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RECENT ADVANCES IN THE DEVELOPMENT
OF EROSION SOURCES OF PLASMA

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).

Keywords: erosion plasma source, dense plasma, plasma-optical system, and microdroplets.

Plasma erosion sources are a wide range of ion- | highly uniformity at the nanoscale, and coatings
plasma flux sources, including vacuum-arc and | for optical applications is limited by the presence
laser-generated ones, widely used in science and | of the micro-droplet phase in the flux. The prob-
industry for the synthesis of various coatings and | lem of the presence of micro-inclusions in the ion-
the creation of charged particle sources. The plas- | vapor flux of erosive plasma sources (vacuum-arc
ma erosion sources are used in industrial methods | ones) and its purification from them, has been
for modifying surfaces of structural and decora- | discussed in many researches [1—6] that describe
tive materials. At the same time, their use in crea- | the basic schemes of filters and ways of prevent-
ting high quality coatings, especially those with a | ing the presence of droplet phase in the working

flux. However, the existing filtration systems are
© GONCHAROV, A.A., BAZHENOV, V. Yu,, : :

DOBROVOLSKIY, A.M.. PROTSENKO, LM., mainly based on the separation (removal) of the

and NAIKO, LV, 2019 droplet phase substance from the flux. This ap-

31




Goncharov, A.A., Bazhenov, V. Yu., Dobrovolskiy, A.M., Protsenko, I.M., and Naiko, 1.V.

4

Fig. 1. Scheme of the system for removing micro-droplets

from plasma flux: C — cathode; A — anode; D — diaphragm;

MC — magnetic coil; M — magnetic field lines; A — 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
for coating

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 assembly
“vacuum-arc plasma source — modified cylindri-
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 pm, 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 Cand anode A. Usually, the flux passes through
several screens before leaving the source aperture.
Typically, such systems have screens and apertu-
res, which partially remove the droplets. Imme-
diately after the aperture, the flux enters the plas-
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ma optic device. Applying a negative potential
to the central electrode C1 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 A << p =
=ekE /mo,,* and a large radial electric field E_,
near the electrode. It should be noted that the
system is placed in a magnetic field where the
inequalities p,, << D << p,.. shall be met. Here,
p,, and p . are the Larmor radii of electrons and
ions, and D is the filter diameter. In this sys-
tem, the electrons are magnetized while the ions
are not magnetized. Under typical conditions, an
electronegative potential of —1—3 kV is applied
to the central cylindrical electrodes of the sys-
tem. As a result, the secondary ion-electron emis-
sion forms an electron beam with velocity V, =
= (2eU/m,)"”* and current density j, = yj, where
y is the secondary ion-electron emission factor.
This electron beam is formed in a self-consistent
manner in a thin layer A <<p = =V, /o, , 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 &~ 20-60 eV and the elect-
ron plasma temperature 7 and their density
are T~ 2-4 eV, n,= 10""-10" cm~*, respectively.
For the cylindrical filter electrodes having 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-
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Fig. 2. Scheme of the experimental device: 7 — 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; 70 — radial probe.
The source is isolated from the chamber

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
30V, at B = 360 Gs. The diameter of the copper
cathode is 20 mm. The stainless steel substrate
has a surface area of 1 cm? 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.
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Fig. 3. Effect of destruction of copper micro-droplets on the sample surface (the apparent area is 250 x 330 pm) (SEM):
a — filter is off; b — filter operates in the mode U= -1000 V, B = 0; ¢ — filter operates in the mode U =-1000 V, B = 360 Gs

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.

Fig. 4. Advanced plasma-optical filter

34

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 x 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

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



Recent Advances in the Development of Erosion Sources of Plasma

Isolator

Ignition
electrode

System of constant magnets

System
of isolators
) /
discharge
cathode

Arc
discharge
anode

System of plasma lens
electrodes

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

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.

