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The evolution of a positively charged metallic macroparticle placed into the low-temperature plasma is considered. The influence of the
value of the initial macroparticle charge on the dynamics of the electrical potential and temperature of the macroparticle, as well as the
possibility of evaporation of a macroparticle due to its interaction with plasma particles are studied. The system of equations of the energy
balance and the current balance based on the OML theory, that takes into account the changing of macroparticle potential and its temperature
over the time is solved numerically. The solution of the system of equations shows the evolution of the macroparticle potential and
temperature within the time interval from the moment when the macroparticle is placed in the plasma until the moment the macroparticle has
charged to the floating potential. The positive charge of the macroparticle excludes the thermionic emission and secondary electron emission
from the macroparticle surface, as well as the mechanisms of cooling of the macroparticle associated with these emission processes.
Analytical expressions that determine the macroparticle potential, the electron current on the macroparticle, as well as the power transferred
by plasma electrons in the case when the energy of attraction of electrons to the macroparticle strongly exceeds the energy of thermionic
electrons, the energy of secondary electrons and the energy of plasma ions are obtained. A simplified system of equations of the energy
balance and the current balance for a positively charged macroparticle is solved; the solution of the simplified equations matches with the
solution of the general equations in the region of positive values of the macroparticle potential. Calculations show that during the charging of
the macroparticle, its temperature increases up to the boiling point of the macroparticle substance. An equation that determines the conditions
under which evaporation of macroparticles is possible has been obtained and solved numerically. The possibility of evaporation of
macroparticles of a given size (critical value of the radius) due to initial charging to high positive values of potential is shown. The
dependencies of the critical value of the radius on the initial value of the potential for tungsten and copper macroparticles that can be
evaporated in a low-temperature plasma are obtained. These solutions bound the region of the parameters where evaporation of a
macroparticle is possible and where it is not. The critical values of the potential for copper and tungsten particles with sizes of 0.1 and 1 pm
are calculated. The dependence of the radius of a macroparticle on time during the process of vaporization is obtained.
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The investigations of plasma with charged dust particles (dusty plasma) are aimed at various technological and
scientific applications [1-5]. Charging of the dust particles or macroparticles (MPs) negatively is performed by the electron
beam. It was experimentally and theoretically shown that the charge of micron-sized particles can reach 10° electrons [1].
In this case, the particle charge is limited by the effects of thermionic and field emission of electrons. The high negative
potential of the particle leads to intensive flow of plasma ions on it and, as a result, to the heating and vaporization of this
particle. In paper [3], the processes of charging and vaporization of macroparticles in a low-temperature plasma in the
steady state approximation have been studied; it was considered the effect of plasma-beam system parameters on the
floating potential and temperature. The transient processes were neglected; it has been shown that interaction of the MPs
with low-temperature plasma leads to partial or complete vaporization of MPs. This effect can be used to eliminate
microdroplets generated in a vacuum-arc discharge, which is used to thin film coatings. In paper [4] the interaction of MP
with a high energy electron beam has been studied. It was shown that intense charging by an electron beam may cause
develop of Rayleigh instability that lead to disruption of the MPs into smaller ones and their further decay is possible.

Thus, the behavior in plasma of MPs charged with a high negative potential for their heating and evaporation is
well studied. At the same time, the behavior of a positively charged particle in plasma is of interest, which is due to the
absence of thermionic emission, as well as the field emission of electrons from the particle.

To introduce a particle with a large positive charge into the plasma, one can use the method developed in the
works [6,7]. In those works, positively charged particles of micron and submicron sizes are used to reproduce the flow
of micrometeorites in laboratory conditions. These particles are accelerated by high voltages of up to 2 MV. The speed
and charge of such particles reach values of 80 km/s and values 107 of proton charges, respectively [6,7].

