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INFLUENCE OF ADDITIONAL DISCHARGE IN ExB FIELDS ON THE
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The article presents the results of study of the non-self-sustained arc discharge with a magnetic field in
zirconium vapors and the additional non-self-sustained discharge in ExB fields. Their main characteristics are given.
The effect of the additional discharge on the electron temperature, plasma electron density, plasma potential and
floating potential in the generated plasma flows of zirconium vapors is shown. It is established that even at low
electric power, the additional discharge is able to double the density of plasma electrons in the flows. It is
established that the anode potential drop in the arc discharge has a positive value over the entire range of discharge
currents and decreases with its increasing. It is shown that the arc discharge in the anode material vapors is capable
to generating plasma streams of zirconium vapors with the ionization coefficient from 60 to 90%. It has been
established that the additional discharge in ExB fields is capable of increasing the ions fraction in the flows from 75
to 100% even at low arc discharge currents and can be used for the targeted regulation of ion fraction without
changing the growth rate of the deposited films and coatings.

PACS: 52.50.Dg,52.80 Vp

INTRODUCTION the water-cooled anode 4 and the grounded cathode 1.
In these experiments, the working material was single-
crystal zirconium. It was located in a graphite crucible
3, installed on the upper surface of the anode 4. The

The plasma flows generation of various solid-state
materials without the drops of working substance and

with the large fraction of ions is the important task from
the point of view of their possible practical use. In
particular, for the formation of protective coatings,
functional layers in micro- and nan-electronics, the
development and improvement of metal ion sources, the
solution of some problems of working with spent
nuclear materials and other tasks of nuclear
energy [1, 2]. The non-self-sustained arc discharge in
vapors of the anode material are capable to generating
of plasma flows with precisely these properties. It is
capable to generating the plasma flows of solid-phase
materials without drops of the working substance and
ensuring even in the non-magnetic versions the part of
ions in the generated flows up to 15...20% [3-6]. The
non-self-sustained arc discharge in vapors of the anode
electrode material in an external magnetic field allow
generating the plasma flows of solid-phase materials
with a proportion of ions in the flows up to 100% [7, 8].

The aim of this work was to study the influence of
the additional non-self-sustained discharge in ExB
fields on the characteristics of the main arc discharge in
pure zirconium vapor and on the parameters of the
generated plasma flows.

1. EXPERIMENTAL SET-UP

The scheme of the experimental device is shown in
Fig. 1. The main non-self-sustained arc discharge in the
vapors of the working material 2 is “ignited” between

cathode of the discharge was made of a tungsten wire
with a diameter of 1 mm and was connected to the
power supply through a resistance of 10 Q. The cathode
heated current was usually 60 A.

1

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 distance between the discharge cathode 1 and
the working material 2 was (0.5...0.7)-10% m. Magnetic
coil 6 was used to create the magnetic field in the
discharge gaps of both discharges. In the described
experiments, the magnetic field was equal to
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B =80-10*T. This value of the magnetic field for the
discharge in zirconium vapors corresponded to the
maximum ion currents on the ion collector 8.

The cylindrical electrode 5 provided the absence of
the direct plasma flows of the main arc discharge to the
inner surface of the magnetic coil 6. It also served to
creates the electric field transverse to the magnetic field
and was used also as the anode of the additional electric
discharge in the crossed ExB fields between electrode 5
and the cathode of discharge 1. The total ion current in
the generated plasma flows was measured by the ion
collector 8, which are located at a distance of 0.18 m
from anode 4. The ion collector had the negative
potential in “-200” V relative to the grounded cathode of
the main arc discharge 1. The flat probe 7 with a guard
ring was used to study plasma parameters in flows. The
recording surface of the probe had the diameter of
4 mm. Under the films deposition the pressure in the
vacuum chamber did not exceed p=2-10" Pa.

The additional gas discharge in crossed electric and
magnetic fields between cathode 1 and cylindrical
electrode 5 was used to initiate the main arc discharge in
vapors of working material 2 between cathode 1 and
anode 4 [9]. The additional discharge in pure gas was
realized when the positive potential was applied to
electrode 5 and the gas was admitted to the vacuum
chamber.