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

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 ps;
pulse repetition period is 1—5 s; residual pressure
in the vacuum chamber is 1.5 x 10-¢ Tor; argon
as working gas can be added up to a pressure of
1 x 10~*Tor; the cathode is made of copper (@ 6 mm)
or titanium (@18 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:
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Fig. 6. Dependence of the current density of copper ions on
the collector J on its distance Z from the output plane of the
plasma-optical filter (discharge current is 100 A, residual
pressure is 1,5 x 10~¢ Tor, magnetic induction is 0.03 T)

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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B=0,03T: U=-2kV

a

C

Fig. 7. Sample surface in different operating modes of the advanced plasma-optical filter (obtained with the use of an optical
microscope): a — filter is off; b — filter operates in the mode U =—-2000 V, B = 0; ¢ — filter operates in the mode U =-2000V,
B =300 Gs

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

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

count is about 9000 (2.5-hour continuous ope-
ration), and the working gas (argon) pressure is
5 x 10~* Tor. When using the plasma-optical filter
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-
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Fig. 8. Histogram of the size distribution of titanium micro-

dropletsin the system "vacuum-arc plasmasource - advanced

plasma-optical filter": a — 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)
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4 6 5 7 4 9 10 11 12
Fig. 9. Scheme of the modified combined MEV VA assembly
and the plasma lens for improving the parameters of a
vacuum-arc source of metal ions: 7 — 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; 17 — accelerating
electrode; 72 — output aperture

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
copper 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 focused
by obtaining a minimum size of diffraction-limited
images of small droplets. Using a x 10 magnifica-
tion (0.2 aperture lens) and a Canon 350D digital
camera with a sensor size of 15 x 22.5 mm has en-
abled simultaneous recording of the droplets in a
sufficiently large field of view (1.5 x 2.25 mm)
and thus improving the quality of the statistical

analysis. In this case, the resolution is about 1.5 um
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 R,
where B, 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~ B R (d/D,.,)* where
d is the diameter of the droplet, and D is the
system resolution. Thus, analyzing the sample
image on a black background enables to count
the droplets larger than D 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 (Image] 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
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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 Cu®* varies from 0.45 mA to 1.8 mA,
whereas that of Cu'* 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
Target Comprehensive Program, project PI-18.
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HOBITHI JOCATHEHHA B PO3POBIII
EPO3IMHUX JIKEPEJ IJIASMU

Beryn. Eposiiiti jpkepesa miazmu 3a0e31edyoTh BUCOKONPOAYKTUBHE (hOPMYBAHHS 10HHO-IJIA3MOBHX [OTOKIB ILJIs-
XOM BUIIAPIOBAHHS Marepiajly eJeKTPO/iB Ta MAIOTh MIUPOKE 3aCTOCYBAHHA Y HAYIll i TPOMUCJIOBOCTI /IJII CUHTE3Yy Pi3HO-
MaHITHUX MOKPUTTIB, MOAM(IKAIlil TOBEPXHi MaTepialiB Ta CTBOPEHHS JKePeJT 3aps/PKEHNX YaCTUHOK.

IIpo6GaemaTuka. Ha chorozti, npo6/ieMoio y CTBOPEHHI BUCOKOSIKICHUX MOKPUTTIB € IX 0OMesKeHa OQHOPIAHICTb, 110
3YMOBJICHO TIPUCYTHICTIO MiKPOKpareabHoi (ha3u B i0HHO-TTAPOBOMY TIOTOIlI epO3iHNX /KepesT TIITa3MU.

Meta. CTBOpPEHHSI HOBOTO TIOKOJIIHHS €PO3iHUX MJIa3MOBUX [IKepeJl, 30KpeMa, BAaKyyMHO-/IyTOBUX, BIJIbBHUX Bi/l MiKpO-
Kparnesib, 17151 eeKTUBHOTO CUHTE3Y BUCOKOSKICHUX ITOKPUTTIB € 33/IaHUMU (DYHKIIIOHAIbHUMHU BJIACTUBOCTSIMU.

