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The processes of recharging, heating and evaporation of a positively charged microparticle (MP) introduced into the plasma with
an injected high-energy electron beam are considered. It is assumed that the MP is charged outside the plasma and then
introduced into the plasma by an accelerating field, where plasma and beam electrons hitting the MP heat and evaporate it. In
addition to introducing the MP into the plasma, the positive MP charge provides an additional source of energy needed to heat
and evaporate it. Using the OML theory, the system of current and energy balance equations was numerically solved and the
conditions, under which the MP is heated to the boiling point of its substance, resulting in its intense evaporation, were
determined. The influence of the energy of the electron beam on the process of MP recharging, as well as on the rate of its
heating and evaporation, has been studied. An estimate of the particle entry velocity into the plasma has been made; the distances
at which its recharging, heating to the boiling point and complete evaporation occur are determined. The work is carried out in
order to creating plasma of a given elemental composition.
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INTRODUCTION

Currently, a number of methods for producing ion beams and plasma from elements initially in the solid phase are
known; the main ones are evaporation from a furnace, cathode sputtering of a solid, evaporation by a vacuum arc or
a laser beam [1]. Previously [2,3], we reported one more method for producing plasma from elements in the solid phase,
that consists of introducing MPs into a previously created plasma. To introduce the MPs into plasma, we proposed to
charge MPs up to a high positive potential and then accelerating them using the method developed in [4, 5] for creating
a flow of micrometeorites of micron and submicron size in laboratory conditions. Microparticles introduced into the
plasma are heated and evaporated as a result of collisions with plasma and beam electrons; the resulting vapor is then
ionized by electrons. The positive charge of the MPs is used to introduce them into the plasma and is also an additional
source of energy necessary for heating and evaporation. This method of creating plasma from elements in the solid
phase, in addition to producing ion beams, can be used for plasma isotope separation technologies [6-9]. The advantage
of this method over traditional methods of creating plasma is its economic efficiency, what is important, for example,
when separating rare earth elements [6]. Another important aspect is the higher level of environmental safety compared
to evaporation in a furnace, what can be important when separating radioactive elements and their isotopes [7].

In this work, we study the effect of an electron beam injected into the plasma on the processes of recharging,
heating and evaporation of a single MP. Previously, the high-energy electron beam was proposed to be used to
evaporate micro-droplets of cathode material in plasma generated by a vacuum-arc discharge when coating a substrate
[10-12]. The addition of an electron beam to the plasma in this case makes it possible to reduce the positive charge of
the MP, which is necessary for its acceleration when they are introduced into the plasma, and also creates additional
ability for its heating, evaporation and subsequent ionization. For calculations, we used a previously proposed
model [2,3], in which terms, that take into account the electron beam, were added. We also investigated the effect of the
electron beam on the evaporation of heated MP and also estimated the distances at which recharging, heating to the
boiling point and evaporation of the MP occurs.

MODEL DESCRIPTION
A positively charged MP in plasma with an electron beam absorbs electrons from the plasma and beam, resulting
in its recharging and heating. After recharging, the MP also absorbs plasma ions, what is an additional source of its
heating. Thermionic and secondary electron emissions also have a significant influence on the MP, which form its
equilibrium potential and also determine its temperature. The temperature of the MP is also influenced by thermal
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radiation and evaporation of the MP substance. All these processes are taken into account in the system of equations
that describe the dynamics of changes in the potential and temperature of a MP in plasma:

pl ! b (1)
P +P" +P'~P —P —P,-P, =mcdT/dr.

r th vap

{ I =17 1"+ I+ 1" = dQ)dt;

The first equation of system (1) describes the changing of the MP charge and includes charging processes listed
above and denoted as follows: I/ and I” are the ion and electron currents from the plasma onto the MP surface, I’ is

the electron beam current, /] is the secondary electron emission current from the MP surface caused by electron of the

plasma and the beam, [” is the thermionic electron emission current from the MP surface caused by heating of the MP

due to interaction of MP surface with the plasma and the beam MPs. It should be noted, that the secondary electron
emission and the thermionic electron emission only take place for negatively charged MPs. Q is the charge, T is the

temperature, m is the mass, ¢ is the specific heat capacity of he MP.
Interaction of plasma and electron beam particles with the MP surface is given by the OML theory and particles
currents have the form

17 (p)=e T,

where « =i,e denote the particle species.