The application of a positive potential relative to the
grounded discharge cathode 1 to anode 4, at the
presence of the additional gas discharge in the crossed
fields ExB, led to the formation of a non-self-sustained
arc discharge in the gas between this electrodes. The
further increase in the current of the non-self-sustained
gas discharge lead to the heating of the working
material 2 and to the appearance of its vapors in the
discharge gap. Under these conditions, the change in the
composition of the discharge medium for both
discharges is occurred: the transition from discharge in
pure gas to the discharge in a mixture of gas with the
vapors of the working substance take place. At the
definite conditions, when the gas supply to the vacuum
chamber was stopped, it was possible to the implement
a mode where the working medium of both discharges
was only pure vapors of the working material 2.

The additional discharge in the EXB fields in pure
zirconium vapors could exist only in the presence of the
main arc discharge, when there is no gas flow into the
vacuum chamber. From the mode of simultaneous
existence of the main arc discharge and the additional
discharge in the ExB fields in pure zirconium vapors, it
was possible to switch to the mode of existence of only
the main arc discharge. This was done by reducing the
voltage on the electrode 5 and, accordingly, the current
of the additional discharge to zero. Under these
conditions, it was possible to ensure the stable existence
only of the main arc discharge in pure zirconium vapor.

The initiation of the non-self-sustained vacuum arc
discharge in pure zirconium vapors with the help of the
additional gas discharge was possible at voltage of the
anode power source of the main arc discharge up to
400 V. The initiation of the main arc discharge in the
"vacuum diode" mode, even in copper vapors, usually

requires the use of power sources with a voltage of more
than 1000 V at the initial stage.

2. CHARACTERISTICS OF THE MAIN ARC
DISCHARGE IN PURE ZIRCONIUM
VAPORS

On the Figs. 2-5 show some characteristics of the
main arc discharge in pure zirconium vapors. The
characteristics were obtained in the mode of existence
only of one main arc discharge, i.e. when the current of
the additional discharge in the ExB fields is zero, 15=0.

The volt-ampere characteristic of the arc discharge is
presented by curve 1 in Fig. 2. As the given data show,
the current-voltage characteristic of this type discharge
is “falling”. The increase of the discharge current is
accompanied by a decrease in the discharge voltage.
Thus, under the conditions of the described
experiments, with the increase in the discharge current
from 1,=20 A to 1,=40 A, the discharge voltage are
decreased from Uy=135V to Uy=85V. At the same
time, the electrical power, which are invested in the
main arc discharge are increases.
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Fig. 2. Dependences of the voltage of the main arc
discharge in zirconium vapors Uy and the electron
density in plasma flows N, at different currents of the
main arc discharge lq

The plasma parameters in flows created by main arc
discharge in zirconium vapors were obtained using the
flat probe with a guard ring. The electron density in the
generated plasma streams are shows by the curve 2 of
Fig. 2. It can be seen that at the distance of 0.18 m from
the anode 4 N, ~ (2...4)-10° cm™. In general, the density
of plasma electrons in the flows has a nonlinear
dependence on the discharge current. But at discharge
currents 14~ 30...40 A there is something similar to the
linear dependence. However, for this statement,
additional experimental data at higher discharge
currents are needed.

In Fig. 3, curve 1 shows the values of the electron
temperature in the generated plasma flows of zirconium
vapors at different discharge currents. The data show
that at 14 =20...40 A the electron temperature changes
slightly and is T, ~13...14 eV. That is, it significantly
exceeds the value of the first ionization potential of
zirconium atoms 6.835 eV.
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Fig. 3. Electrons temperature T, and plasma potential
Vi in flows of the main arc discharge at different
discharge currents Iy

In Fig. 3, curve 2, the values of the plasma potential
in the flows are shown. It can be seen that under the
experimental conditions the plasma potential is always
positive and at the discharge current 14=20...40 A is
several volts, varying in the range V, = 0...7 V.

The values of the anode potential drops of the arc
discharge at different currents were determined taking
into account the values of the plasma potential, Fig. 3,
and the strength of the longitudinal electric field in the
plasma flows of zirconium vapors, which were obtained
in experiments: E = 1.5 V/cm. The results are presented
in Fig. 4, curve 1. The given data show that when the
voltage on the discharge decreases from Uy=135V to
Ug=85V, Fig. 2, at the same time, there is a decrease in
V, from 108 to 56 V. According to Fig. 4, curve 3, in
the indicated range of discharge currents, the total
electrical power of the main arc discharge, Wy = Ugx1g,
steadily increases from 2.7 to 3.4 kW.
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Fig. 4. The anode potential drops of the main arc
discharge in zirconium vapors V, and the electrical
power of W, and W, at different discharge currents

The electric power which was invested in zone of
the anode potential drop of the main arc discharge were
estimated in a similar way, W, =V, x |4, and are show
in Fig. 4 by curve 2. It can be seen that in the range of
discharge currents 14 =20...30 A, a slightly decrease in
W, is initially observed, which then changes to an
increase in W, at higher discharge currents.

