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A.A. Bizyukov}, A.D. Chibisov?, E.V. Romashchenko®, Yu.E. Kolyada®

V.N. Karazin Kharkiv National University, Kharkov, Ukraine;
’Mariupol State University, Mariupol, Ukraine

The possibility of evaporation of macroparticles (MP) in collisionless plasma as a result of MP heating due to
collisions with the plasma particles is studied. The problem of determining the self-consistent values of stationary
MP temperature and its potential as a function of the plasma number density and the electron temperature is solved.
The time of complete evaporation of the MP is calculated. Parameters of the MP which can be evaporated during the
passage through the region of heated plasma are determined. Degree of ionization of the evaporated atoms of the

MP substance is evaluated.
PACS: 52.40.Hf

INTRODUCTION

One of the most important technological
applications of vacuum arc plasma is the using for ion-
plasma depositions which improve the properties of
products. During the vacuum arc operating, the cathode
spots generate not only plasma flow but also
macroparticles (MP) — droplets of cathode material. Part
of the droplet fraction in the total erosion of the cathode
is about 90% that in terms of the characteristics of the
plasma source is a negative factor. This is caused by the
fact that the deposited droplets on the surface of the
product impair characteristics of the deposition [1-3].

In practice, majority of ways of reducing the droplet
flow on the processed surface are based on the
separation of the ion trajectories and the droplet flow.
Most effective filters are ones where the ion flow is
separated from the droplets flow by the magnetic field.
However, the higher is required degree of the ion flow
purification from drops, the more complex and
expensive construction of the filter is, and the greater
losses of ionic component of the filtered flow become
[3].

To solve the problem of reducing the droplet flow in
[4] the possibility of MP heating and evaporation by an
electron beam of high energy was considered. A
preference of this method of getting rid of droplets
compared with the magnetic filtering method, is that the
material of evaporated droplets take part in the coating
process without deterioration in its quality. In addition
in [5] the capability of heating and evaporation of
droplets as a result of varying plasma number density
was discussed.

In this paper, we study the possibility of evaporation
of the MPs due to collisions with the plasma ions and
electrons which are heated by RF.

CHARGING PROCESSES OF THE MP
IN PLASMA

It is known that the MP immersed in the plasma is
charged as a result of absorption of electrons and ions of
plasma, as well as various types of electron emission
from the MP surface. The magnitude of the charge
determines which way MP interacts with the plasma and
is one of the key parameters affecting on the energy
balance of the MP. Charge of the MP is determined by
the condition that the sum of the electrical currents on
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the surface of the MP is equal to zero. Calculation of the
currents from plasma on the MP in presence of the
magnetic field is a difficult problem, however in some
cases various approximations are used successfully. In
particular, if the magnetic field is not strong enough
such the condition

r,>>4 >>a, 1)

is correct, where ry is the Larmor radius of electron, Aq
is the Debye length, a is the MP radius, in a
collisionless plasma, for describing of the ion and
electron currents on the MP Orbital-Motion-Limited
(OML) theory is used [6]. In this paper we consider
metallic plasma created by the low pressure arc
discharge, which plasma number density ny is
10%...10™ cm?, electron T, and ion T; temperatures are
10...100 eV and 1 eV respectively. In order to confine
plasma during heating, the magnetic field directed along
the plasma flow is created. Strength of the magnetic
field B is such that the condition (1) is correct and we
can use the OML theory.

According to the OML theory, electron and ion
currents from the plasma to the MP surface have the

form:
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where o}y = 7a’ 11—% is the absorption cross
M) Vice)

section of ions (electrons) in the OML theory,
iy :\/gaznovﬁ (1_e¢a/Ti)
and
I, =/8za’ny,, exp(—ep,/T,),
are the flows of the ions and electrons on the MP
surface, ¢, is the potential of the MP surface,

vTi(e)zﬂjii(e)/mi(e) is the ion (electron) thermal

velocities. Electric current of a secondary electron from
the MP surface can be found by averaging over all
energies of the electrons:

157 =< nev,ocoM 5% >, (3)

Where 5% is the secondary emission yield:
8 =6, %exp[ﬂl—

m

E +ep,
Em
the kinetic energy of primary electron, E,, is the electron

)J, where E is

ISSN 1562-6016. BAHT. 2016. Ne6(106)

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2016, Ne 6. Series: Plasma Physics (22), p. 268-271.



energy which corresponds to the maximum of
secondary emission yield dna. One more charge process
caused by the heating of the MP due to collisions with
plasma particles is the thermionic emission, which is
described by Richardson low:

1M =478’ AT} exp[ ke(? J , (4)

B a

where, A=4zmkg’e/h®, h is the Planck constant, kg is the
Boltzmann constant, e® is the electron work function,
Ta is the temperature of the MP.