I =+8za’n,v 1+m R
a 0 Ta( kT

a

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

T, =~8za’n,v,, exp[—Mj ,

kT,

a

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

the initial MP radius, ¢, is the MP potential. Secondary electron emission is described by the relation:
I’=91,,

where

| ep | | ey |
0=0 x = CXpP 21— |—
e Em ( Em )

is the secondary electron emission yield: E, is the energy of the primary electrons that corresponds to the maximum of

secondary emission yield &, , . Thermionic emission current is described by the Richardson's law

O - AW
I" =4xa* AT? exp(e—J ,

B a

2
4rm kye

where, 4= X , h is the Planck constant, k, is the 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 the system (1) describes the changing of MP temperature caused by energy flows the
following processes: E('”) is the energy flow associated with the absorption plasma particles by the MP; P’ is the

e

energy transferred by the electron beam to the MP P, is the energy radiated from the MP surface, P, is the cooling of

the MP due to evaporation of its 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 respective energy
flows are determined by the following relations:

P" =T, -(2kT, +e®), P" =T, -(2kT, +ep+1+e®), P’ =T, -(2kE, +e®) P. =cT*,
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B, =T Q2kT), P =T, (¢ +e®), P, =T, -2k, T +p),

vap

where / is the ionization energy, I', =n 5 L exp(— kp ] is the atom flow of evaporated MP substance, n is the
Tm,

BT a
concentration of atoms in metal, p is the energy of evaporation an atom, T =" /e, T =1 /e, &, is the averaged
energy of the secondary electrons, E, is the energy of electron beam.

By numerically solving the system of equations (1), we determine the change in time of the potential and the
temperature of the MP at different values of its initial potential, as well as depending on the energy of the electron
beam.

RECHARGING AND HEATING OF THE MP
We consider the positively charged spherical cooper MP with a diameter of 1 micron placed into the plasma, the

parameters of which are: number density n, is 10'°cm™ electron 7, and ion 7, temperatures are 50eV and leV
respectively. Initial MP temperature is 7, = 300K . We suppose that the boiling point of copper is the limiting point for

the increase in MP temperature, which is approximately equal to 2800 K, and we also neglect the change in boiling
temperature with decreasing pressure of the residual gas. Therefore, the presented calculations represent a qualitative
assessment of the processes occurring.

When a positively charged MP is introduced into the plasma with the electron beam, it is recharged due to
collisions with electrons. Figure 1a shows the dependence of the MP potential on time for various values of its initial
potential ¢, and electron beam energy E, =20keV .
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Figure 1. The dependence of MP potential (a) and related temperature of MP (b) on the time at different values of the initial
MP potential ¢, , electron beam energy E, =20keV : 1 — @, =1kV ,2— @, =10kV ,3 — @, =20kV ,4— ¢, =30kV

Here we can see two cases of time dependence of MP potential. In the first case, at the initial values of
@, =1kV and ¢, =10kV (curves 1 and 2), within a time of about 10 s, the MP potential reaches approximately zero

value, which corresponds to the floating potential, due to charging by plasma electrons. A further decrease of the
potential to a value of the order of —4 kV is caused by the charging of the MP by beam electrons. In the second case, at
the initial potentials ¢, =20kV and ¢, =30kV (curves 3 and 4) after recharging, the MP has approximately zero

potential, which does not change subsequently. This effect is explained by the fact that as a result of heating the MP by
plasma electrons, its temperature reaches a value exceeding the value at which thermionic emission occurs (~2500K),
compensating for the influx of plasma and beam electrons onto the MP. In the first case, the electrostatic energy of the
MP, due to the initial charge, is insufficient to heat to a given temperature. However, due to the beam electrons, the MP
continues to heat up and at a time from 2:10°s to 5:107 s its temperature reaches the required value, so that thermionic
emission becomes possible and the MP potential decreases to a value close to zero.