At the same time, the growth rate of deposited
zirconium films, g, on the dielectric substrate increases
linearly over the entire range of the main arc discharge
currents. This is evident from the data of curve 1 in
Fig. 5.
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Fig. 5. The growth rates g of the deposited zirconium
films and the ionization coefficients of plasma flow Kj,
at different current of main arc discharge Igand I =0

The deposition of zirconium films occurred when
only the main arc discharge was operating, i. e. at 15=0,
B =80-10* T, and the pressure in the vacuum chamber
p=(1...2)-10° Pa. The growth rate of the deposited
zirconium film were get by the weight method and
correspond to the average value q for the entire
substrate with a size of 4.8x6x10* m’ The
experimental data show that at the main arc discharge
currents in the range Iy = 15...40 A the growth rate of
the deposited zirconium films is q = (5...17)-10%° m/s,
orq=2...6 um/h.

The calculated values of the ionization coefficient of
the zirconium vapors plasma flows K;, at different arc
discharge currents are presents on the curve 2 of Fig. 5.

The ion component of the plasma flow can
significantly affects on the properties of the deposited
films during its growth. Therefore, the ionization
coefficient is one of the important characteristics of the
plasma flow.

The ionization coefficient of the plasma flow, K;, is
defined as the fraction of the ion component in the total
plasma flow by the expression:

Ki=nyv;/ (ni Vi + NxV,).

Here n;, N, are the densities of ions and atoms in the
flows, and v;, V, are the velocities of ions and atoms.

If we assume that only singly ionized ions are
present in the plasma flows, the condensation
coefficients of ions and atoms in the flows are equal to
unity, and there are no processes of self-sputtering and
secondary ion-electron emission from the deposited
film, then we have the following additional equations:

ligo = €xn;V;*Sg,
Am, = (niVi + NaXVa) X Maxtdepxssub-

Here lig, — current to ion collector 8; e — electron charge;
Sg — area of the ion collector 8, Am, — mass of the
deposited film at this conditions; M, — mass of an atom
of the deposited material; tq, — deposition time; Sy, —
area of the substrate.

In the absence of self-sputtering of the deposited
film and the process of secondary ion-electron emission,
for example for conditions of low ion energies,
expression for K; can be written as:
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Kio = IiSOXMaXtderSsub/ €xSg Am,,.

This expression makes it possible to determine the
real ionization coefficient of K;, for the deposited flows,
using the values of the ion current to the ion collector 8,
ligo, and the mass of the deposited film Am,,.

In the presence of the self-sputtering process of the
deposited film with a sputtering coefficient S(Ei) there
is a decrease in the mass of the deposited film,
Amg< Am,. Therefore, the K; values will be
overestimated:

Kis = IiSoXMaXtderSsub/eXSS Amg> Kjo.

The real ionization coefficient can be determined by
the formula [8]:

Kio = Kis / (1 + Kjs % S(El))

When S(Ei)=0 but there is the secondary ion-
electron emission from the ion collector with coefficient
v(Ei), the value of the ion current to the collector 8, Lig,,
will be determined as:

lis, = (Nivitynvi)xexSg = ligoX(1+y) > Tigo.

The ionization coefficient K;, determined under
these conditions will also be overestimated:

Kiy = IiSYXMaXtderSsub/exssxAmo > Kio.

The values of the real coefficient K;, at these
conditions can be calculated by the expression:

Kio = Kiy / (1 + v (ED).

Here K;, is the calculated ionization coefficient of the
plasma flow in the presence of the secondary ion-
electron emission process but the absence of the ion
sputtering process of the deposited film.

The data shown in Fig. 5 indicate that the ionization
coefficient of the generated plasma flows of zirconium
vapors at the discharge current 15 =20 A is about 70%.
Its increases with increasing the currents of the main arc
discharge up to 90% even at Is = 0. These values of K;,
were calculated taking into account the singly ionized
zirconium ions in the flows and the presence of ion
sputtering during the films deposition process.

