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The presented paper summarizes the results of the last works of the authors on modeling the processes of heating 

and evaporation of macroparticles in a plasma-beam system. The emphasis are made on the influence of the 

parameters of the plasma as well as the electron beam introduced into the plasma on these processes. A detailed 

analysis of the effects that accelerate or slow down the rate of heating and evaporation of macroparticles has been 

performed. 
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INTRODUCTION 

     Dusty plasma is an ionized gas that contains 

micrometer sized particles that is called dust particles or 

macroparticles (MP). For the first time, dusty plasma 

was obtained by Langmuir in the 20s of the 20th 

century. As a result of the active development of plasma 

technologies, such as controlled thermonuclear fusion, 

plasma etching, ion-plasma deposition of coatings, 

dusty plasma has become one of the most studying 

fields of plasma physics. In technological processes 

such as plasma etching, ion-plasma deposition of 

coatings, MP are a negative factor and lead to 

contamination of surfaces, the formation of roughness, 

and weakening of adhesion of coatings to the surface. 

Such particles can be formed during the operation of 

plasma sources, as a result of the interaction of plasma 

with surfaces inside the chamber. Regarding this, the 

development of methods for removing of MP from 

plasma is an actual problem. This paper presents a 

review of works where the analysis of the conditions 

under which the evaporation of MP is possible as a 

result of their interaction with plasma has been 

performed [1-4]. 

HEATING AND EVAPORATION OF MP IN 

PLASMA-BEAM SYSTEMS 

     In [5], the effect of the parameters of a gas-discharge 

plasma, as well as the parameters of an electron beam, 

on the equilibrium temperature of a single MP and on its 

potential, has been studied. The heating of the MP and 

the process of its charging are related processes due to 

the significant thermionic emission current at high 

temperatures of the MP; for this purpose, a set of 

equations (balance of energies and balance of currents) 

has been solved. The set of the equations takes into 

account the effect of these two processes on each other: 
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     The processes of charging and heating of the MPs 

associated with the absorption of plasma particles is 

described by the OML theory and have the form: 
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i e is the cross section of absorption of the ions 

(electrons), e is the elementary charge, 
0n  is the plasma 

density, 
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( )Ti ev  is the ion (electron) thermal velocity 

Te e ev kT m , 
Ti i iv kT m , 

a  is a floating MP 

potential. Electron beam current is given by:  
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where 
b  is the energy of the electron beam. Secondary 

electron emission is given by the formula: 
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  is the 

secondary emission yield: 
b

 
is the kinetic energy of 

primary electron, 
mE  is the electron energy that gives 

the maximum of secondary emission yield 
max . 

     Thermionic emission current is given by the 

Richardson formula. 
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 , h  is the Planck constant, 

Bk  is 

the Stefan-Boltzmann constant, e  is the work 

function, aT  is the temperature of the MP. 

3 /aW e a   is the decreasing of the electron work 

function (Schottky effect). 
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     The second equation of (1) describes of changing of 

MP temperature caused by energy flows the following 

processes: ( )

pl

i eP  is the energy flow of plasma particles to 

the MP; b

eP  is the energy flow of electron beam; 
rP  is 

the energy radiated from the MP surface; evprP  is the 

cooling due to evaporation of MP substance; 
thP  is the 

energy flow from the MP surface is transferred by the 

electrons of thermionic current; s

eP  is the energy flow 

due to the secondary electron emission. The values of 

the respective energy flows are determined by the 

following relations:  
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s

pl pl b

a e i e r thP P P P P P P        is the total energy on 

the MP, it can be positive or negative. /th th

e eI e  , 

/e e

s sI e  , 
s   is the averaged energy of the 

secondary electrons, I  is the energy of the ionization of 

ion. During the solving of the set of equations (1), the 

plasma density, as well as the energy of the electron 

beam have been being varied as a result, the 

dependences of the equilibrium MP temperature that 

can be reached and the related potential have been 

obtained. The computation results are shown in Figs. 1, 

2. 
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Fig. 1. Equilibrium temperature (1) and related floating 

potential (2) of the tungsten MP 

     An analysis of the solution of the set of equations (1) 

shows that the process of thermionic emission has a 

significant effect on the value of the floating potential at 

temperatures greater than 2000 K, that is reached at 

plasma densities 
0n  greater than 12 32 10 cm , while the 

absolute magnitude of the MP potential is decreased to 

the values near to zero. In a case when the electron 

beam injected into the plasma, a change of the 

magnitude of the MP potential is occurred at lower 

plasma densities 10
9
...10

1 
l cm

-3
, the energy of the 

electron beam is ɛe
b
 ≈ (0.5...0.7) keV this effect is due to 

an additional mechanism of energy exchange. 

Simulation has shown that the increasing of the plasma 

density, as well as the energy of the electron beam, 

leads to intense heating of the MP. 
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Fig. 2. Equilibrium temperature (1) and related floating 

potential (2) of the tungsten MP as a function of the 

energy of electron beam: 

1 – 9 3

0 10n cm ; 2 – 10 3

0 10n cm ;  

3 – 11 3

0 10n cm  

     In [6], the interaction of the MP with the low-

pressure arc discharge plasma is considered. The key 

feature of such plasma is multiply charged ions, as well 

as directional component of velocity of the ion species. 

