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The evaporation possibility of micro sized metallic particles during them passage through the region of a magnetized plasma with a
Maxwellian velocity distribution with the electron temperature in the range T.=1...100eV at presence of an ion beam with the energy
in the range &,=1...6keV is studied theoretically. The floating potential of a macroparticle is obtained using the OML theory, the
effect of the electron temperature and the energy of the ion beam on its magnitude is studied. The equation of energy balance on the
macroparticle surface is obtained, such energy exchange mechanisms as collisions of particles of an ion beam and plasma particles
with the macroparticle, thermal radiation of the macroparticle, as well as cooling due to the evaporation of substance from the
macroparticle surface are taken into account. The effect of the temperature of plasma electrons and the ion beam energy on the
stationary temperature of the macroparticle is studied. It is shown that for the given plasma and ion beam parameters, the temperature
of the copper macroparticle is below the boiling point so that the evaporation of the macroparticle occurs at temperatures below the
boiling point. The dependences of the macroparticle evaporation time on the electron temperature and the energy of the ion beam
have been obtained.
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®A30BBIE COCTOAHUA MAKPOYACTHUI B IIVIABME C 'OPAYUMHU DJIEKTPOHAMMU B NIPUCYTCTBUU
HMOHHOI'O ITYYKA
A.A. Busokos, A.JI. Ynoucos, A.U. Kyrenko
Xapvroeckuii HayuonanibHulld ynusepcumem umenu B.H. Kapasuna
61022, 2. Xapovkos, na. C60600vi, 4

TeopeTnuecku n3ydaeTcss BO3MOXKHOCTh HCHAPEHHS METAIMYECKUX MAaKpOUaCTHI[ MUKPOHHBIX Pa3MepoB HPH MPOXOXKICHUH Uepe3
00J1aCTh 3aMarHNYEHHOH IIA3MBI C IEKTPOHAMH, HMEIOINMH MaKCBEIIIOBCKOE paclpeieNieHue 0 CKOPOCTSAM € TeMIepaTypoi B
muamna3one T.=1...100 5B, u B mpuCYTCTBUN HOHHOTO ITyYKa C SHEPTUel B Anuama3oHe &,=1...6 kaB. B npubmmxennn OML teopun
BBIYHCIISIETCS TUIABAIONIMN MOTEHIIMA MaKpOYACTHUIIEI, N3y9YaeTcsl BIMSHUE TEMIIEPaTyphl SJIEKTPOHOB a TAKKe YHEPIUH HOHHOTO
Iy4ka Ha ero BenuuuHy. [lomydeHo ypaBHeHHe OanlaHca SHEpPrHi Ha ITOBEPXHOCTH MAaKPOYACTHIIBI, TIPH 3TOM HMPHUHHUMAIOTCS BO
BHIMAaHHE TaKHe MEXaHM3Mbl OOMEHa dHEeprueH, Kak CTOJIKHOBEHHE YAaCTHI] HOHHOTO ITy4YKa M YacTHIl IUIa3MBl C MaKpOYacTHIEH,
TEIJIOBOE U3JTy4YeHHE MaKpOYaCTHIIbI, a TAKXKe OXJIAKICHUE 3a CUET UCIIAPEHUs BELIECTBA ¢ IIOBEPXHOCTH MakpodacTulsl. M3yudaercs
BIIMSIHUE TEMIIEpaTyphl IUIa3MEHHBIX JJIEKTPOHOB M SHEPIUM HOHHOTO MydKa Ha CTAIl[MOHApHYIO TEMIIEpaTypy MaKpOUYacTHI[BI.
INokazaHo, 4TO HpH 3aJaHHBIX MapaMeTpax IUIa3Mbl M HOHHOTO IMydYKa TaKas paBHOBECHAs TeMIIepaTypa MEJHOW MaKpOYaCTUIIBI
HaXOAUTCS HIKE TOUKH KUIIEHHS, TaK YTO UCTIAPEHNE MAaKPOYACTUIIBI IPOUCXOANT MIPU TEMIIEPaTypax HIDKE TEMIEPATyphl KUIICHHUS.
[NomydeHs! 3aBHCIMOCTH BPEMEHHU HCTIAPEHMST MEIHBIX MAKPOYACTHI] OT TEMIIEPATyphl AEKTPOHOB U SHEPTHH HOHHOTO ITydKa.
KJ/IFIOYEBBIE CJIOBA: MakpouacTuLbl, IblIEBAs IIa3Ma, HOHHBIA IIy4OK, UCIIAPEHUE, DIICKTPUYECKUH OTEHIUAT

