
metric plasma-optical system for introducing additional energy into a flow of dense multi-component metal plasma due to 
efficient self-sustained generation of fast electrons has been proposed. Such energetic electrons are able to effect the 
plasma flow passing through the system and, particularly, to evaporate and to eliminate microdroplets that essentially limit 
the use of erosion dense plasma sources for technological developments.

Results. Conceptual design of combined source containing vacuum arc plasma source and axially symmetric cylindri-
cal electrostatic plasma-optical lens in a single device has been created. The designed hardware does not have analogs 
worldwide.

Conclusions. The research has opened up wide prospects for practical application of the proposed idea for removal 
undesired micro-impurities while keeping the mass transfer in metal plasma flow formed by vacuum arc source. Combina-
tion of plasma lens with vacuum arc ion source enables controlling low energy plasma flux towards the substrate (i.e., film 
deposition) or towards emission grid (i.e., ion beam generation).
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Plasma erosion sources are a wide range of ion-
plasma flux sources, including vacuum-arc and 
laser-generated ones, widely used in science and 
industry for the synthesis of various coatings and 
the creation of charged particle sources. The plas-
ma erosion sources are used in industrial methods 
for modifying surfaces of structural and decora-
tive materials. At the same time, their use in crea-
ting high quality coatings, especially those with a 

highly uniformity at the nanoscale, and coatings 
for optical applications is limited by the presence 
of the micro-droplet phase in the flux. The prob-
lem of the presence of micro-inclusions in the ion-
vapor flux of erosive plasma sources (vacuum-arc 
ones) and its purification from them, has been 
discussed in many researches [1—6] that describe 
the basic schemes of filters and ways of prevent-
ing the presence of droplet phase in the working 
flux. However, the existing filtration systems are 
mainly based on the separation (removal) of the 
droplet phase substance from the flux. This ap-
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proach causes a significant reduction in the pro-
cess productivity.

The researchers of the Institute of Physics of 
the NAS of Ukraine (IP NASU) have suggested 
an idea of filtration system that does not require 
removing the droplet phase substance from the 
flux, but, on the contrary, enhances the produc-
tivity of ion-plasma treatment. The key feature of 
this development is a beam of fast electrons bring-
ing additional energy to the flux of metal plasma 
passing through the system, for the effective eva-
poration and destruction of the microdroplets. 
Such high-energy electrons can be formed self-
consistently while passing through the plasma 
flux, as a result of secondary ion-electron emis-
sion from the cylindrical electrodes of the plas-
ma-optical system.

The plasma-optical systems (plasma lenses) 
based on the fundamental plasmodynamic idea of 
magnetic isolation of electrons and the equipo-
tentialisation of the power lines of the isolating 
magnetic field have proved a success in terms of 
focusing and controlling high-energy ion beams 
and ion fluxes [7]. Such systems in the fast elec-
tron generation mode can be promising for their 
use as modified plasma-optical filters capable of 

removing the micro-droplets from erosive plasma 
sources.

Theoretical assumptions and experimental de-
monstrations conducted at the IP of NASU have 
shown that the suggested idea for removing the 
micro-droplets is innovative and effective in de-
veloping a new plasma system for filtering the 
micro-droplets (or reducing them to the nano-
scale) from dense metal plasma flux generated by 
such erosion plasma sources as a vacuum arc and 
a laser plasma source. At the current stage of the 
research, vacuum-arc plasma sources have been 
used in the experiments. The first results that tes-
tify to a high prospective viability and practical po-
tential of this idea have been presented in [8—12].

Below, there are the results of studying differ-
ent modes of operation of a vacuum-arc plasma 
source with a plasma-optical filter, which have led 
to the conceptual design of optimized assemb ly 
“vacuum-arc plasma source — modified cylind ri-
cal plasma lens with non-equipotential electrodes”.