Marepiam i Mmetoau. /[t CTBOPEHHS [KEPe YUCTOI MeTaeBol I1a3Mu 6yJI0 3alIPOIIOHOBAHO Ta Peai30BaHO OPHTi-
HAJIBHY 1/1€10 BUKOPUCTAHHS AKCIAIbHO-CUMETPUYHOI 11JIa3MOOIITHYHOI CHCTEMH JIJIsI BBEJICHHS JIOJIATKOBOI eHeprii y moTik
HIIBHOT 6araTOKOMITIOHEHTHOI METAIEBOI MJIa3MK 32 PaXyHOK e(hEeKTUBHOTO CaMOY3TO/PKEHOTO YTBOPEHHSI MIBU/IKUX €JIeK-
TpoHiB. Taki eHepreTnyHi eJeKTPOHN 37aTHI e()eKTUBHO BIIMBATH HA MJIA3MOBUI MOTIK, IO TPOXOINTD KPi3b CHCTEMY, BU-
[APOBYIOUU Ta PYHHYIOUM MIKPOKPAILI, SIKi CYyTTEBO 0OMEKYIOTh BUKOPUCTAHHS ePO3IHHUX JKEPesl MIiJIbHOT IIa3MuU JIJIsk
TEXHOJIOTTYHUX PO3POOOK.

Pesyapratu. Po3po06JieHo KOHIIENTYaIbHUN IIPOEKT KOMOIHOBAHOTO JIZKEPEJIA, SIKE MICTUTD Y OZIHOMY [TPUCTPOI BAKYYM-
HO-JIyTOBE I1JIa3MOBE JIKEPEJIO Ta aKCialbHO-CUMETPUYHY IIMJITH/IPUYHY eJIEKTPOCTATUYHY IJIa3MOONTHYHY JIiH3Y. 3alporio-
HOBaHa PO3pO0Ka € OPUTTHAIBHOIO Ta He Ma€ aHAJIOTIB Y CBITI.

BucnoBku. HaBejieHi pesy/ibraTut JOCTI/KEHHST Bi/IKDUBAIOTH IMUPOKY TIEPCIIEKTUBHICTD TIPAKTUYHOTO 3aCTOCYBAHHS
3aIPOIIOHOBAHOI /1€ [UIs yeyHeHHs HeOakaHUX MiKPOBKJIIOUEHD 31 30€PesKEHHIM TIePEHOCY MacH y MOTOLli MeTaJIeBOl 11J1a3-
MU, 1110 (DOPMYETBCS BaKyyMHO-IYTOBUM JpKepesoM. [loeananns 1mra3MoBoi JliH31M 3 BAKYYMHO-/LyTOBUM JIKEPEJIOM 10HIB
BiJIKPMBAE HOBI MOXKJIMBOCTI KepyBaHHA HU3bKOEHEPTETUYHUM IJIA3MOBHUM [TOTOKOM, 1110 PO3IIOBCIO/PKYETHCS Y HAIPSIMKY
110 migKaagku (IIPpY HaHECeHH] IIBOK ) abo eMiciiiHol ciTKu (1Ipy reHepaitii ioHHOTO IydKa).

Knwouoei crosa: eposiiine [yKepesio T1a3Mu, IIiJbHA MJIA3Ma, IJIA3MOONITUYHA CUCTEMa, MIKPOKPATLTi.
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HOBEWIINE JOCTUXEHWS B PABPABOTKE
I9PO3MOHHDBIX NCTOYHHMKOB II/TASMbI

BBeaenne. DpoO3NMOHHBIE MCTOYHUKH ILJIa3Mbl 00€CTIEYMBAIOT BBICOKOIIPOU3BOAMUTENbHOE (DOPMUPOBAHNE HOHHO-
TIJIA3MEHHBIX TOTOKOB ITyTeM HCIIapeHST MaTepHaia 3JIeKTPOOB U IMNPOKO UCITOIB3YIOTCS B HAYKe U MTPOMBITIITICHHOCTH /1T
CUHTE3a PA3JIMYHbBIX TIOKPBITH, MOJN(MUKAIIUY TTOBEPXHOCTH MATEPUAJIOB U CO3/IaHNS HCTOUHUKOB 3aPssKEHHBIX YACTHUIL.

IIpoGaemaTuka. B Hacrosiee BpeMsi 1po0IeMOil B CO3laHUN BbICOKOKAUECTBEHHDIX TIOKPBITHI SIBJISIETCSI MX OIPAH-
YEHHAsI OJ[HOPOJHOCTD, YTO OOYCJIOBIEHO TPUCYTCTBIEM MUKPOKAIEIbHON (hasbl B MOHHO-IAPOBOM MOTOKE 3PO3MOHHBIX
HNCTOYHUKOB TIJIA3MB.