®DA30BI CTAHU MAKPOYACTOK B IIJIA3MI 3 TAPSAYUM EJIEKTPOHAMHU B MIPUCYTHOCTI IOHHOI'O
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TeopeTHYHO BHBYAETHCSI MOJIIMBICTD BHUIIAPOBYBAaHHS METAJIEBUX MAaKpOYacTOK MIKPOHHHX PO3MIpiB HpPH TNPOXOMKEHHI yepes
o6J1acTh 3aMarHiueHoi IIa3Mu 3 eJIeKTPOHAMH, 1[0 MAlOTh PO3MOJLUI MaKCBENa 3a MIBUAKOCTSMU 3 TEMIIEpaTypolo B fiama3oHi T, =
1... 100 eB, i B mpucyTHOCTI i0HHOTO ITy4Ka 3 €HEpri€lo B Aiama3oHi g, = 1 ... 6 xeB. YV Habmmkenni OML Teopii o6uucIIOETECS
TUIABAIOYMI ITOTEHI[ia]l MaKpOYAacCTKH, BHBYAETHCS BIUIMB TEMIIEPAaTypH EJIEKTPOHIB a TAaKOX €Hepril i0HHOTO Iy4yka Ha HOro
BenmuuHy. OTpHMaHO PiBHSHHS OajlaHCy eHepriii Ha MOBEPXHi MAaKPOYACTKH, NIPU IIbOMY OepyThCs 0 yBaru Taki MeXaHi3MH 0OMiHy
SHEepri€lo, K 3ITKHEHHs YaCTHHOK 10HHOTO Iy4YKa i YaCTUHOK IIJIa3MH 3 MaKpO4acTKOIO, TEIUIOBE BUIIPOMIHIOBAHHSI MaKpOYacTKH, a
TaKOX OXOJIOZKEHHS 332 PaXyHOK BUIIAPOBYBAaHHS PEHOBHMHHM 3 IIOBEPXHI MakpoyacTKU. BUBYa€eThCs BIUIMB TEMIIEPATypH IIa3MOBUX
CJIEKTPOHIB 1 €Heprii I0HHOTO MyYKa Ha CTalliOHApHY TEMIIEpaTypy MakpodacTku. [lokasaHo, o IpH 3aaHUX MapaMeTpax Iuia3MH i
10HHOTO TydYKa Taka PiBHOBa)KHA TEMIIEpaTypa MiIHOT MaKpOYACTKM 3HAXOAUTHCS HIDKYE TOUKM KHIIIHHS, TaK IO BUIIAPOBYBAHHS
MaKpOYacTKU BiOYBAa€ThCS IPH TEMIICPaTypax HIDKYE TeMIepaTypd KumiHHA. OTpUMaHO 3aJIeKHOCTI 9acy BUIIAPOBYBAHHS MiJIHHX
MaKpOYacTOK BiJl TEMIIEPATypH €JICKTPOHIB i eHeprii I0HHOTO ITydKa.

