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Abstract

The evaporation of droplets in an arc plasma flow under the action of an electron
beam self-consistently formed in a plasma-optical filter is considered under the condi-
tions of direct heating of microdroplets by beam electrons. Analytical modeling shows
that droplets < 1 pm in size can be completely evaporated over time scales typical for
cathodic arc deposition systems. It is shown that small microdroplets evaporate more
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the electron energy and density of the injected energetic electrons required for droplet
evaporation are found.
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1 Introduction

Modern industrial technological processes, such as the production of integrated circuits, devices on a chip,
modification of the surface layer for various purposes, require efficient and reliable nano production means.
The quality and precision of manufacturing such products must be complemented by maximum productivity.
Ion-plasma sources of the Metal Vapor Vacuum Arc (MEVVA)-type, using a vacuum-arc discharge [1.G94], are
widely and effectively used in the application of protective and functional coatings and modification of surface
properties. However, the generation of metal plasma in a vacuum arc discharge as a result of cathode erosion
is always accompanied by the formation of microdroplets of the cathode material, which is a significant
limitation that prevents the creation of high-quality coatings that are uniform on the nanometer scale. In
areas such as optics and microelectronics, the presence of macroparticles (droplets) is a significant obstacle
to the production of high-quality films, since the thickness of the deposited films is 0.01 ym to 1 pm, which
is on the order of the size of the droplets.

The problem of removing droplets using filtration of plasma flow is widely covered in scientific and tech-
nical literature [Zim05, And00, AAS07]. Modern filters and methods for removing these droplets are based
on various forms of selection primarily mechanical and electrophysical filters [Zim05, And00]. These filters
effectively remove droplets larger than 1 um without significant loss of ion-vapor flow particles. However, the
use of these filters to remove droplets with smaller sizes leads to a significant (several times) decrease in the
flux of the metal plasma onto the processed products. This reduces the effects from energetic deposition that
is usually wanted from such an erosive deposition source. Another way to remove droplets from a vacuum-
arc plasma stream is the use of magnetic filters of various configurations, using a significant difference in
the masses of plasma particles (ions, electrons) and microdroplets [AAS07]. A higher droplet removal rate
requires a more complex design, though, increasing the cost of the process. At the same time, neutral metal
atoms are lost in such a filter in addition, which results in a loss of deposition rate, with negative impact on
productivity. Thus, a characteristic feature of modern macroparticles filters is a significant loss (often more
than 75%) of material in the plasma flow. That is, modern filtration methods compromise the typically high
deposition rate of ion-vapor flow generation inherent in erosive plasma sources. This motivates the quest
for alternative methods for droplet removal that do not lead to losses in the productivity of the ion-plasma
coating deposition process.

A possible way to achieve this is not to remove the droplets from the plasma flow, but to evaporate them
in the plasma flow. Anders [And97, And99] discussed and analyzed this idea using balance equations. He
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concluded that the evaporation of droplets in an arc plasma flow without an additional energy source would
not be possible. Such an additional source of energy can be pumping energy into the arc plasma flow with
a high-energy electron beam, ensuring evaporation and destruction of the droplet. The Institute of Physics
of the National Academy of Sciences of Ukraine (IP NASU) proposed to build a filtration system that does
not involve removing the droplet phase from the plasma flow, but, on the contrary, uses the droplet phase
as an additional source to the plasma flow and thereby increases the productivity of the coating system and
adding an electron beam to the plasma system ensures the evaporation and destruction of the droplet [FMG14,
Gon16]. To remove droplets from the flow of dense metal plasma, a new approach using plasmadynamic
systems, such as electrostatic plasma lenses (PL) and hollow cathode (HC) discharge systems, was proposed
and studied [AVA T 19]. These systems generate an energetic electron beam that can effectively vaporize and
remove droplets.

However, for the most effective application of the proposed systems, it is necessary to understand the fun-
damental physical mechanisms affecting microparticles in dense dusty plasma during their passage through
plasma-dynamic systems with fast electrons. For the calculation, we are using copper as an exemplary mate-
rial due to the availability of material properties. It also has a moderate melting point which makes an ideal
test candidate for this type of study. Moreover, copper is an important material in particular in microelec-
tronics (for example see [SS00]).

2 Plasma-optical filter

Let us consider a plasma-optical filter [AVAT19], in which additional energy for the evaporation of droplets
is pumped by an electron beam, that created self consistently. The schematic picture is shown in figure 1.
The arc plasma flow with the droplet fraction is formed by a vacuum arc source with cathode C and anode
A. The plasma flow expands from the cathode C and passes through the diaphragm D. After the diaphragm,
the flow enters the plasma-optical filter. The plasma-optical filter is a hollow cylinder C'y, length L (~17+-20
cm) and radii R (~3.5 cm), to which a negative voltage is applied. In the vicinity of this cylinder, this leads
to the formation of a layer of thickness A << p, = eE,/ Mmewpe> and a large radial electric field E,, near
the electrode. It should be noted that the system is placed in a magnetic field (of 0.02-0.04 T) of short coil or
system of permanent magnets where the inequalities pg. << 2R << pg; shall be met. Here, pg. and pg;
are the Larmor radii of electrons and ions. In this system, the electrons are magnetized while the ions are not
magnetized. The electron beam (labelled "e-beam" in figure 1) is formed as a result of secondary ion-electron
emission when the inner surface of the central cylindrical electrode (C}), to which voltage (from -1 keV to
-3.5 keV) is applied, is bombarded by peripheral ions of the plasma flow (shown by arrows in figure 1), that
accelerate in the layer A in the direction of the central electrode C.