Having considered all possible energy channels 
of interaction of multicomponent plasma partic-
les with liquid metal particles having a typical 
diameter of 1—10 μm, as described in [1], it was 
suggested that at the expense of its own resources 
the plasma flux from vacuum arc could not evapo-
rate the droplets while transporting to the sub-
strate for applying coatings and synthesizing thin 
films. Without going into details of various pro-
posals for the introduction of additional energy in-
to low-temperature dense plasma flux, below, the-
re is outlined the essence of the proposed original 
and physically transparent approach. A schema-
tic illustration of the cutting-edge plasma-optical 
system using an electron beam to effectively re-
move the micro-droplets in metall plasma flux pro-
pagating in the system is shown in Fig. 1. Highly 
ionized multicomponent plasma with micro-drop-
lets is formed by a vacuum arc source with catho-
de C and anode  A. Usually, the flux passes through 
several screens before leaving the source aperture. 
Typically, such systems have screens and aper tu-
res, which partially remove the droplets. Imme-
diately after the aperture, the flux enters the plas-

Fig. 1. Scheme of the system for removing micro-droplets 
from plasma flux: C — cathode; A — anode; D — diaphragm; 
MC — magnetic coil; М — magnetic field lines;  — spatial 
layer in which a strong electric field is formed; C1 — 
cylindrical electrode that generates an electron beam under 
the action of secondary ion-electron emission; S — substrate 
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ma optic device. Applying a negative potential 
to the central electrode С1 leads to the forma-
tion of a layer with a strong electric field mainly 
directed towards the radius. A significantly smal-
ler electric field penetrates into the metal plas-
ma flux. Such conditions lead to the formation 
of a spatial layer with a thickness  << e ≡ 
≡ eEr/meHe

2 and a large radial electric field Er , 
near the electrode. It should be noted that the 
system is placed in a magnetic field where the 
ine qualities He << D << Hi. shall be met. Here, 
He and Hi are the Larmor radii of electrons and 
ions, and D is the fil ter diameter. In this sys-
tem, the electrons are mag netized while the ions 
are not magnetized. Under typical conditions, an 
electronegative potential of –1—3 kV is applied 
to the central cylindri cal electrodes of the sys-
tem. As a result, the seconda ry ion-electron emis-
sion forms an electron beam with velocity Vb = 
= (2eU/me)

1/2 and current density jb = ji, where 
 is the secondary ion-electron emission factor. 
This electron beam is formed in a self-consistent 
manner in a thin layer <<e =  = Vb/He , while 
plasma flux is passing through it, due to some 
plasma ions that accelerate in this layer in the 
direction of the central electrode. According to 
the estimates, for typical parameters of a plas-
ma flux formed by a vacuum-arc source, the ion 
energy in the flux is i  20–60 еV and the elect-
ron plasma temperature Te and their densi ty n0 
are Te  2–4 еV, n0 = 1011–1012 сm—3 , respectively. 
For the cylindrical filter electrodes ha ving a di-
ameter of 70 mm in a magnetic field of 200—
400 Oe, the mentioned inequalities are met in a 
wide range of experimental conditions.

Thus, the electron beam formed on the inner 
surface of the central cylindrical electrode of the 
plasma-optical filter adds to the propagating plas-
ma flux a significant portion of the energy that 
exceeds all energy accumulated in the plasma ions 
and electrons. Under the action of elastic and in-
elastic collisions with neutral atoms and charged 
plasma particles in the crossed electric and mag-
netic fields, this beam is directed to the axis of the 
system. In this case, the beam electrons can col-

lide with metal droplets and thereby lead to their 
evaporation and destruction. 

The device for experimental verification of the 
effectiveness and promising viability of the new 
idea of purification of multicomponent metal plas-
ma flux from the micro-droplets is shown in Fig. 2. 
A Bulat-type vacuum-arc system of continuous 
action has been used. The arc discharge current 
is 60—80 A, the discharge voltage is 22 V, at a 
magnetic field strength in the filter B = 0 Gs, and 
30 V, at B = 360 Gs. The diameter of the copper 
cathode is 20 mm. The stainless steel substrate 
has a surface area of 1 cm2 and is placed under a 
negative potential of –200 V. The distance from 
the cathode to the substrate is 250 mm. The time 
of application of the coating is 3 min.

In the experimental device, a three-electrode 
plasma-optical filter is used as micro-droplet fil-
ter, with the terminal electrodes connected to 
each other and grounded, and a negative poten-
tial of -1 ÷ 1.5 kV applied to the central electrode. 
A 360 GHz induction magnetic field is generated 
by permanent magnets. The filter length is 15 cm, 
the inner diameter of the electrodes is 68 mm, 
the width of the central electrode is 69 mm, that 
of the terminal ones is 25 mm.