The dependence of the floating potential and the 

temperature of the MP on the plasma parameters are 

determined by the set of equations (1). The fluxes of 

plasma ions and electrons to the MP surface are 

described by the OLM theory similarly to the [5] and 

given by the expressions (2)-(12). The solution of the 

set of equations (1) in the case of multiply charged ions 

for a molybdenum MP is presented in Fig. 3. An 

analysis of the solution of the set of equations shows 

that in the plasma of a low-pressure arc discharge, the 

floating MP potential and equilibrium temperature of 

the MP is significantly depend on the energy that is 

released on the surface of the MP during ion 

recombination. 

     The evaporation time of MPs of radius a in the case 

of multiply charged ions is described by relation: 
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     H  is a specific heat of vaporization,   is a MP 

substance density.
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     The numerical computation of the evaporation time 

of the molybdenum MP (Fig. 4) show that in plasma of 

density 14 310 cm , for molybdenum some of the MPs 

can be vaporized, for instance it has been shown that 

vaporization times of the MPs with typical sizes of 1 

and 10 μm, are 10
-3

 and 22 10 s  respectively. 
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Fig. 3. Floating potential (a) and related equilibrium 

temperature (b) of the molybdenum MP as a function of 

plasma density: 

1,1' – 1Z  ; 2,2' – 2Z  ; 3,3' – 3Z  ; dashed lines 

1,2,3 – 20 eV, solid lines 1,2,3 – 35 eV 
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Fig. 4. Evaporation time of the molybdenum MP:  

1 – 1 μm, 2 – 10 μm averaged over the ion energy 

 

     Computations also show the fact that if the plasma 

density is increased then the vaporization time is 

decreased. Thus, it has been shown that increasing of 

plasma density lead to creating conditions when the 

evaporation of the MPs is possible. It has been shown 

that multiply charged ions lead to more intensive 

heating of the MP.  

     In [7], the process of decay of liquid MPs due to 

Rayleigh instability that can occurs as a result of 

charging of the MPs up to high absolute magnitude of 

the electric charge by the high-energy electron beam in 

plasma has been studied. To study the possibility of MP 

decay, the time needed to occurring of Rayleigh 

instability and the time when the MP is charged have 

been compared. To solve this problem, unlike the papers 

[5, 6] where the energy balance equation has been 

solved, in this paper the dynamic problem of finding the 

charge and the temperature of the MP has been solved. 

The set of equations that describes these processes has 

the form 
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     The terms that included in the set of equations have 

the forms (2)-(13), the term describes the loose of 

energy as a result of evaporation of substance from the 

MP surface when the MP temperature is lower than 

boiling point and has the form (2 )evpr a B aP k T p     , 

where ' exp
2

B a

a

a B a

k T p
n

m k T

 
   

 
 is the atom flow of 

evaporated MP substance, 'n  is the concentration of 

atoms in metal, p  is the energy of evaporation an atom, 

The results of numerical computations are shown in 

Fig. 5. 

 

 
Fig. 5. Floating potential (1) and related temperature 

(2) of the copper MP as a function of the spent time in 

the plasma-beam system 

 (n0 = 10
9
 cm

-3
, nb = 10

9
 cm

-3
, Eb = 5 keV, a = 10 μm) 

 

The solution of the set of equations shows that the 

magnitude of the MP potential has being varied widely 

on time. It is supposed that when the MP had got into the 

plasma its charge was equal to 0. Then in the region (I) 

“fast” charging (
ch ) of the MP occurs. “Fast” means that 

MP has not warm up yet (
ch h  ). Then in the region 

(II) magnitude of the MPs charge has not been changed 

that is / 0ad dt  , and it has maximum value. Then in 

the, region (III) the MP has warmed up to the temperature 

a thT T  when the magnitude of the MP charge potential 

decreases due to thermionic emission. Thus we conclude 

that the possibility of develop.
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Rayleigh instability is limited by the heating time 
h  

to the temperatures 
a thT T  when the magnitude of the 

MP charge is decreasing.  

0decay ch h      , 

where ch  is the charging time of the MP: 
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 ,   is the surface tension, a  is the MP 

radius. The possibility of decay of various sized MP at 

different electron beam energies was also evaluated 

(Fig. 6). 

 
Fig. 6. The size of the MPs that can be destroyed as a 

result of their irradiation with an electron beam with a 

given energy 

     Thus in [7] it has been shown that MPs with sizes 

a = 1...50 μm that typical for technological plasma 

processes can be fragmented into smaller MPs due to 

irradiation with an electron beam of high energy 3...8 keV. 

In [8], the possibility of evaporation of MPs in a high-

temperature (Te = 10...100 eV, Ti = 1 eV) technological, 

magnetized plasma has been studied. 