3. THE INFLUENCE OF THE ADDITIONAL
DISCHARGE IN ExB FIELDS ON THE
CHARACTERISTICS OF THE MAIN ARC
DISCHARGE AND PLASMA PARAMETERS
IN THE FLOWS

In the described experiments, the additional
discharge with ExB fields in pure zirconium vapors was
realized only under conditions of stable existence of the
non-self-sustained main arc discharge. The main arc
discharge between cathode 1 and anode 4, in fact
between working materials 2, ensured the presence of
working material vapors in the discharge gap. In these

experiments it was zirconium. Thus, the plasma flow is
formed in the discharge gap between electrodes 1 and 4
and it is propagated in the longitudinal magnetic field of
the magnetic coil 6 in the direction of electrode 8. The
positive potential applied to cylinder 5 led to the
formation of a zone with crossed electric and magnetic
fields and the appearance of the additional discharge in
the ExB fields between electrodes 1 and 5. The working
medium for the additional discharge could be gas, gas
and the vapors of zirconium, or the plasma flow of the
main arc discharge.

The current-voltage characteristic of the additional
discharge in ExB fields are shows on Fig. 6, curve 1.

100 ' Y Y v 100

2
75 5
- c
" 50 50 *
-] <
1
25 ™ 25
- -1-U,
2-U
0 4= 4 + + + +0
0 1 2 3 4 5

I, A
Fig. 6. The voltage of additional discharge Us and
voltage of main arc discharge in zirconium vapors Uy at
different currents of the additional discharge |5
and 1;=30 A

It can be see that the voltage of the additional
discharge does not exceed 50V at the discharge
currents Is<4 A. Curve 2 in this figure shows the
voltage values of the main arc discharge. If there is only
one main arc discharge with a current of 1,=30 A, the
voltage of the arc discharge is U;=97 V. The appearance
of the additional discharge in the ExB fields leads to a
slight gradual decrease of the main discharge voltage up
to Us=76 Vatls =4 A.

At the same time, as shown by the data in Fig. 7,
curve 1, the electrical power invested in the additional
discharge is W5 < 150 W.
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Fig. 7. Dependences the electric powers of the
additional discharge W5 and the main arc discharge Wy
on the discharge current |5 at 1,=30 A

According to curve 2 in Fig. 7, the electrical power
invested to the main arc discharge decreases from
Wyg=29kW at I4j=30A and Is = 0 to Wy=2.3 kW at
lg=30Aand Is=4A.
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The effect of the additional discharge on the value of
the ion current in the generated plasma flows which are
fixes the ion collector 8 are shows on Fig. 8, curve 2.
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Fig. 8. Dependences of the plasma electron density in
the generated flows, N, and the ion current to
electrode 8 I;g from the additional discharge
current I at 1;=30 A

The additional discharge with the current up to
I5 <4 A leads to the increase of the ion current from 72
to 82 mA. The simultaneously change in the electron
density of the plasma flows are shown by curve 1 of this
figure. According to this data, the main arc discharge
with a current of I3 =30 A and I5 = 0 generates a plasma
stream of zirconium vapors with the electron density in
the plasma flow N, = 2.8-10° cm™.

The additional discharge, even at relatively small
discharge currents and small electric power, leads to an
increase of the plasma electron density in flows almost
2 times, to N, = 4.9-10° cm™. This is show by the data of
curve 1 in Fig. 8. The given data are indicate to the
expediency of using the additional discharge in ExB
fields for increase targeted control of the plasma density
in flows generated by both discharges.

The dependences of the ion current on the
electrode 8 (curve 1) and the saturation ion current of
the flat probe 7 (curve 2) from the plasma density in the
created flows are presented on Fig. 9. During these
measurements, the probe potential was “-100”V, the
current of main arc discharge was constant, 15=30 A,
but the additional discharge current varied in the range
|5 =0...4 A

Similar dependences in the main arc discharge at
discharge currents Iy = 20...40 A and at Is = 0 indicate a
linear increase in the ion current on the collector 8, lg
and the saturation ion current on the flat probe 7, lis,
with the increase of the plasma density in the flows.
This allows us to use these parameters to estimate the
values of plasma electron density in the main arc
discharge flows. However, in the case of simultaneous
generation of plasma flows by the main arc discharge
and additional discharge, such linear dependences are
unfortunately absent.