Fig. 2. Scheme of the experimental device: 1 — vacuum 
chamber; 2 — cathode of the vacuum-arc source; 3 — insu-
lating ring; 4 — electromechanical ignition electrode; 5 — 
anode of the vacuum-arc source; 6 — system of permanent 
magnets and filter magnetic conductor; 7 — filter electro-
des; 8 — magnetic field lines that close pairwise the termi-

nal electrodes of the filter; 9 — substrate; 10 — radial probe. 
The source is isolated from the chamber

Input flow 
of working gas

Pumping 
out
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The samples with the deposited copper film are 
studied using a scanning electron microscope 
(SEM). The images for different filter modes are 
shown in Fig. 3. A significant reduction in the 
number of micro-droplets, both in and without the 
magnetic field (i.e. in the hollow cathode mode) 
has been reported. Also, it should be noted that 
there is a decrease in the diameter of large droplets 
that have passed through the plasma-optical filter.

The experiments with the first option of the 
plasma-optical filter have shown some disadvan-
tages of its design. In particular, the study of the 
magnetic field effect on its performance is ques-
tionable. Also, the design of the electrode system 
does not enable flexibly varying the distribution 
of potential applied to the filter electrodes. All 
this has led to improvements of the filter design 
and the transition to the pulse-periodic mode of 
operation for systematic experimental studies.

Using the existing software and the experience 
gained in the design of plasma-optical systems 
has allowed us to create a device containing on its 
external side a magnetic circuit with permanent 
magnets and a system for supply of potential to 
the electrodes of the electrode system (Fig. 4). 
The magnetic circuit is made of soft magnetic 
iron and Nd-Fe-B permanent magnets. The aver-
age magnetic field induction on the surface of a 
single parallelepiped magnet is 0.3 T. The system 
has six spacings for the installation of individual 
permanent magnets having a thickness of up to 
10 mm and a cross section of up to 20 × 20 mm. 
The inserts made of soft magnetic iron enable crea-
ting a continuous, uniform field in a large volume.

The filter electrode system is made of non-
magnetic materials. The electrodes, their leads, and 
the couplings are made of stainless non-magnetic 
steel. The insulation inserts are made of organic 
glass and fluoroplast. The device diagram (Fig. 5) 
shows the arrangement of the shaped insulating 
inserts that should eliminate the risks of short 
circuit between the electrodes at a high potential, 
which are grounded by means of the deposition of 
metal plasma from the cathode material on the 
channel walls. The low-energy plasma transport 
channel is formed by six pairs of electrodes and a 
dielectric between them. The electrodes have dif-
ferent widths and separate leads to each pair. 
They are placed symmetrically relative to the me-
dian plane of the lens. Such a large number of 
electrodes enables to flexibly select the shape of Fig. 4. Advanced plasma-optical filter 

Fig. 3. Effect of destruction of copper micro-droplets on the sample surface (the apparent area is 250 × 330 μm) (SЕМ): 
а — filter is off; b — filter operates in the mode U = –1000 V, B = 0; c — filter operates in the mode U = –1000 V, B = 360 Gs

a b c

100 μm 100 μm 100 μm
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the potential distribution along the transport chan-
nel wall. The two middle electrode pairs are loca-
ted within the area of a homogeneous magnetic 
field. The other pairs are placed within the gradi-
ent area, which increases the flexibility of the sys-
tem as a whole.

The studies have shown that the most promi-
sing in terms of designing a virtually attractive 
technological device is the combined assembly 
"plasma source – plasma lens" that is an axially-
symmetric system consisting of an erosive source 
of vacuum-arc plasma and plasma-optical lens on 
permanent magnets, which enables generating 
crossed electric and magnetic fields that signifi-
cantly affect the parameters of the propagating 
ion-plasma flux.

Also, the operation mode of the vacuum-arc 
plasma source has been modified, namely, the tran-
sition from continuous mode to the pulse-perio-
dic one with a separate electro-physical ignition 
electrode has been done. The electrophysical para-
meters of the source are as follows: discharge cur-
rent is 100–300 A; pulse duration is 100–300 μs; 
pulse repetition period is 1—5 s; residual pressure 
in the vacuum chamber is 1.5 × 10–6 Tor; argon 
as working gas can be added up to a pressure of 
1 × 10–4 Tor; the cathode is made of copper (Ø 6 mm) 
or titanium (Ø18 mm). It should be noted that a 
cathode block of a commonly known MEVVA 
(metal, vapor, vacuum arc) type source of heavy 
metal ions is used in this case. The main parame-
ters of the plasma-optical system are as follows: 