Taking into account the charging processes
described above (1)-(4), the MP potential is determined
by the equation of electric currents balance:

Iepl (@a)_I:(¢a)_léh(¢a’Ta)_lipl (¢a)=0' (5)
It is seen that the solution of the equation of electric
currents balance depends on the MP temperature, thus,

it has to consider the processes which lead to the heating
of the MP.

ELECTRICAL POTENTIAL AND
STATIONARY TEMPERATURE OF THE MP

Consider the processes that are involved in energy
exchange. The indexes "+" and "-" denote the energy
flows which heat and cool the MP respectively. In
plasma with a Maxwellian velocity distribution of
particles in the OML theory, energy flows are described
by:

P™ =T, -(2KT, +ep, + | +ed), (6)

P" =T, -(2KT, +ed), (7

where | is the ionization energy of an atom. The power
radiated from the MP surface is described by the
Stefan—Boltzmann law:

P~ =4ra’cT}, (8)
where ¢ is the Stefan-Boltzmann constant. Energy flow
due to evaporation of MP substance is described by:

Poor =T (2K T, + ), )

evpr

I, =4za’n @exp __P
2zm, kgT,

is the flow of the evaporated atoms of the MP
substance, n is the concentration of the atoms in the
metal, p is the heat of evaporation of an atom. Energy
flow due to thermionic emission is:

P, =TV (2K,T, +ed), (10)
where T% =1"/e. Energy flow due to the secondary
electron emission is equal to:

P =T, -(xg >+ed), (11)
where T', =177 /e is the secondary electron flow, <g;>
is the averaged energy of the secondary electrons.
Stationary temperature of the MP T and respective

potential can be found as a result of solution of the set
of equations balance of electrical current (5) and energy
balance (6)-(11) on the MP surface:

where
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1P =1 =1 =1 -1 =0
{P;_'_PiJr_PS_Pr_Pevrp _Pﬂ::O
The set of equations (12) have been solved numerically.
There were obtained dependences of stationary
temperature of the MP and its potential as function of
electron temperature (Fig. 1).
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Fig. 1. Potential of the MP (a) and stationary
temperature of the MP (b) as a function of electron
temperature (1 —ne=10" cm?; 2 —n,=10" cm®)

Numerical calculations were performed for copper,
but similar results can be obtained for the other metals.
The plot (see Fig.1) shows that there is a region of
electrons temperature and MP temperature where for the
same electron temperature three values of stationary MP
temperature exist. This region denoted the dashed line
and is unstable against temperature fluctuations. The
temperature deviation from the stationary value leads to
heating or cooling to the stable states which are denoted
by the solid line. Thus, in practice, only stationary
solutions take place and heating (cooling) mode is
determined by the initial MP temperature.

EVAPORATION OF THE MP

During the evaporation (vaporization), changing of
the mass of the MP substance is described by the
equation:

P “d ) -dt
dm = evpr(TaH¢a) 1

Paw (.0 =P+ R —P7 =P =R, is the
power density which is spent to evaporation of the MP
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(13)

where



substance, H is the heat of evaporation. Time of
evaporation of the MP with a radius a is calculated by
integrating of the equality (13):

¢ - 4za’pH

epr — A 1eqd N

3P (T2, 02)

Dependence of the evaporation time of the MP on the
electron temperature is shown in Fig. 2.
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Fig. 2. Total evaporation time of the cooper MP, plasma
density ng is 10** cm®(1 —a=1 xm; 2 —a=10 xm)
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g. 3. Speed of the MP wich can be evaporated on the
distance L=10 cm, plasma density n, is 10" cm™

(1 —a=1 gm; 2 —a=10 um)

The curves represented in Fig. 3 show the critical
values of MP speed which can be evaporated within the
passage through the plasma as a function of electron
temperature. Macroparticles, speed values of which are
below the curve, that is, pass through the plasma at a
lower speed and therefore are in the plasma for a longer
time, can be evaporated completely. Macroparticles,
speeds of which are above the curves are evaporated
partly. Taking into account the fact that during
operation of the stationary vacuum arc the MPs with the
typical sizes 1...20 microns and speeds 1...30 m/s are
formed [3], it follows from obtained results that in the
plasma flow there are MPs, which can be evaporated
partly or completely.