KJIIOYOBI CJIOBA: Makpo4acTKH, TUJIOBA IU1a3Ma, IOHHUH ITy4OK, BUITAPOBYBAHHS, €IEKTPHYHUI HOTEHIIa

Plasma which contains micron sized particles of a substance (dust plasma) in the laboratory is mainly formed as a
result of plasma sources operation, as well as a result of erosion of surfaces of a vacuum chamber. In technological
processes, such as deposition of coatings, plasma treatment of surfaces, at creating of microelectronic devices, etc., the
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presence of dust particles (macroparticles or MPs) in plasma is a negative factor, as it leads to deterioration of such
properties of the treated surfaces as porosity of coatings, adhesion of coatings and surface roughness [1-3]. In practice,
the most of ways of decreasing the droplet flow on the processed surface are based on separation of the ion flow and the
droplet flow by the magnetic fields [3-7].

The aim of this paper is the considering of the possibility of decreasing of the droplets flow due to evaporation of
the macroparticles by the heating of plasma electrons at presence of the ion beam.

CHARGING OF THE MP

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 the surface of the MP is equal
to zero. Calculation of the currents from plasma on the MP at 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>>2,>>a, (1

is correct, where 7, is the Larmor radius of electron, 4, 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 [8]. In
this paper we consider plasma with the magnetized electrons which temperature T, is in the range 10-100eV, ion
temperature T; is 1€V, plasma density ng is 10'° —10" c¢m ™ . Ion beam energy varies in the range 1-6000eV. 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:

_ oML __
Loy =<engv, oy, >=e-T'y,, 2

2 . . . . .
where o, =7a’ [1 ie—w‘;] is the absorption cross section of ions (electrons) in the OML theory,
m[(e)vl(e)
[, =v8ra’ny, (1-ep,/T)),
and
T, =~8ra’nyv, exp(—ep,/T,)
are the flows of the ions and electrons on the MP surface, ¢, is the potential of the MP surface, v, = /7., /m,.(e) is

i

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:

170 =< 11061/801,0[‘“5H >, 3)

- E—ep E+ep
0 =0, ——*exp| 2(1- f—"

is the secondary emission yield, E is the kinetic energy of primary electron, E, is the electron energy which

where

corresponds to the maximum of secondary emission yield o, . lon beam current in terms of OML theory is:

i

b ML
I} =eny,oM =el,, “)

where v; is the ion velocity, I', is the flow of the ions on the MP surface.
Secondary electron emission produced by the ion impact (for energies about 1 keV) we can express through the
emission yield vy as:

I =ef,. (&)

Taking into account the charging processes described above (2) - (5), the MP potential can be found by solving the
equation of electric currents balance:

IE(@,)+ 15 (0,)+ 1 (0,)+ 1) (90,) - 1" (9,)=0. (6)

Results of numerical solution of the equation (6) for cooper MP is shown in the Fig. 1,2. From the Fig. 1 it can be seen,
that when the electron temperature is increasing, absolute value of MP potential is increasing as well. It can also be
seen, that curve 4 has a local minimum which is caused by the increasing of electron yield from the MP surface. Fig. 2
shows, that when ion beam energy increases, absolute value of MP potential decreases. Thus, increasing of the ion
beam energy leads to increasing of electron flow onto MP surface.
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Fig. 1. The dependencies of the MP potential on the electron temperature at different energies of the ion beam
(1-¢g=1keV,2- g =2keV,3- ¢, =3keV ,4- ¢, =6keV)
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Fig. 2. The dependence of the MP potential on the ion beam energy at different electron temperatures
(1-T=100 eV, 2-T;=50 eV)

HEATING AND EVAPORATION OF THE MP
Absorption of the plasma ions and electrons as well as beam ions leads not only to charge transferring but also
energy transferring from the plasma and ion beam that causes intensive heating of the MP. Consider the processes that
are involved in energy exchange. In plasma with a Maxwellian velocity distribution of particles in the OML theory,
energy flows are described by:

P=T,-QT +ep, +1), )
])bzrh.(gb-}_ewa-}_l)! (8)
P =T,-2T, ©)

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

P =47m20'Ta4, (10)
where o is the Stefan-Boltzmann constant. Energy flow due to evaporation of MP substance is described by:

P =T, -(2k,T, +p), (11)
a B a

evpr
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where

[, =4za’n ksl exp| ——2
27mm, k,T,

is the flow of the evaporated atoms from the MP surface, n' is the concentration of the atoms in the metal, p is the heat
of evaporation of an atom.