Ilexns. Cosnanue HOBOTO MOKOJECHUS 9PO3MOHHBIX MCTOYHUKOB TIJIA3MBI, B YaCTHOCTHU, BAKYYMHO-/yTOBBIX, CBOGO/I-
HBIX OT MUKPOKaIeJsb st 3OHEKTUBHOIO CHHTE3a BBICOKOKAYECTBEHHBIX MOKPBITUI € 33/IaHHBIMK (DYHKITMOHATbHBIMU
CBOICTBAMMU.

Marepuasbi 1 MeTOABI. 11 CO31aHIA MICTOYHUKOB YMCTON METALIMYECKOM T1a3Mbl Obla TIPe/IJIosKeHa 1 peaTi3oBaHa
OpUTHHAIbHAL UJIes] UCII0JIb30BAHUS AaKCUAIbHO-CUMMETPUYHOH 1J1a3MOOITHYECKON CUCTEMDBI JIJI1 BBE/IEHUS JIONOJTHUTE/Ib-
HO¥1 9HEPTUU B MOTOK TJIOTHOW MHOTOKOMIIOHEHTHON METAJIJIMYECKOI TIJIa3Mbl 32 CYET CAMOCOTIACOBAHHOTO CO3/IaHus GbIC-
TPBIX AJIEKTPOHOB. Takue aHepreTHIecKre JIeKTPOHBI CIOCOOHBI 9(D(HEKTHBHO BIMSITH HA ITABMEHHBIN MOTOK, TPOXOSIIINAI
yepe3 CUCTeMY, B YaCTHOCTH, MCTIAPSTh U Pa3pyliaTh MUKPOKAILIN, CYIECTBEHHO OTPAaHNYMBAIOIINE MCTI0Ib30BaHNEe 9PO3N-
OHHBIX HCTOYHUKOB JIJIsT TEXHOJIOTHYECKUX Pa3paboOTOK.

Pesyabratsl. PaspaboTai KOHIENTYalbHbII POEKT KOMOMHHPOBAHHOTO UCTOUHKMKA, COAEPIKAIIETO B OJHOM YCTPOICT-
B€ BaKyyMHO-/IyTOBOI HCTOYHUK TIJIa3MbI M aKCHAJIbHO-CUMMETPUYHYIO IIMJINH/IPUYECKYIO AJIEKTPOCTATUYECKYIO T1J1a3MOOII-
THYeCKyYIO JuH3Y. [Ipeokentast pa3paboTKa sBJSIETCS OPUTHHAIBHO 1 HE MMEET aHAJIOTOB B MUDE.

BseiBoapbl. [IpuBeienHble pe3ynbTaThl HCCAEIOBAHUS AAIOT IMUPOKHUE TTEPCTIEKTUBEI MTPAKTUIECKOTO TIPUMEHEHUST TTpe/l-
JIO’KEHHOI 1Jien 171 yCTpaHeHus HevkeIaTeIbHbIX MUKPOBKJIIOUEHMH 1IPY COXpaHEeHUN MaccollepeHoca B TOTOKe METaJLII-
4eCKOii 1171a3Mbl, (POPMUPYEMOIT BAKYyMHO-YTOBBIM UCTOYHUKOM. OObe/IHEeHNE [1Ia3MEHHOMU JINH3BI 1 BAKYYMHO-LyTOBOTO
[IJIAMEHHOTO MCTOYHMKA OTKPBIBAET HOBbIE BO3MOKHOCTH VISl YIIPABJIEHUS HU3KO9HEPreTHYeCKUM IIJIa3MEHHBIM ITOTOKOM,
PacIIpOCTPAHSIONUMCS 110 HAIIPABJICHUIO K MOJTOKKe (IIPU HAHECEHWUH IJIEHOK ) WJIM AMUCCUOHHOI ceTKe (TIpU TeHepannm
WOHHOTO TIyYKa).

Knwuesvie crosa: SPOSI/IOHHHﬁ VWCTOYHUK IJIa3MBbl, IIJIOTHAA T1JIa3Ma, IJIa3MOOIITUYECKaA CUCTEMaA, MUKPOKaAILJIN.
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