Figure 1b shows curves of the MP temperature versus time for the same values of the initial MP potential. At the
initial potential of the MP ¢, =1kV (curve 1), the change in the MP temperature as a result of charging by plasma
electrons is insignificant. The main contribution to the heating of the MP in this case is made by the electrons of the
beam, which in a time of ~5:107 s increase its temperature to the value when thermionic emission occurs and the MP
potential drops to zero (curve 1 in Fig. 1a). Further heating of the MP leads to an increase in its temperature to the
boiling point. At the initial potentials of the MP ¢, =10kV (curve 2) and ¢, =20kV (curve 3), the heating of the MP
by plasma electrons is already significant and ends during the recharging time of the MP (~10° s). In the case of
@, =10kV , its reached temperature (~ 800K ) which is lower than the temperature of thermionic emission, and the
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potential of the MP decreases to —4 kV (curve 2 in Fig. 1a) due to charging by beam electrons. Simultaneously, the
electron beam heats the MP first to the thermionic emission temperature and then to the boiling temperature. At the
initial potential ¢, =20kV the electrostatic energy stored on the MP is sufficient for thermionic emission, but not

sufficient for heating to the boiling point. This temperature is achieved due to the beam electrons. At the initial potential
of the MP ¢, =30kV (curve 4), the electrostatic energy of the MP is sufficient to heat it to the boiling point. In this

case, the electron beam only maintains a given temperature, compensating for losses due to thermal radiation.
We also investigated the effect of electron beam energy on the change in MP temperature over time for a MP with
an initial potential ¢, = 20kV ; the calculation results are shown in Fig. 2.
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Figure 2. The dependence of the MP temperature on the time at different beam energies:
1- E, =1keV,2 - E, =10keV,3 - E, =20keV,4 - E, =30keV .

As can be seen from the Fig. 2, in a time of about 2-10” s, the MP is heated to a temperature of about 2600 K due
to plasma electrons during recharging, regardless of the beam energy. With increasing time at the beam energy
E, =1keV (curve 1), the MP cools down to a certain equilibrium value, which is determined by the equality of the

energy coming from the beam and from the plasma, as well as heat losses due to radiation. At beam energies
E, =10, 20, 30keV (curves 2-4), further heating occurs due to the beam electrons, while the cooling of the MP due to

radiation is compensated by the incoming energy from the beam electrons. It also follows from Fig. 2 that an electron
beam with an energy exceeding £, =10keV heats the MP to the boiling point.

EVAPORATION OF THE MP

We assume that particle evaporation occurs when the boiling point 7’ of the substance is reached, neglecting
evaporation at lower temperatures. The change in MP mass at the boiling point is described by the equation:

4rna’p,, (T",¢")-dt = Hdm, @)

r th

where p, (T",¢") = (Pe”’ +P”"+P"-P-P-P ) is the power density on the MP surface that is spent to

dra’
evaporation of the MP substance, H is the specific heat of evaporation, ¢’ is the MP potential at 7 =T" .

Equation (2) gives the relation between specific parameters of MP substance such as density and heat of
evaporation and parameters of plasma and electron beam as well as critical MP radius that can be evaporated. Critical
means that the obtained parameters separate regions of the parameters where MPs can be evaporated and where is not.
Time of complete evaporation of the MP with a radius a is calculated by integrating equality (2):
apH

ZLev " =T b byt (3)
Y AN

Dependence of the complete evaporation time of the MP with an initial potential ¢, =20kV on the energy of the
electron beam for different values of the initial MP radius is shown in Fig. 3. As can be seen from Fig. 3, at beam
energies £, <3keV complete evaporation of the MP does not occur for all considered values of the initial MP radius.
This occurs because, that for given plasma parameters the MP is not heated to the boiling point.