In the latter case, the linear dependence of the values
lig and linas 0N N, can occur only at N, > 3.1-10° cm™ or
at the currents of additional discharge I5>2A.
However, this conclusion needs to the additional
confirmation in experiments. The possible explanation
of these results can be the fact that at the small currents
of the additional discharge there is not only an increase
of the plasma density values, but also the expansion of

the directional diagram for the plasma flows. That is, at
the same time, the redistribution of the ionic component
in the flows occurs along to their diameters.
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Fig. 9. Dependences of the ion current on electrode 8 Iig
and the saturation ion current on the probe 7 I;,,s from
different the plasma electron density in the generated
flows. I;=30 Aand I =0...4 A

The dynamics of electron temperature in the
generated plasma flows of zirconium vapors, which is
due to the action of the additional discharge, is
presented in Fig. 10, curve 1.
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Fig. 10. Dependences of the electrons temperature in
plasma flows T, and the floating potential of the
insulated electric probe V;, from the current of the
additional discharge Is at 1;=30 A

In these measurements, the main arc discharge
current was I3 =30 A and did not change in the entire
range of additional discharge currents. It can be seen
that the electron temperature is T, =11...13 eV in the
entire range of the additional discharge currents. It
changes slightly when the current |5 are changes.

The values of the floating potential of the isolated
electric probe 7, which was located in the center of the
plasma flow at a distance of 0.18 m from the anode of
the main arc discharge 4, are shown by curve 2 of
Fig. 10. The floating potential of the probe is negative
and its value varies from “-23” to “-30 V" in the entire
range currents of the additional discharge. That is the
volume charge of the created plasma flows is
compensated, and these plasma flows can be used to
deposit zirconium films and coatings on a substrate of
any materials, including a substrate from the dielectric
materials.

The values of the plasma potential in the generated
flows were determined using the flat electric probe with
a protective electrode at different additional discharge
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currents in ExB fields. This data are presented on
Fig. 11, curve 1. It can be seen that the plasma potential
in the flows is positive and varies in the interval
Uy = +(1...6) eV. Probe measurements performed at
different distances from the anode 4 made it possible to
estimate the longitudinal intensity of the electric field in
the plasma flows approximately as E = 1.5 V/cm. It was
also found that the strength of radial electric field in the
plasma flow is approximately 0.2...0.3 V/cm and that
the electric field is directed towards the center of the
plasma flow. The anode potential drop in the main arc
discharge was calculated taking into account the
experimental values of the longitudinal electric field
strength in the plasma flow and the main arc discharge
voltage at different current of the additional discharge.
The results are presented by curve 2 in Fig. 11 for
different additional discharge currents.

It can be seen that the anode potential drop in the
near-anode layer of the main arc discharge V, = 64 V at
the arc discharge current I = 30 A and Is = 0. The anode
potential drop decreases in numerical values of V,,
leaving them positive when the additional discharge
current changes in the interval 15 = 0+4 A.

Y

~

a0

a0

“x 10 40 =7

Fig. 11. Dependencies of the plasma potential Vy,
and the calculated anode potential drop V, for
discharges in zirconium vapors from the current of the
additional discharge Is at I3 =30 A

The electric power, which are invested into the near-
anode layer W, =14xV, at various currents of the
additional discharge is shown on Fig. 12, curve 1.

The ratio of the electrical power, which are invested
in the anode potential drop W, to the total electrical
power of the main arc discharge Wgy=l4xUy for
different current of the additional discharge I5 is shown
on Fig. 12, curve 2. The results indicate that the ratio
Wa/Wd for the main arc discharge in zirconium vapors
changes slightly over the entire interval of the additional
discharge currents, remaining in the range of values
Wa/Wd = 0.65...0.60.

This correlates well with the data presented in
Fig. 13. The growth rate of the zirconium films ¢
deposited from the plasma flows of the main arc
discharge at current Ig= 25 A and various current of the
additional discharge in ExH fields are shown on Fig. 13,
curve 1. It can be seen that q remains practically
unchanged and is about 9 A/s or q = 3.2 um/h.
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Fig. 12. Electric power invested in the anode potential
drop of the main arc discharge W,= I4xV, and its part
in the electric power of the main arc discharge W,/Wj
at different additional discharge currents I
and ;=30 A

Curve 2 Fig. 13 are shows how the additional
discharge affects on the ionization coefficient of the
generated plasma flows.
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Fig. 13. The growth rate of the film deposited q and the
ionization coefficient of the plasma flow K;, from the
current of the additional discharge Is
at 1;=25 A

It is clearly seen that the main arc discharge at the
current of 25 A is capable of generating the plasma
flows with the ionization coefficient K;, = 75%. But, the
additional discharge is able to increase the part of ions
in the total plasma flow up to 100%.