Stationary temperature of the MP 7" can be found as a result of solution of the balance energy (7)-(11) equation on the
MP surface:

P(¢,.T))+P.(9,.T.)+ B, (p,.¢,)-P.(T)')-P,, (T.") =0. (12)

Equation (12) have been solved numerically. There were obtained dependences of stationary temperature of the MP as a
function of electron temperature (Fig. 3) and ion beam energy (Fig. 4).
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Fig. 3. Stationary temperature of the MP as a function of the electron temperature
(1-¢, =1keV , 2-¢, =2keV , 3-¢, =3keV , 4- ¢, =4keV , 5- ¢, =5keV, 6- ¢, = 6keV )
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Fig. 4. Stationary temperature of the MP as a function of the ion beam energy
(1-T,=50eV , 2-T, =100eV )

Numerical calculations of (12) were performed for copper, however similar results can be obtained for other
metals. Fig. 3,4 show that stationary temperature strongly depends on the ion beam energy and slightly depends on the
electron temperature at current parameters. The performed calculations show, that at all energies of the ion beam and
electron temperatures, stationary temperature does not reach the boiling point (for cooper). Such strong cooling is
achieved due to the intensive evaporation of the MP substance.
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During the evaporation (vaporization), changing of the mass of the MP substance is described by the equation:

P T - dt

dm: var((oa a ) , (13)
H

where P, (¢,.T.",) = 13i(¢a,7;)+Pe(wa,JL)+P,,(¢7a,gb)—R(T:’) is the power which is spent to evaporation of the

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

3
te’vpr = 47[61 pH sty (14)
3Pevpr (wa ’ T; )

Results of the numerical calculations of (14) are shown in the Fig. 5,6.
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Fig.5. Dependence of the evaporation time of the MP (@ =10um ) on the electron temperature
(1-¢,=1keV, 2-¢g, =2keV , 3-¢, =3keV , 4- ¢, =4keV , 5- ¢, =5keV , 6-¢, =6keV )
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Fig. 6. Dependence of the evaporation time of the MP (a =10um ) on the ion beam energy
(1-7, =100eV , 2-T, =50eV )

S
TTTTTIT
[N ERET]

The obtained results show that total evaporation time of 10mkm cooper MP is in the range 4-10"'-5-107s and
depending on the electron temperature and ion beam energy. Evaporation of the MP takes place at temperatures below
boiling point at all values of ion beam energy as well as electron temperature. Increasing of the ion beam energy
significantly decrease the MP evaporation time, whereas increasing of the electron temperature gives the slight effect
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on the evaporation time at considered parameters. The ion beam provides heating of the MP by two ways: by direct
transferring of ion kinetic energy due to impact with the MP surface and the following recombination; indirect way due
to decrease of MP electric potential and consequently increasing energy transfer caused by the electron flow.

CONCLUSIONS

The possibility of evaporation of micro sized metallic particles in the magnetized high temperature technological
plasma at presence of an ion beam in terms of OML theory has been studied. The dependencies of electric potential of
the MP on the electron temperature as well as energy of the ion beam have been obtained. It has been shown that
increasing of the ion beam energy leads to increases of electron flow onto MP surface since absolute value of MP
potential is decreasing. The interaction of the MP with the particles of the plasma and ion beam causes intensive heating
and following evaporation of the MP. Evaporation of the MP takes place at temperatures below boiling point at all
considered values of ion beam energy as well as electron temperature due to intensive cooling by the evaporated atoms
flow. It has been shown that total evaporation time of 10mkm cooper MP is in the range 4-10'-5-107s and depends on
the electron temperature and ion beam energy. Increasing of the ion beam energy significantly decrease the MP
evaporation time, whereas increasing of the electron temperature without ion beam gives the slight effect on the
evaporation time at considered parameters.
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