It follows from (3) that the dependence of the time of complete evaporation on the initial radius of the particle
Loypr (a) is linear. This is also confirmed by Fig. 3. In particular, for a beam energy E, =20 keV , the time of complete

=6-10°s,at a= 0.5um we have ., =3-10"s then at

evpr

evaporation of a particle with a radius a= 0.1 ym is ¢

evpr
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a=1lpm ¢, =6-10"s and for a = 5 pm the time of complete evaporation is equal ¢, =3-10"s. Thus, for a given

evpr evpr

beam energy we have the relation ¢, =6-10"a, where a is measured in micrometers.
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Figure 3. Dependence of the time of complete evaporation of a MP on the energy of the electron beam:
lI-a=0.1lym,2-a=0.5um ,3—-ag=1pm,4— a=5um.

MICROPARTICLE SPEED IN PLASMA
Let us estimate the speed of a charged MP v at the moment of its entry into the plasma, assuming that all the
electrostatic energy of MP is converted into its kinetic energy as a result of acceleration by a potential difference equal
to the initial potential of the MP ¢, . From the law of conservation of energy

2

my’  Co;
2 27

where C =r is the capacity of a spherical MP, m is its mass, we find that the speed is equal to

Do

2r\/; ’

where p is the density of the substance of the MP. For a copper MP the counting formula is

V=

va 0.56¢, ’

r

where v measured in cm/s, ¢, inkV, r in cm. For a MP with a diameter of 1 micron we get
v~1.12-10%p, .

Now we estimate the characteristic distances at which the considered processes occur. For a MP with an initial
potential of 20 kV, the speed is v ~2.24-10* cm/s. From the Fig. 1 (curve 3) it follows that the MP recharge occurs over
time ¢ ~107°s and thus the MP completely loses its initial charge at a distance of about 0.02 cm from the point of entry
into the plasma. Heating to the boiling point occurs over time ¢~ 7-10°s (Fig. 2, curve 3), which corresponds to the
MP passing a distance of 0,16 cm from the point of entry into the plasma. Finally, the time for complete evaporation of
the MP, depending on the energy of the electron beam, is equal to # ~10™* —=107’s (Fig. 3, curve 2). Over this time, the

MP travels a distance from 2 to 10 cm. Thus, for complete evaporation in plasma with the stated parameters and for
plasma devices of suitable sizes it is desirable that the initial radius of the MP does not exceed 1 micron.

CONCLUSIONS

To obtain plasma of a given elemental composition, the introducing MPs into previously created plasma, followed
by their evaporation and ionization is proposed. For more efficient evaporation, as well as ionization, a high-energy
electron beam is injected into the plasma. As an example, the evaporation of a copper MP with a diameter of 1 micron
is considered. To be introduced into the plasma, the MP is charged to a high positive potential and then accelerated by
the created potential difference. It is shown that, regardless of the initial potential, the MP loses charge due to collision
with plasma electrons with a density of 10'° ¢cm™ in a time of the order of 10 s. The initial positive potential serves not
only to introduce the MP into the plasma, but also as an energy source for heating the MP by plasma electrons. It is
shown that a MP with an initial potential of 30 kV can reach the boiling point of copper as a result of heating by



165
Positively Charged Microparticle in Plasma with High-Energy Electron Beam EEJP. 3 (2024)

electrons. At the same time, the MP is cooled due to thermal radiation and other processes. To additionally heat the MP
and maintain its temperature at the boiling point, when the evaporation rate reaches its maximum, it is proposed to
introduce a beam of high-energy electrons into the plasma. It has been shown that the introduction of an electron beam
with a density of 10° cm™ and an energy of more than 10 keV leads to heating of the MP to the boiling point, regardless
of its initial potential. Assuming that the evaporation of the MP substance occurs only at the boiling point, conditions
under which complete evaporation of the MP occurs were obtained. The dependence of the time of complete
evaporation of a MP on the energy of the electron beam was also obtained. The velocity of introducing of MP into
plasma is estimated and the characteristic distances at which the main processes occur with it are determined. It is

shown that the MP recharge occurs over time ¢ ~10™°s and that the MP completely loses its initial charge at a distance
of about 0.02 cm from the point of entry into the plasma. Heating to the boiling point occurs in a time ¢~ 7-10°s
corresponding to the passage of the MP at a distance of 0.16 cm from the point of entry into the plasma. Finally, the
time for complete evaporation of a MP, depending on the energy of the electron beam, is equal to ¢, ~107* —107s.

evpr
During this time, the MP passes a distance from 2 to 10 cm. Comparing the time and distance for complete evaporation
of MPs of different sizes allows us to conclude that the optimal MP diameter is less than or on the order of 1 micron.