In this work, transient processes of charge and heating of positively charged particles in low-density plasma are
studied. The possibility of evaporation of such particles, caused by the flow of energetic electrons from the plasma, is
also discussed.
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MODEL DESCRIPTION
MP placed into the plasma interacts with the plasma in different ways. In such system the following charging
processes are take place: absorption of plasma ions and electrons, secondary electron emission, thermionic emission.
The process of MP charging by flows of electrons and ions is also accompanied by heating of the MP. The processes of
charging and heating of the MP act on each other through the process of thermionic emission from the MP surface.
In general, the floating potential and the temperature of the MP are described by the set of equations [4]:

Iip/ +I:/ _I‘; _IZ’h = dep /dt;
P"+P"-P—-P —P,—-P, =mcdT/dt.

r vap

(1)

The first equation of (1) describes the changing of the MP charge and includes the following charging processes: I/
and I” are the ion and electron currents from the plasma onto the MP surface, 7’ is the secondary electron emission
current from the MP surface, I” is the thermionic emission current from the MP surface.

e

Absorption of plasma particles is described by the OML theory and has the form

»l _ OML _ _
17 ((pa)—e<n0va0'a >=e-I',,

where a =i,e denote the particle species.

T, =~8za’nyv,, [1 +%j ,

kT,

a

is the current of particles « in a case of attractive MP potential and

T, =~8za’nyv,, exp(—%j

kT,

in a case of repulsive MP potential, n, is the plasma number density, v,, is the thermal velocity of particles «, a is

the initial MP radius, ¢, is the MP potential. Secondary electron emission is described by the relation:
I} =961,
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is the secondary electron emission yield: E, is the electron energy which corresponds to the maximum of secondary

emission yield o, . Thermionic emission current is described by the Richardson's law
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where, 4= h—;, h is the Planck constant, k, is the Stefan—Boltzmann constant, e® is the work function, 7, is

the temperature of the MP. AW =./e’p, /a is the decreasing of the electron work function (Schottky effect).

The second equation of (1) describes the changing of MP temperature caused by energy flows the following
processes: P! is the energy flow of plasma particles to the MP; P. is the energy radiated from the MP surface, P, is

i(e) vap

the cooling due to vaporization of MP substance, P,

is the energy flow from the MP surface is transferred by the
electrons of thermionic current, P is the energy flow due to the secondary electron emission. The values of the

s

respective  energy  flows are  determined by the following relations: P =T,-(2kT, +e®),
P" =T,-(2kT, +ep+1+e®), P. =oT*, P,=T"-(2k,T,), P’ =T,-(<¢&, >+e®), P, =T, -(2k,T, + p), where [ is
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the ionization energy, I'  =n 5 g exp(— ka j is the atom flow of vaporized MP substance, n is the concentration
m,
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of atoms in metal, p is the energy of vaporization an atom, I = 1" /e, T =17°/e, <&, > is the averaged energy of
the secondary electrons.

SPECIFIC OF CHARGING AND VAPORIZATION OF POSITIVELY CHARGED MP
We consider the case of positively charged MP placed into the plasma. We suppose plasma number density n, is

10°cm™ electron T, and ion 7, temperatures are 10e)’ and 0.03eV respectively. Calculations was performed for the
residual gas pressure 10*torr, under this conditions the boiling point of the copper is close to the melting point and

approximately equal 1350K [8]. The processes of charging and heating of the positively charged MP occurs the
different way than the negatively charged MP. We suppose that the magnitude of MP charge is high enough such that

lep,|>> e®, |eg,|>>¢,, |ep,|>>T, >T,, that is thermionic electrons and secondary electrons are captured by the

electric field of the MP, the plasma ions are scattered on the positive potential of the MP. Therefore the ion current on
the MP surface and the processes of thermionic emission and the secondary emission from the MP surface can be
neglected as well as the energy flows related with these processes. Therefore charging of the MP is entirely as a result
of absorption of plasma electrons. Thus, the set of equation (1) in the case of positively charged MP can be simplified:

Iep[ = dep / dt’
P"—P —P_ =mc-dT/dt.

