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The effects of plasma density and ionic charge on the floating potential of the solitary macroparticle (MP) in a

low-pressure arc discharge have been investigated. The energy balance has been studied taking into account mutual
influence on each other of the charging processes and heating of the MP. The possibility of the evaporation of the

MP is shown.
PACS: 52.40.Hf

INTRODUCTION

The usage of arc vacuum discharge in technological
processes requires the control of melted drops in the
plasma flow. There are conditions when the drops of the
cathode substance can be evaporated during its passing
through the plasma from cathode of arc evaporator to
substrate [1, 2]. The analysis of the charging processes
and energy exchange at the MP surface denotes the pos-
sibility of the evaporation of the MP. The influence of
the parameters of low-temperature collisionless plasma
with singly charged ions on the floating potential and
equilibrium temperature of the MP has been investi-
gated in [2]. The authors also considered the mutual
influence on each other of the charging processes and
heating of the MP. In this paper, we consider a more
general plasma situation in which the multi-charged
ions have some streaming speed. This case corresponds
to plasma of the low-pressure arc discharge. The inter-
action of MP with such plasma has been studied. The
effects of plasma density and ionic charge on the MP
floating potential have been investigated. The possibil-
ity of the evaporation of the MP in a low-pressure arc
discharge has been studied.

1. FLOATING POTENTIAL OF MP

Let us consider a charging process of the MP in me-
tallic plasma which produced by a low-pressure arc dis-
charge. There are ions with different charges in such
plasmas. Moreover, the plasma is characterized by high
velocity of plasma flow [3]. The MP is immersed in
plasma charges to the some floating potential ¢, due

to flows the plasma particles and various kinds of emis-
sion on its surface [2, 4]. The MP is mainly charged by
the collection of electrons and ions from the plasma.
Expressions for the charging currents flowing onto MP
surface in a collisionless plasma can be derived from the
OML (orbit motion limited) approximation [5]. The
electron and ion currents to a MP with a negative poten-
tial are
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Here, n, is the plasma density, Z is the ionic charge,

T, is  the electron (ion)  temperature,
Vrey = A Loy /Meqsy 18 the electron (ion) thermal veloc-
ity.

The interaction of MP with plasma ions incident
onto the MP surface causes emissions of electrons from
the MP surface. The emitted electrons are known as
secondary. The value of the secondary ion-electron
yield depends on ionic charge. The electron current
emitted from MP surface is written as follows

I~ =15, 3)
where &' ¢ is the secondary ion-electron yield [6]. The
effective current is defined as

IV =1+17 =1,(1+8°). (4)

There is another significant charging process at high
temperature of MP — it is thermionic emission [2]. Tak-
ing into account the work function reduction by the ef-
fect of the external electric field £ (Schottky effect) the
thermionic current is calculated through [7]:
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where E is the electric field on MP surface, T, is the

MP temperature, ¢ is the work function.

In a case of formation of the space charge around
MP surface, the thermionic current is limited by the
Child-Langmuir Law [8] that in spherical geometry is
given by
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is the Debye length, a’

where A, is the transcendental

function [8].
Thus, using (5) and (6), the thermionic emission cur-
rent from the MP surface is determined by conditions:
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The MP floating potential is determined by the bal-
ance of charging currents (1), (4), (7) to its surface:

L9, )+ 17 (0,,)+ 1! (9,,) = 0. 8)
For ions with charges Z=1, 2, 3, we numerically

solve Eq. (8) for some typical ion energies that are rep-
resentative of low-temperature arc discharge.
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Fig. 1. The dependence of the tungsten MP potential
on plasma density: 1,1'— Z=1;22"—7Z =2
3,3’ —Z =3, dashed lines 1,2,3 - 20 eV,
solid lines —1°,2°,3"— 35 eV

Fig. 1 shows that the potential is considerably gov-
erned by the ionic charge. The ions carry charges to MP
and cause the secondary ion-electron emission simulta-
neously. The increase in the ionic charge leads to in-
crease of secondary ion-electron yield. It decreases the
magnitude of MP surface potential. The ionic energy
has no significant effect on the magnitude of potential in
the energy region compared to effect of the ionic
charge.

2. HEATING OF MP

Now consider the contribution of basic processes of
energy exchange between the plasma and MP that lead
to heating of MP. In the OML theory the plasma particle
energy fluxes to MP are determined by:

P = 8@(12}10\% exp<—€(0mp /7;)]1 ) ()
Pl 0, 60 (7). 0

where & is the recombination energy of an ion. The

values of recombination energy of tungsten ions are
given in Table.

Z=1
7,131

7=2
15,72

7=3
29,6

g“elV

i

The power of thermal radiation from MP surface is
defined by the Stefan-Boltzmann low and is given by:

P =4ra’6oT,,, (11)
where @ is the emissivity of MP material, o is the Ste-
fan-Boltzmann constant.