Thus, the possibility of evaporation MP in previously created plasma with the presence of a high-energy electron
beam and thereby creating conditions for creating plasma of a given elemental composition is shown. This method of
evaporation a substance is an alternative to existing methods such as evaporation from a furnace, cathode sputtering of a
solid, evaporation by a vacuum arc.
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MO3UTHUBHO 3APSIVKEHA MIKPOYACTHUHKA B IIJIA3MI 3 EJJEKTPOHHAM ITYYKOM BUCOKOI EHEPTTI
Ounexcanap Bizoxos?, JiImurpo Yibicos?, Oaexcanap Yibicos?, Oxcana Kepnosuukosa®,
Koctantun Bopucenxo®, Jimurpo boounnes, Oxcana Lltonaa®
“Xapxiscvkuil nayionanvnuti ynisepcumem imeni B.H. Kapaszina 61022, Yxpaina, m. Xapxkis, maiioan Ceoboou, 4

bXapxiscoruii nayionanvnuii nedazoziunuii ynisepcumem imeni I.C. Cxoeopoou, 61002, Ypaina, m. Xapxis, 6ya. Anuescoux, 29
“Kpusopizvbruil depoicasnuti nedazoziunuil ynisepcumem, 50086, Yrpaina, m. Kpueuii Pie, npocnexm Ynieepcumemcokuii, 54
Po3risiHyTO mMpolecy 3apsiIKd, HarpiBaHHs Ta BUIApPOBYBAaHHS MO3UTHUBHO 3apspkeHoi mikpouactuuku (MY), BBeneHOI B miasmy,
110 MICTUTH ITy4OK €JICKTPOHIB BUCOKOI €Heprii, 3 METOI0 CTBOPEHHS ILUIa3MH 3aJaHOTO eleMEeHTHOro ckiany. Ilependauaersces, 1o
MU 3apsypkaeThesl M03a IIa3MOIO, @ MOTIM BBOJHUTHCS B IUIA3My IPHCKOPIOBAIPHHMM IIONIEM, A€ IUIa3Ma Ta €JIEKTPOHM IIydKa,
cTukarouuch 3 MY, HarpiBaroTh i BumapoByloTh ii. Ha momarok mo BBemenns MY y mnmasmy, nosutuBHUE 3apsn MU 3abesneuye
JIOIaTKOBE JKEpeNno eHeprii, HeoOxixHol s ii HarpiBaHHS Ta BHIApoByBaHHS. 3a nomomoroio Teopii OML gmcensHO po3B’s3aHO
cucTeMy pIBHSHb OallaHCy CTpyMy Ta €HEprii Ta BH3HAYeHO YMOBH, 3a Skux MY HarpiBaeTbcs A0 TeMIEpaTypH KHIIHHS HOTO
Marepiaiy, 0 HPU3BOAUTE IO HOro IHTEHCHBHOTO BUIIApPOBYBaHHS. J[OCHIIIKEHO BIUIHB €HEpril eJIeKTPOHHOTO ITydKa Ha IIPOIEC
nepe3apsakn MY, a Takox Ha NIBHAKICTH WOr0 HArpiBaHHsS Ta BHIApPOBYBaHHS. 3pOOJICHO OLIHKY IIBHUIKOCTI BXOAY YaCTHHOK y
IU1a3My; BU3HA4YEHO BiJICTaHi, HA SKUX BiOyBaeThCs 11 Iepe3apsiiKa, HarpiBaHHs JI0 TEMIIepaTypy KHUITIHHS 1 TOBHE BUIIApOBYBAHHSI.
Karo4doBi cnoBa: mikpouacmunxu, cmeopenns niazmu; eneKmponHuil NPOMiHb, 6UNAPOBYEAHHS MIKPOUACIUHOK