Fig. 5. Scheme of the integrated assembly "vacuum-arc plasma source — advanced plasma-optical 
filter". The inner diameter of the filter electrodes is 80 mm
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a magnetic field with an induction of B = 300 Gs 
on the axis is generated by a system of permanent 
magnets; the negative potential at the central fil-
ter electrode varies up to –3 kV; the terminal 
electrodes are grounded; the inner diameter of the 
filter electrodes is 80 mm; its length is 14 cm. The 
plasma flux that has passed through the filter has 
been studied using a partitioned collector consis-
ting of 4 independent ring-shaped collectors, with 
the closest to the cathode terminal filter electro-
de acting as anode of the vacuum-arc source.

The results of plasmodynamic studies of the pro-
pagation of dense low-temperature ion-plasma 
flux in the developed system are shown in Fig. 6. 
They are averaged data of measurements of 6 plas-
ma pulses, with the reference point of the z-axis 
corresponding to the reference plane of the lens. 
Although, in empty space, the plasma propagates 
with a considerable divergence, the obtained ex-
perimental results have shown that, within a cer-
tain range of gas pressure and potential applied to 
the central electrode, the overwhelming majority 
of the plasma flux passes the plasma-optical filter 
through. Moreover, under the mentioned experi-
mental conditions, this system focuses the plasma 
flux, which is especially pronounced in the case of 
floating potential at the central electrode and, in 
our opinion, is caused by the formation of a self-

consistent distribution of the focusing electric 
potential in the plasma flux. In this case, an ad-
ditional potential difference of about 10 V is ob-
served at the central electrode. It is rather suffi-
cient for focusing a low-energy ion-plasma flux 
with an energy of 20—30 eV.

Also, one can observe focusing the plasma flux 
at the lens output when a negative potential is 
applied to the central electrode of the lens (supp-
ly voltage is –500 V, actual potential of the central 
electrode is about –400 V). This can be explained 
by the generation of fast electrons due to the sec-
ondary emission when the ions fall on the inner 
surface of the central electrode of the lens. These 
electrons, along with the slow plasma electrons, 
can accumulate on the axis and ensure focusing 
the flux ions due to the polarization effect.

In the pure plasma-optical mode, when the 
supply voltage of the central electrode is +500 V 
(the actual potential at the central electrode is 
about +50 V only), the plasma-optical focusing ef-
fect is weaker as compared with the other cases 
under review. This may be explained by a compli-
cated configuration of the system due to the fact 
that the central electrode becomes the second va-
cuum-arc discharge anode.

In order to test the performance of the advan-
ced plasma-optical filter, copper films have been 
deposited in the case of fully disconnected filter 
and in the case of a filter without a magnetic field. 
In the latter case, the filter electrode system forms 
the conditions for non-self-maintained or self-main-
tained discharge of the hollow-cathode type, de-
pending on pressure in the chamber. In such a 
discharge, the electrons can have an energy of the 
level of difference of potentials applied to the dis-
charge gap and, while colliding with the micro-
droplets, can destroy them.

The surface of the deposited layers has been stu-
died using an optical microscope. Under the mic-
roscope, the sample surfaces have different appea-
rances for different operating modes of the plas-
ma-optical filter (Fig. 7). It can be seen that the 
number of droplets is significantly less in both 
cases, provided the filter is used. The maximum 
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the collector J on its distance Z from the output plane of the 
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size of the droplets reaching the sample surface 
decreases as well. More efficient destruction of 
the droplets can be achieved by the further opti-
mization of the filter parameters.

To check the performance of the filtration of 
plasma flux of high-melting-point metal ions in 
the designed system, the material of the cathode 
is replaced by titanium. For studying the titani-
um droplets on the sample surface, 3 types of sub-
strates are used: conventional microscope slide, 
organic glass, and quartz glass. As a result of the 
visual examination of the sample surfaces treated 
under the same conditions the largest number of 
micro-droplets is detected on the surface of the 
quartz glass substrate. On the other surfaces, in 
addition to a smaller number of droplets, there 
are found the traces of micro-droplets that al-
though reach the surface, but cannot have stayed 
on it. The most likely reason for the retention of 
droplets on the surface of quartz glass is its low 
thermal expansion coefficient. Due to this, even 
under a considerable temperature stress (cooling 
of the titanium droplet from the molten state to 
the normal conditions), the droplets remain on 
the surface. Proceeding from the above, in the fu-
ture, only quartz glass substrates have been used 
for the research.