The MP temperature changes in time and describes
by equation:

z
cm,, dT/dt =P (T),

where ¢ is the specific heat of MP substance, m,, is
MP mass, P, (T)=P"+P"-P" is total energy
flow, that includes of basic processes of the energy ex-
change on MP surface (9) - (11). The initially MP tem-
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perature is equal 7;, then due to energy flows on its
surface the MP temperature changes until the energy
equilibrium is reached. This occurs when

P (Te)=0. (12)

Hence, we obtain the equilibrium temperature 77 .

mp

The MP temperature, affects on the potential of MP
due to the effect of thermionic emission, and its poten-
tial, in turn, affects on to the flow of energy from the
plasma to the MP surface. To consider the mutual influ-
ence of the MP temperature and potential, we numeri-
cally analyze the system of balance equations (8) and
(12). The results of analysis for tungsten MP are pre-
sented in Fig. 2.
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Fig. 2. The dependence of potential (a)
and corresponding temperature (b)
of tungsten MP on plasma density: 1,1'— Z =1;
22— 7=2;33-72=3;
dashed lines 1,2,3...20 eV, solid lines 1,2,3...35 eV

In case of ionic energy 7, <20eV, the results for

MP in plasma with density 7, <10”cm™ do not differ
from results for cold MP. For plasma density
n, >10"cm”, efficient heating of MP (see Fig.2,b)
leads to an increase of the thermionic current, and as a
result the magnitude of the MP potential decreases. This
case corresponds to plasma of the pulse arc discharge.
Fig. 2 illustrates that the results for MP in plasma
with singly charged ions with energy 7, ~30¢eV and the
results for cold MP are similar. In the case of ions with
charge Z=2 and Z=3 in plasma with density
n, <10 cm? and n, <3-10" cm™, respectively, the MP
potential decreases to null. This effect associates with
MP discharging by thermionic emission, which causes
due to efficient heating of MP. The MP heating is con-
nected to the energy release caused by recombination of
ions on the MP surface. The energy released on the MP
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surface in a plasma with doubly and triply charged ions
is larger than it of single charged ions in 2,2 and 4,15
times, respectively. For plasma with low density, the
electron current does not compensate for thermionic
emission. If we increase the plasma density, the electron
current increases and compensates for discharging by
thermionic emission, and as a result the potential in-
creases. A further increase in the plasma density leads to
increase of the energy flux from plasma and MP tem-
perature. The effect considered above leads to an in-
crease of thermionic emission and as result decrease of
MP absolute potential, whereas the equilibrium tem-
perature considerably increases.

The growth of MP temperature stops when it reaches
the boil temperature of MP substance. The MP radius
changes in time during it boiling and describes by equa-
tion:

) b
dr_ HP,(T,)
s (13)
dt 4zr p

where p is the substance density, H is vaporization heat.

The total evaporation time of the MP with radius a
is given by:

(14)

Fig. 3. The dependence of the tungsten MP evaporation
time on plasma density: 1 — 1 um; 2 — 10 um averaged
over an ionic energy

Fig. 3. shows dependence of tungsten MP’s evapora-

tion time versus plasma density. For tungsten MPs with
radii 1 pm and 10 um, immersed in plasma with den-

sity n, =10 cm™, the evaporation time are 10~ and

2-107s,
n, <10 cm?, the evaporation time rapidly increases.

respectively.  For  plasma  densities

CONCLUSIONS

To summarize, we have examined the effects of io-
nic charge and energy as well as plasma density on the
MP floating potential.

It is shown that the potential is considerably gov-
erned by the ionic charge. The ionic energy has no sig-
nificant effect on the magnitude of MP potential in the
typical energy region of the arc discharges.

For doubly and triply charged ions due to recombi-
nation of ions on MP surface, efficient heating takes
place. Thus, MP is discharged by thermionic emission.

The MP evaporation is possible in dense plasma.
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IMPOLHECCHI 3APAJAKA U ®A3ZOBBIE COCTOAHUA MAKPOYACTHUIL B IYT'OBOM PA3PSIE
HU3KOI'O JABJIEHUA

A.A. buzwkos, A./l. Hubucos, K.H. Cepeoa, E.B. Pomawenko, B. /lumumposa

B nyroeoM paspsiie HU3KOTO NaBJICHUS MCCIENYETCs BIMSHUE IIOTHOCTH IUIA3MBI M 3apsjia HOHOB Ha ILIaBalo-
M [MOTEeHNIMaN yeIuHeHHo# Makpouactunbl (MY). Paccmorpen sHepreTndeckuii 6ajsaHc ¢ y4eTOM B3aHMMHOI'O
BIIMSHUS IPYT Ha Jipyra npoueccos 3apsaku u pazorpesa MU. Ilokasana Bo3mMoxHOCTh ucniapenus MY.

HPOIECH 3APSIIVKEHHSI TA ®A30BI CTAHU MAKPOYACTHHOK Y IYTOBOMY PO3PSII
HM3BKOI'O TUCKY
0O.A. bizokos, 0./1. Yuoucos, K.M. Cepeoa, O.B. Pomawienko, B. /limimposa

Y ayroBomy po3psijii HU3bKOTO THCKY OYJIO JOCIIIPKEHO BIUIMB I'yCTHHHM IUIA3MH Ta 3apsAy 10HIB HA IUTABAKOYHMA
MOTEHIiaN BimokpemieHoi MakpodacTHHKH (MY). PosrisiHyTo eHepreTHdHWi OaliaHC 3 ypaXyBaHHAM B3a€MHOTO
BIUIMBY OJMH Ha OJHOTO IIPOIIECiB 3apsymKeHHs Ta po3irpisy MU. Ilokasano MoximBicTs BUapoByBaHas MU.

178

ISSN 1562-6016. BAHT. 2013. Ne4(86)