7 vap

2

Figure la represents the positive part of the MP potential which is solution of the first equation of the sets of
equations (1) and (2). From the Figure la it can be seen, that typical time of full (except the time interval where
@ <-T,/e) charging 7, of MP depending on its size is 10° +107"s.
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Figure 1. The dependence of the MP potential on the time (a) ¢ >>-T,/e, (b) ¢ <-T,/e and related temperature (c), the MP
substance is copper initial value of MP potential is ¢, = 50k, initial MP temperature is 7, =300K : 1 — a=0.1um ,2 - a=0.5um,
3—a=luym,4— a=5um.

Figure 1b shows the part of the solution where the MP potential is lower than 10V including negative values of
the MP potential as well as steady state values (floating potential), which is obtained by solving of the set of equation
(1). This result is consistent with previous work [4]. Further we will consider the case ¢ >>—T, /e that is described
well by the set of equation (2).
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The Figure lc shows the numerical solution of the second equation of the sets of equations (1) and (2) that
represents the changing of the MP temperature on the time. The MP temperature grows until reaches the boiling point

T, for the MPs sized 0.1+1um it takes 4-10”° +4-10"s, then temperature stays constant for some time interval

during which the vaporization of the MP occurs. During simulation the dependence the heat capacity on the temperature
as well as the process of melting was neglected.

In order to evaluate the parameters MP and plasma when the vaporization of the MP is possible we obtain
analytical relations for the basic parameters such as electric potential of the MP, electron and power flows on the MP
surface. From the first equation of (2) we obtain MP potential as a function of time:

CD(I) = woe_ﬁat > (3)

where S =4re’n,v, T, . Obtained function (3) described MP potential shown in Figure la. Electron flow and power
associated with this flow on the MP surface in approximation OML theory under condition ¢ >>—T, /e have the form

1(t)=pa’p=pa’p,e ™, 4
P (t) = pa’pie . Q)

The time interval 7, when vaporization of the MP is possible can be found from the condition of equality energy flows
on the MP surface P (7,)-P. (7,)=0:

2
T, ~ ! In ﬂ¢°4.
2Ba  4rncT,
The process of cooling related with vaporization of the MP substance excluded from the equality (6), since the energy
losses related with the vaporization lead to mass changing and it will be further taken into account.

The energy transferred to the MP in the time interval 7, cause the MP vaporization and can be evaluated as:

(6)

2

2 4 2
p,a 2noT, Lo
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The energy required to complete vaporization of the MP of radius a is ¢, =m H = %7[613 pH , where H is the heat of

vap

vaporization, p is the density of MP substance. Substituting this value into (7) gives the condition of vaporization of
MPs of radius a in the case of positively charged MP:

2 4 2
P 2707, [ ﬁ¢°4 _d aon (8)
2 B 4roT, 3

This equation gives the relation between specific parameters of MP substance such as density and heat of vaporization,
the critical initial value of the MP potential and the critical MP radius that can be vaporized. Critical means that the
obtained parameters separate two regions of the parameters where MPs can be vaporized and where is not. The
numerical solution of the equation (8) is shown in the Figure 2.

Figure 2 shows the critical curves for copper (1) and tungsten (2), the region of the parameters that lies under the
curve corresponds to conditions the vaporization of the MP is possible.

' ' ' '
------ Lt ettt il piieieieied shleiaieied Sadefaialials Sty el
'

0,0 2,5x10"  5,0x10"  7,5x10* 1,0x10°
0,V

Figure 2. The dependence of the critical MP radius on the critical initial value of the MP potential which can be vaporized: 1 -
copper, 2 — tungsten.
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The closer to the curve parameters are the longer the process vaporization is, and vise verse the far the parameters
from the curve the faster the process vaporization is. In the table 1 some critical values of initial MP potential and MP
radius is shown.

Table 1. Some critical values of initial MP potential and MP radius

0.1pm 0.5um Lum
Cu 6kV 28.5kV STkV
W 8.5kV 39.5kV 78.5kV

When the vaporization of the MP is possible the changing of the MP radius r is described by the equation:
2 2pnt 4 dr
Poye " —4rcT, =4rpH = Q)

Numerical solution of the equation (9) for the copper MP is shown in the Figure 3.
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Figure 3. The dependence of the radius on the time at different initial radii @ and initial potential ¢, of the copper MP, initial MP

temperature is 7, =300K : 1. a =0.1um,p, =10kV ,2. a =0.5um,p, =40kV 3. a=1um,p, =70kV .