To compare the results for the different re-
search conditions (filter off / on) the same para-
meters of the vacuum-arc source are used: the 
discharge current is 120 A, the pulse duration is 
1 ms, the frequency of repetition is 1 Hz, the pulse 

count is about 9000 (2.5-hour continuous ope-
ration), and the working gas (argon) pressure is 
5 × 10–4 Tor. When using the plasma-optical fil ter 
to purify the plasma flux from the micro-droplets, 
the hollow-cathode discharge current amounts 
to about 3.5 A, and the voltage at the discharge 
cathode is about –1.8 kV.

The initial observations have shown a relati-
vely small number of titanium droplets as com-

Fig. 7. Sample surface in different operating modes of the advanced plasma-optical filter (obtained with the use of an optical 
microscope): а — filter is off; b — filter operates in the mode U = –2000 V, B = 0; c — filter operates in the mode U = –2000 V, 

B = 300 Gs

a b c

100 μm 100 μm 100 μm

B = 0; U = 0 B = 0; U = –2 kV B = 0,03T; U = –2 kV

Fig. 8. Histogram of the size distribution of titanium micro-
droplets in the system "vacuum-arc plasma source - advanced 
plasma-optical filter": а — filter is off; b — filter operates in 
the mode U = —1800 V, B = 0. The droplet size is calculated 

using the titanium reflective index (R = 0.5)

8

6

4

2
0

0.6 0.8 1.0 1.2 1.4
D, μm
а

D, μm
b

N

10

8

6

4

2
0

0.6 0.8 1.0 1.2 1.4

N

10



ISSN 2409-9066. Sci. innov., 2019, 15 (4)

Goncharov, A.A., Bazhenov, V. Yu., Dobrovolskiy, A.M., Protsenko, I.M., and Naiko, I.V. 

38

pared with experiments with copper), even when 
the filter is off. The most likely, it is explained by 
a higher melting point of titanium as compared 
with copper. Due to this, for the same energy in-
put into the arc discharge, at the copper cathode, 
there are visually detected several simultaneous-
ly existing stains versus one stain on the titanium 
cathode. Thus, the most efficient procedure for 
counting the droplets under a microscope requi-
red a much larger field of view, and, accordingly, 
a smaller magnification, as compared with the 
cop per experiment. Obviously, this impairs the 
resolution, making small droplets invisible when 
using a conventional through illumination sche-
me. Therefore, it is necessary to use another coun-
ting method that would enable the detection of 
droplets that are lesser than the microscope re-
solution.

The main principle of the method for obtaining 
a surface image is to record the light reflection 
from the micro-droplets against a black back-
ground. The optical microscope is precisely focu sed 
by obtaining a minimum size of diffraction-li mited 
images of small droplets. Using a × 10 magnifica-
tion (0.2 aperture lens) and a Canon 350D digi tal 
camera with a sensor size of 15 × 22.5 mm has en-
abled simultaneous recording of the droplets in a 
sufficiently large field of view (1.5 × 2.25 mm) 
and thus improving the quality of the statistical 

analysis. In this case, the resolution is about 1.5 μm 
in the image plane.

The brightness of light reflected from the sur-
face of droplets that are larger than the resolution 
does not depend on the size of the droplet B = B

0R, 
where B0 is the brightness of the source, R is the 
reflective index of titanium. For the droplets that 
are lesser that resolution, the apparent brightness 
decreases according to B  B0R (d/DRES)2, where 
d is the diameter of the droplet, and DRES is the 
system resolution. Thus, analyzing the sample 
image on a black background enables to count 
the droplets larger than DRES and to obtain the 
size distribution for the smaller droplets.

The procedure for digital camera image pro-
cessing is as follows:

1) converting a RAW file to a 16-bit TIFF (gray-
scale) with a gamma of 0.5 (UFRAW freeware) to 
obtain diameter distribution histograms;

2) selecting one pixel for each maximum in-
tensity (ImageJ freeware);

3) building a histogram (accumulation window 
width is 256, i.e. 256 values from the full range of 
65 536.