     If parameters of plasma and magnetic field such that: 

g dr a  , 

where gr  is the Larmor radius of electron, 
d  is the Debye 

length, a  is the MP radius. Then to describe fluxes of 

plasma onto the MP surface the OML theory can be used 

and set of equations have the form (1). Solution of the set 

of equations is shown in Fig. 7.  

     The analysis the solution revealed the cause of the 

unstable states of the MP, when in the regime of irradiation 

with an electron beam there was an abrupt change in the 

temperature of the MP. It was shown that at the bifurcation 

point, three different states of MPs are possible, which 

differ in temperature. This area is marked with a dashed 

line on the graph. 

     The reason for this effect is that at this moment the 

mechanism of thermionic emission is “switched on”, 

which led to a sharp change in the potential of the MP, a 

change in the balance of currents on the MP and, as a 

consequence, of its temperature. A change in the MP 

temperature, in turn, can either enhance or weaken 

thermionic emission and cause the opposite effect, similar 

to positive feedback. 
 

a

b 

Fig. 7. Floating potential (1) and related (2) 

Equilibrium temperature of the cooper MP as a function 

of electron temperature (1 ‒ n0 = 10
10

 cm
-3

,  

2 ‒ n0 = 10
11

 cm
-3

) 

 
Fig. 8. The evaporation time of the cooper MP in the 

plasma 11 3

0 10n cm  (1 ‒ a = 10 μm, 2 ‒ a = 1 μm) 

     In [8] has been also estimated the evaporation time 

(see Fig. 8) of the MP of radius a, that is given by the 

relation
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where s( , )eq

evpr a a e i r thP T P P P P P           is the 

power that is spent on the evaporation of the MP 

substance. The mass loss of the MP during heating to 

the equilibrium temperature was neglected. From the 

Fig. 8 we can see that the evaporation time of the MP is 

decreased when the plasma temperature is increasing 

and at 100 eV for MP of 1 µm is 35 10 s  for the MP of 

10 µm is 15 10 s . Thus, if velocities of the MPs such 

that they pass through the region of heated plasma for 

time grater than obtained values it is possible fully 

evaporation of the MP. 

CONCLUSIONS 

     1. Increasing of the plasma density as well as the 

electron beam energy lead to heating of the MP and to the 

appearance of the effect of thermionic emission, which 

leads to a decrease in the absolute value of its potential. 

The effect of the thermionic emission from MP in plasma 

appear at the temperature of MP 2000T K , which 

corresponds to the plasma density. 
1

0

322·10n cm . In the 

presence of electron beam this effect occurs for beam 

energies Eb = 0.5..0.7 keV. For such plasma and electron 

beam parameters, the MP potential decreases to zero. 

     2. Potential of the MP is largely determined by charge 

of ions. The ion energy has no significant effect on the MP 

potential in the usual energy range of arc discharges, 

whereas for two- and three-charged ions there is an 

effective heating of the MF due to the recombination of 

ions on its surface. 

     3. There is a certain range of values of the electron 

plasma temperature, where there are three values of the 

stationary temperature of the MP, and the average value of 

them is unstable with fluctuations in the MP temperature. 

The stationary temperature of the MP and its potential in 

this region are determined by the initial temperature of the 

MP. 

     4. The characteristics of the MP (size and velocity), 

which can evaporate when passing through a heated 

plasma, have been determined. 

     5. There is a time interval in which the conditions for  

Rayleigh instability of a liquid MP are satisfied. This 

interval is determined by the heating time interval from the 

initial temperature to  temperature of 1700...2000 K, at 

which the discharge of MP occurs due to the “switch on” 

of thermionic emission. For the MPs, size of which is 

about ~1a m  the decay time is approximately equal to 

the MP time of charge, for more large MPs  10a m  

decay time is approximately equal to the time of the 

development Rayleigh instability. For  MP with 

~10a m   the conditions for Rayleigh instability are 

optimal.  
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     Обобщены результаты последних работ авторов по моделированию процессов нагрева и испарения 

макрочастиц в плазменно-пучковой системе. Особое внимание уделяется влиянию параметров плазмы, а 

также электронного пучка, вводимого в плазму, на эти процессы. Был проведен подробный анализ 

эффектов, которые ускоряют или замедляют скорость нагрева и испарения макрочастиц. 

ОСОБЛИВОСТІ ВЗАЄМОДІЇ МАКРОЧАСТОК З ПЛАЗМОВО-ПУЧКОВИМИ СИСТЕМАМИ 

О.А. Бізюков, О.Д. Чібісов, О.В. Ромащенко, В.В. Масич 

 

     Узагальнено результати останніх робіт авторів з моделювання процесів нагрівання і випаровування 

макрочасток y плазмово-пучковій системі. Особлива увага приділяється впливу параметрів плазми, а також 

електронного пучка, що вводиться в плазму, на ці процеси. Було проведено детальний аналіз ефектів, які 

прискорюють або уповільнюють швидкість нагріву і випаровування макрочасток. 