To simulation of vaporization process the initial parameters of the MP was taken close to the curve 1. From the
Figure 3 it can be seen that at given parameters the time of vaporization of the MP with the radius 0.1+1um is

0.7 s — 2 us . This result correlate with the simulation MP potential and MP temperature (see Figure 1a and Figure 1c)
in this time interval the MP temperature is at boil point and MP potential still high enough (¢, ~5-10° +4-10*kV ).

Thus we can conclude that the placing preliminarily positively charged MP to high enough potential can lead to it
partially or complete MP vaporization.

CONCLUSIONS

For the preliminarily positively charged metallic macroparticle placed into the low-temperature plasma the set of
equations energy and current balance has been solved numerically. The transient values of the MP potential as well as
relative temperature have been obtained.

The particle is charged by the flow of electrons from the plasma. It is shown that the time of full (up to values of
@ =-T,/e) charging 7, of MP depending on its size is 6-107 +3-107s .

The electron current from the plasma heats up the particle. In the case of ¢ <<—T, /e analytical relations for the
MP potential, electron flow and power associated with this flow have been obtained. It was found that the MP heating
time up to the boiling point for the MPs sized 0.1+ 1um is 4-10° +4-107s .

The equation for the initial value of the MP potential and its critical radius at which the particle can be vaporized
has been derived and solved numerically. The critical values of radius and potential for copper and tungsten particles,
which determine the region of the parameters where MPs can be vaporized, have been obtained. It is found that the
initial potentials of the particles of radius a =1um for the copper and tungsten MP that evaporated are equal
57kV and 78.5kV respectively.