IONIZATION OF EVAPORATED MP
SUBSTANCE

Now we will estimate the possibility of ionization of
the evaporated MP substance. For this we determine the
ionization probability of an atom which was evaporated
from the MP surface depending on the plasma
parameters.
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The number of ionization events in the plasma per
unit of time is determined by the averaged ionization
rate

K, =<nyv.o; >,

ze*(1 1
o =—|-—=
Tl T

e e
is the electron impact ionization cross section, | is the
ionization potential. Mean time needed for ionization of

where

: 1 L . .
one atom is equal to r, a 7, =— Iis the time of
Y

i a

MP passage through the heated plasma on the distance

L, v, = kai is the atom velocity. Probability of atom
ma

ionization we can estimate as:

_{rolri,ro<ri,

1 T, > T,

Results of calculation of atom ionization probability are
represented in Fig. 4.
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Fig. 4. The ionization probability of an evaporated atom
of MP substance during the passage through plasma on
distance L=10 cm (1 —ne= 10" cm™®;

2 —no= 510" cm®; 3 —ne=10" cm?)

The plot shows that the atom ionization probability in
quite dense plasma with number density ny ~ 10 cm™
and electron temperature T.=15...100eV are in the
range 0.5...0.6, this means that 50...60 % of the
evaporated MP substance can be ionized. Degree of
ionization of evaporated atoms is proportional to a
plasma number density, and hence is reduced when
plasma number density is reduced.

CONCLUSIONS

Self-consistent values of the floating MP potential
and its temperature in the plasma (plasma number
density ny= 10%...10" cm™, electron temperature is in
the range 10...100 eV, ion temperature is 1eV) have
been obtained. It has been shown that there is a range of
values of the electron temperature where exists three
values of stationary MP temperature, and middle value
is unstable with respect to fluctuations of the MP
temperature. Stationary MP temperature and its
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potential in this region are determined by the initial MP
temperature. Characteristics of the MPs (size and speed)
which can be evaporated during passage through heated
plasma have been found. It has been shown that the
degree of ionization of the evaporated substance of the
MP can reach up to 60 % for the considered plasma
parameters.
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WUCNAPEHUE METAJUVIMYECKUX MAKPOYACTHIL B BBICOKOTEMIIEPATYPHOM

TEXHOJIOIT'MYECKOM IJIASME
A.A. bustwkos, A./l. Huoucos, E.B. Pomawenxo, IO.E. Konaoa

N3zydaercs BO3MOXKHOCTB HcnapeHns: MakpodacTrll (MY) B O€CCTOIKHOBUTENBHOM IIa3Me B pE3yJIbTaTe HarpeBa
MUY u3-3a CTONKHOBEHHH ¢ 4aCTHIIaMU IIa3Mbl. PerraeTcs 3amada o onpeAeIeHnIo caMOCOTIIACOBAHHBIX 3HAUEHU I
CTallMOHApPHOH TemmepaTypbl M nNoTeHnuana MY B 3aBHCHMOCTH OT IJIOTHOCTH IUIa3MBl M TEMIIEPATYypBI
3JIeKTPOHOB. Brruncnsgercs Bpems nosiHoro ucmnapeHus MU. Ompenensiorcss mapameTpsl MY, KOTOpbIE MOXKHO
UCTIApUTh TIPH NPOXOXKICHUH Yepe3 00JacTh HarpeToil miasmbl. OLeHUBAETCsl CTENEHb HOHU3AINU UCTIAPUBIINXCS
aToMOB Beniectsa MY.

BUITAPOBYBAHHS METAJIEBUX MAKPOYACTOK Y BACOKOTEMITIEPATYPHIN
TEXHOJIOT'TYHIM IJIA3MI

0. A. Bizioxos, 0./]. Qibvicoe, O.B. Pomawenxo, 10.€. Konsoa

BuBuaeThCsT MOXKIMBICTh BHIAPOBYBaHHSA MakpodacTok (MY) y rura3mi Oe3 3iTKHEHb y pe3yibTaTi HarpiBaHHS
yepe3 3iTKHeHHss MY 3 yacTMHKaMu Tula3MH. BupilryeTbcst 3aada 1O BH3HAYEHHIO CaMOY3TO/DKEHUX 3HAUCHb
CTaliOHAPHOI TeMmepaTypu i1 moreHIiamy MY B 3aleXHOCTI Bif TYCTHHH IDIa3MH 1 TEMIEpaTypu EICKTPOHIB.
OO0uncmoeThest 9ac oBHOrO BumnapoByBaHHS MY. Busnauarotbess mapamerpu MY, siki MOXKHa BHIIApyBaTH IpHU
MPOXOJKEHHI Yepe3 001acTs Harpitoi mia3mMu. OUiHIOETHCS CTYIIIHB 10HI3aIl1 BUMIApEHUX aTOMiB pedoBuHE MY.
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