The obtained results (Fig. 8) have undoubted-
ly shown a decrease in the number of micro-drop-
lets when the filter is on. In this case, all large 
droplets (over 1.5 microns) are completely re-
moved. There remains a small number of medium 
droplets (0.5—1.5 microns) that are likely the re-
sidues of the large ones that have not evaporated 
in the filter based on the hollow cathode dis-
charge.

In addition to its application for filtering the 
micro-droplets in plasma flux, the cylindrical 
plasma lens type plasma-optical system has good 
prospects for being used in order to increase the 
efficiency of other plasma-optical systems, in par-
ticular, those designed to form beams of multi-
charge heavy metal ions. The scheme of using the 
plasma optic lens as element of a vacuum-arc ion 
source is shown in Fig. 9. The initial experiments 
on measuring the charge composition of copper 
ions that have passed through such a system with 
the simultaneous application of a magnetic field 

Fig. 9. Scheme of the modified combined MEVVA assembly 
and the plasma lens for improving the parameters of a 
vacuum-arc source of metal ions: 1 — cathode; 2 — ignition 
electrode; 3 — insulator; 4 — terminal electrodes; 5 — central 
electrode; 6 — insulator; 7 — magnetic system; 8 — magnetic 
circuit; 9 — emission grid; 10 — suppressor; 11 — accelerating 

electrode; 12 — output aperture
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and an electronegative potential to the central 
electrode have shown a significant increase in the 
current of copper ions with charges from 1+ to 
4+, namely, the emission current increases app-
roximately from 0.25 A to 0.5 A, in particular, the 
current of Cu3+ varies from 0.45 mA to 1.8 mA, 
whereas that of Cu1+ ranges from 0.05 mA to 
0.75 mA. These values have testified to the fo-
cusing of the low-energy plasma flux in the di-
rection of the emission grid and confirmed the 
ability of the fast electrons in the lens to control 
the average ion charge in the resulting multi-
charge ion beam. It should be noted that an in-
crease in the current of ions with higher charges 
resulting from the use of such a system makes it 
attractive for practical applications as an input 
element of linear accelerators of heavy metal ions 
and in other modern ion-beam technologies for 
modifying the surface properties of materials.

Hence, as a result of the series of theoretical 
and experimental studies, a new axial-symmetric 
plasma-optic system for removing micro-droplets 
from a dense low-temperature multicomponent 
plasma flux generated by an erosive vacuum-arc 
plasma source has been created and tested. The 
achieved level of understanding of the physical 
processes arising in the system with fast electrons 
has allowed us to create an experimental model 

of a commercial prototype of the advanced ero-
sion source of metal plasma, where a vacuum-arc 
source and a plasma-optical filter are combined in 
one device. This combined optimized assembly, 
having been adapted to the specific technological 
conditions, will be completely ready for practical 
applications in the synthesis of functional coa-
tings with significantly improved properties. Anot-
her innovative promising result of the research 
cycle is the understanding that such an assembly 
in the mode of modified vacuum-arc source of 
multi- charge metal plasma ions gives an oppor-
tunity to create a new generation of widely known 
MEVVA (metal, vapor, vacuum arc) ion sources 
that have been successfully used in linear acce-
lerators of heavy ions and in the process of modi-
fying the surface properties of materials. Howe-
ver, this research requires further creative efforts 
to optimize and improve the system and can be an 
interesting example of innovative developments 
aiming at support of the sustainable development 
of the national economy.

The research has been done within the frame-
work of the R&D Instrument-Making Program 
of the NAS of Ukraine, project P13/16-18 and 
partly under the Advanced Studies in Plasma Phy-
sics, Controlled Fusion and Plasma Technologies 
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НОВІТНІ ДОСЯГНЕННЯ В РОЗРОБЦІ 
ЕРОЗІЙНИХ ДЖЕРЕЛ ПЛАЗМИ

Вступ. Ерозійні джерела плазми забезпечують високопродуктивне формування іонно-плазмових потоків шля-
хом випарювання матеріалу електродів та мають широке застосування у науці й промисловості для синтезу різно-
манітних покриттів, модифікації поверхні матеріалів та створення джерел заряджених частинок.

Проблематика. На сьогодні, проблемою у створенні високоякісних покриттів є їх обмежена однорідність, що 
зумовлено присутністю мікрокрапельної фази в іонно-паровому потоці ерозійних джерел плазми.

Мета. Створення нового покоління ерозійних плазмових джерел, зокрема, вакуумно-дугових, вільних від мікро-
крапель, для ефективного синтезу високоякісних покриттів с заданими функціональними властивостями.