The equation describing the change in the MP radius during evaporation is derived and solved numerically. It is
shown that for given initial potential of MP the time of vaporization of MP with the radius 0.1+1um is 0.7us—2us .
Thus the possibility of partially or complete vaporization in plasma of the preliminarily positively charged metallic MP
has been shown.
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MO3UTHUBHO 3APSI)KEHI MAKPOUYACTKHA B HU3bKOTEMIIEPATYPHIM ILJIA3MI
Ounexcanap A. Bisioxos?, Onexcanap Jl. Yidicos®, Imutpo B. Yibicos?,
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Po3riisiHyTO €BOMIONi0 MO3UTHUBHO 3apsKEHOI METaJIeBOi MAaKpOYaCTHHKH, SIKa MOMIIIEHa B HU3BKOTEMIIEPATypHY IIIa3My.
JlocnipkeHO BIUTMB 3HAYEHHS MOYATKOBOTO 3apsiy MAaKpOYaCTHHOK Ha AWHAMIKY ENEeKTPHYHOrO IIOTEHIlially Ta TeMIeparypy
MaKpOYaCTHHKH, a TaKOXX MOXJIMBICTH BHIIAPOBYBAaHHS MAaKpPOYAaCTHHKM BHACIINOK ii B3aeMofii 3 yacTHHKaMH IUIa3MH. YucensHO
po3B’si3aHa CcHCTeMa pIBHSAHB OaylaHCy eHepril Ta GayaHCy CTpyMiB, sika 3acHoBaHa Ha OML Teopii Ta BpaxoBye 3MiHy MOTEHIiaTy
MaKpOYaCTHHOK Ta i TeMIlepaTypH 3 IUTMHOM 4acy. PO3B’S30K cuCTeMH piBHSHB ITOKa3ye €BOJIOLIIO IOTEHIAy Ta TeMIIepaTypH
MAaKpOYaCTUHOK MPOTATOM iHTEpBally Yacy 3 MOMEHTY PO3MIILEHHS MaKpOYacTHHKU Y IUIa3Mi 0 MOMEHTY, KOJIH MaKpOYacTHHKA
3apsAauIacst 10 IUIaBAalOYoro mHoTeHuiamy. ITO3MTHMBHHMN 3apsi MaKpOYaCTMHKM BUKIIIOYAE IOSABY TEPMOCNEKTPOHHOI eMicii Ta
BTOPHHHOI €IEKTPOHHOI eMiCii 3 MOBEPXHi MaKPOYACTHHOK, & TAKOXK MEXaHI3MU OXOJIOKEHHSI MaKPOYAaCTHHOK SIKi MMOB'sI3aH1 3 MU
nponecamu. OTpIMaHO aHATITHYHI BUPAa3H, IO OMHCYIOTh MOTEHIIAl MAKPOYACTHHKH, EIEKTPOHHUH CTPyM Ha MaKpOYacCTHHKY, a
TaKOXX MOTYXKHICTb, 1[0 HMEPEIAETHCS EIEKTPOHAMH IUIa3MH Y BHUIAJIKY, KOJIH CHEPTis IPHUTATaHHS eIeKTPOHIB 0 MAKPOYaCTHHKU
3HAYHO TIEPEBHIIY€E CHEPTil0 TEPMOECIEKTPOHIB, CHEPril0 BTOPHHHHUX €JIEKTPOHIB Ta €HEpriio i0HIB IUIa3Mu. Po3B’s3aHO crpoeHa
cucTeMa PiBHSIHB OaJlaHCy eHeprii Ta OaJlaHCy CTPYMIB Ul TIO3UTHUBHO 3apsPKEHOI MIKPOYaCTHHKH, PO3B’SI3KU CIIPOLICHUX PiBHSIHB
30iraroTbCst 3 pPO3B’S3KaMU 3aralbHUX PIBHSAHb B 00NAcTi MO3UTHBHHUX 3HA4YEHb IIOTEHILIAy MaKpOYAaCTHHOK. Po3paxyHKH
MOKa3yloTh, IO MiJ Yac 3apsJUKaHHS MAaKpOYaCTHHKU ii TeMmmeparypa 3poCTae aX [0 TeMIIepaTypd KHIIHHSA pPEYOBHHM
MaKpoyacTUHOK. OTpUMaHO Ta YHCENbHO DO3B’A3aHE PIBHAHHS, SKE BH3HAYa€ YMOBH, 32 SIKMX MOJIIMBE BHIIADPOBYBAaHHS
Makpo4acTHHOK. [loka3aHO MOJKIMBICTh BHIIAPOBYBAaHHS MAaKpOYaCTHHOK 3aJaHOTO pO3Mipy (KpUTHYHE 3HAYEHHS paiiyca)
BHACHIJJOK ITOYAaTKOBOI 3apsiIKM [0 BHCOKUX IO3UTHBHHMX 3HA4YeHb MOTeHIiamy. OTpHMaHO 3aJeXHOCTI KPUTHYHOTO 3HAUCHHS
pamiyca BiX IOYAaTKOBOTO 3HAUCHHS NOTEHMIATy JUIS MAaKpOYacTHHOK BOJIb(paMy Ta Mifi, SKi MOXKHAa BHIApyBaTH B
HU3BKOTEMITepaTypHili 1masmi. OTpuMaHi pO3B'S3KM OOMEXYIOTh O0JacTh IapaMeTpiB, A€ BUIIAPOBYBAHHS MaKpPOYaCTHHKU
MOXJIMBE, a Jie Hi. Po3paxoBaHO KpHUTHYHI 3HAUEHHS MOTEHI[ANTy Ul YaCTMHOK Mimi Ta Bonbgpamy 3 po3mipamu 0,1 i 1 MKM.
OTpHMaHO 3aJISKHICTh Pajiiycy MaKpOYaCTHHKH BiJl 4acy B MPOLECI BUIAPOBYBAHHSL.

Ku1ro4oBi c/10Ba: MakpOYaCTUHKY, MUJIOBI YaCTHHKH, IIMJIOBA IUIa3Ma, IUIaBAIOYMil MOTEHLia), BUIAPOBYBAHHS.