CONCLUSIONS

The paper are presents the results of research of the
source of dropless and highly ionized plasma flows of
zirconium vapors based on the two-discharge system:
the main non-self-sustained arc discharge in anode
material vapors with a magnetic field and the non-self-
sustained discharge with ExB fields. The main
characteristics of these discharges and the plasma
parameters of the generated flows were studied.

It is shown that the one arc discharge in the vapors
of the anode material under the conditions of the
described experiments generates plasma flows of
zirconium vapors with a plasma flow ionization
coefficient from 60 to 90%. It is established that the
additional discharge in ExB fields is capable of
increasing the part of ions in the flows from 75 to 100%
even at low arc discharge currents.
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It has been established that the additional discharge
in ExB fields can significantly change the ionization
coefficient of the plasma flow without changing the
growth rate of the deposited zirconium films. This
makes it possible to purposefully influence on the
properties of films during the deposition process.

It has been shown that this source is capable the
providing deposition of zirconium films and coatings on
various materials with growth rates of up to 6 wm/h.

It is shown that the additional discharge in ExB
fields is capable to increasing the plasma density in the
generated flows up to double and more even at small
discharge currents.

It has been established that the additional discharge
in zirconium vapors leads to a slight decrease in the
numerical values of the anode potential drop in the main
arc discharge, leaving it positive.

The presented results indicate the relevance and
feasibility of further research into discharges of this type
in various working mediums in order to develop new
and improve existing plasma technologies.
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HECAMOCTIMHUA 1YTOBUM PO3PS] Y MATHITHOMY MOJII: BILIUB JIOJATKOBOI'O
PO3PANY B ExB-IIOJISIX HA OCHOBHI XAPAKTEPUCTHUKU AYT'OBOI'O PO3PALY
B MTAPAX IUPKOHIIO TA HA TAPAMETPU TEHEPOBAHUX IIJIABMOBHUX ITIOTOKIB

A.I'. Bopucenko

[IpencraBneHo pe3ynbTaTH IOCIHIKEHb HECAMOCTIHHOTO JyroBOTO PO3PSAy 3 MAarHiTHUM IIOJIEM Y Iapax
IIUPKOHIIO Ta JOJATKOBOTO HecaMocTiiHoro pospsiny B ExXB-nomsix. HaBegeHO OCHOBHI XapaKTEpPHCTHKH PO3PSIiB.
[lokazaHo BIIMB JOMATKOBOT'O PO3PsAy Ha €JIEKTPOHHY TEMIIEpATypy, €JIEKTPOHHY T'yCTHHY IUIa3MH, HOTEHILial
TUIa3MH Ta TUIaBAaOYMH MMOTEHIA)l Y TeHEPOBaHUX IIa3MOBHX MOTOKAaX MapiB UPKOHIt0. BcraHoBneHo, 1110 HaBITh
NP MaJHMX EJEKTPUYHUX MOTYKHOCTSAX JOJATKOBUII pO3psil 3AaTHUH Maibke BJBIUi 30UIBIIUTH IIUIBHICT
€JISKTPOHIB IJIa3MH B noTokax. [lokazaHo, 1110 IpHaHoHE Na {iHHS MOTEHIialy B yTOBOMY PO3psii Mae O3UTHBHE
3HA4YEHHS Y BChOMY IHTEpBaJli PO3PSAHUX CTPYMIB 1 3MEHIIYEThCS 31 301IbIICHHSAM CTpyMY po3psay. [lokasaHo, mo
JYTOBHI pO3psiJl y apax MaTrepialy aHo/Ja 3/IaTHHUIl FeHepyBaTH IJIa3MOBI MOTOKH MapiB IUPKOHIIO 3 KoedillieHTOM
ionizamii Big 60 mo 90%. BceraHoBieHO, Mo HoaaTKOBHIA po3psn y moisx EXB 3maTHuit 301IBIIUTH 9acTKy 10HIB y
notokax Bix 75 mo 100% HaBITH MpHM MalMX CTpyMax IYrOBOTO PO3psIy Ta MOXe OyTH BHKOPHUCTAHMH ams ii
[UTIECTIPSIMOBAHOTO PETYIIOBAHHS 03 3MiHH MIBHIKOCTI POCTY HAHECCHHS TUTIBOK Ta MMOKPHUTTIB.
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