Матеріали й методи. Для створення джерел чистої металевої плазми було запропоновано та реалізовано оригі-
нальну ідею використання аксіально-симетричної плазмооптичної системи для введення додаткової енергії у потік 
щільної багатокомпонентної металевої плазми за рахунок ефективного самоузгодженого утворення швидких елек-
тронів. Такі енергетичні електрони здатні ефективно впливати на плазмовий потік, що проходить крізь систему, ви-
паровуючи та руйнуючи мікрокраплі, які суттєво обмежують використання ерозійних джерел щільної плазми для 
технологічних розробок.

Результати. Розроблено концептуальний проект комбінованого джерела, яке містить у одному пристрої ва куум-
но-дугове плазмове джерело та аксіально-симетричну циліндричну електростатичну плазмооптичну лінзу. Запропо-
нована розробка є оригінальною та не має аналогів у світі.

Висновки. Наведені результати дослідження відкривають широку перспективність практичного застосування 
запропонованої ідеї для усунення небажаних мікровключень зі збереженням переносу маси у потоці металевої плаз-
ми, що формується вакуумно-дуговим джерелом. Поєднання плазмової лінзи з вакуумно-дуговим джерелом іонів 
відкриває нові можливості керування низькоенергетичним плазмовим потоком, що розповсюджується у напрямку 
до підкладки (при нанесенні плівок) або емісійної сітки (при генерації іонного пучка).

Ключові  слова: ерозійне джерело плазми, щільна плазма, плазмооптична система, мікрокраплі.



ISSN 2409-9066. Sci. innov., 2019, 15 (4)

Recent Advances in the Development of Erosion Sources of Plasma

41

А.А. Гончаров, В.Ю. Баженов, А.Н. Добровольский, 
И.М. Проценко, И.В. Найко

Институт физики НАН Украины, 
просп. Науки, 46, Киев, 03028, Украина, 

+380 44 525 2329, gonchar@iop.kiev.ua

НОВЕЙШИЕ ДОСТИЖЕНИЯ В РАЗРАБОТКЕ 
ЭРОЗИОННЫХ ИСТОЧНИКОВ ПЛАЗМЫ

Введение. Эрозионные источники плазмы обеспечивают высокопроизводительное формирование ионно-
плазменных потоков путем испарения материала электродов и широко используются в науке и промышленности для 
синтеза различных покрытий, модификации поверхности материалов и создания источников заряженных частиц.

Проблематика. В настоящее время проблемой в создании высококачественных покрытий является их ограни-
ченная однородность, что обусловлено присутствием микрокапельной фазы в ионно-паровом потоке эрозионных 
источников плазмы.

Цель. Создание нового поколения эрозионных источников плазмы, в частности, вакуумно-дуговых, свобод-
ных от микрокапель для эффективного синтеза высококачественных покрытий с заданными функциональными 
свойствами.

Материалы и методы. Для создания источников чистой металлической плазмы была предложена и реализована 
оригинальная идея использования аксиально-симметричной плазмооптической системы для введения дополнитель-
ной энергии в поток плотной многокомпонентной металлической плазмы за счет самосогласованного создания быс-
трых электронов. Такие энергетические электроны способны эффективно влиять на плазменный поток, проходящий 
через систему, в частности, испарять и разрушать микрокапли, существенно ограничивающие использование эрози-
онных источников для технологических разработок.

Результаты. Разработан концептуальный проект комбинированного источника, содержащего в одном устройст-
ве вакуумно-дуговой источник плазмы и аксиально-симметричную цилиндрическую электростатическую плазмооп-
тическую линзу. Предложенная разработка является оригинальной и не имеет аналогов в мире.

Выводы. Приведенные результаты исследования дают широкие перспективы практического применения пред-
ложенной идеи для устранения нежелательных микровключений при сохранении массопереноса в потоке металли-
ческой плазмы, формируемой вакуумно-дуговым источником. Объединение плазменной линзы и вакуумно-дугового 
пламенного источника открывает новые возможности для управления низкоэнергетическим плазменным потоком, 
распространяющимся по направлению к подложке (при нанесении пленок) или эмиссионной сетке (при генерации 
ионного пучка).

Ключевые слова: эрозионный источник плазмы, плотная плазма, плазмооптическая система, микрокапли.