This electron beam has velocity Vi, = (2eU/m,)"/? and current density j, = 7j;, where  ~ 0.1 is the
coefficient of secondary ion-electron emission. This high energy electron beam is accelerated by an applied
potential difference approximately radially in the direction of the system axis. Thus, the electron beam formed
on the inner surface of the central cylindrical electrode of the plasma-optical filter adds to the propagating
plasma flux a significant portion of the energy that exceeds all energy accumulated in the plasma ions and
electrons. Note also, that in the depth of the plasma flow, in its main volume, due to the polarization of the
plasma flow during its interaction with the magnetic field, a significantly smaller radial electric field is formed,
which controls the properties of the plasma flow and limits the expansion of the flow along the radius.

For the effective use of the proposed filter, it is necessary to understand the physical mechanisms of
heating droplets in a dense dusty plasma with a high-energy electron population, which would allow finding
the optimal operating parameters of the plasma filter. Here, we are interested in the conditions necessary to
evaporate macroparticles. We therefore neglect the loss of copper ions from the cathodic arc process due to
the acceleration toward the secondary cathode. In the following, we assume ions to be at least doubly charged,
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Figure 1: Schematic of the plasma-optical filter: C - cathode, A - anode, D - diaphragm, MC - magnetic coil, M - magnetic field
lines, S - substrate, C - cylindrical electrode that forms an electron beam under the action of secondary ion electron emission.

because in a cathodic arc process most ions are usually multiply charged. The plasma conditions used below
are typical for those of a cathodic arc plasma. According to the estimates, for typical parameters of a plasma
flux formed by a vacuum-arc source, the ion energy in the flux is ¢; = 20 — 60 eV and ion temperature is
1 eV, the electron plasma temperature T, and their density ng are T, = 2 — 4 eV, ng = 1010 to 102 em 3,
respectively. We thus assume that the dense plasma of the cathode spot has already considerably expanded
which is accompanied by a cooling of the electron population.

The density of macroparticles can be found by comparing the masses of the ionic component and the
droplet component, since it is known that the mass of macroparticles is comparable to the mass of ions, and
sometimes even exceeds it. From the condition of equality of masses, we obtain an estimate of the particle
density of ng, ~ 3-10% cm™3. Assuming a droplets velocity of 100 m/s, we calculate the residence time of
the macroparticle in the filter to be 2 ms. This is the time during which a particle needs to be completely
evaporated in order to not be immersed into the growing thin film onto the substrate.

3 Description of the mathematical model of droplet evaporation

The rate of evaporation of a droplet is determined by its temperature, therefore, to determine how quickly
the evaporation process will occur, it is necessary to know the temperature of the droplet, which changes
during its stay in the discharge. On the other hand, the temperature of the droplet is determined from the
balance of energy absorbed and lost by the droplet, but this is also accompanied by a change in the charge of
the droplet. The charge that the particle acquires in the plasma medium, is a fundamental characteristic of a
droplet, that depends on the plasma parameters. It is the charge that determines the movement of the droplet
in the plasma and the possibility of its destruction and disappearance from the plasma flow.

In the absence of an electron beam, only a current of plasma electrons (I¢) and ions (/;) come to the
macroparticles, which affects the heating and charge of the droplet. Secondary emission of electrons from
the surface of the droplet can be neglected in comparison to the plasma electron and ion currents arriving at
the droplet. However, the equilibrium droplet temperature in this case is not high enough for intense droplet
evaporation. One example is that by Boxman and Goldsmith [BG92], who found that copper droplets lose 30%
of their initial mass as the result of ion bombardment. This example illustrates that it is difficult or impossible
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to quickly evaporate macroparticles without an additional energy source.

The presence of an electron beam in the plasma flow introduces significant changes both to the thermal
balance equation of the droplet and to the process of its charging. Beam electrons not only bring additional
energy and charge to the droplet but also induce processes that remove energy and charges from the droplet
such as secondary electron emission as well as thermal and/or field emission. A high-energy electron beam
is also capable of charging a droplet to a critical charge at which Rayleigh decay occurs, which can take on
a cascade character and gives us another opportunity to remove droplets from the flow. In addition, indirect
heating of droplets is possible when electron beams heat plasma electrons, which in turn transfer energy to
the droplet. However, here we limited ourselves to direct heating of the droplet by an electron beam, since
this is justified by looking at the expressions for collisions between beam electrons and plasma electrons:
Up e = 6.5 - 10~6 5;3/ QneAee [SJ06], where ¢, is electron beam energy, n. is the plasma electron density,
A is the Coulomb logarithm. The frequency of electron beam absorption by a droplet can be expressed
as: Vp gr = Wr?lrndr(%b / me)l/ 2 where rg, is the droplet radius, ng, is the droplets density, and m, is the
electron mass. For the initial considerations we use the values ¢, = 3,000 eV, n, = 10?2 cm™3, ng, = 10°
em™3, Vy, ~ 100 m/s, A, = 10. We obtain Vp e =04- 103 s~! and Vb dr = 10° s71, thus Vb dr >> Vp e
and we conclude that the energy contribution of direct heating of droplets by an electron beam significantly
exceeds the contribution from indirect heating. Thus, we see that in this case it is necessary to consider a
system of three interrelated differential equations: the energy balance equation, the current balance equation,
and the evaporation rate equation.

The energy balance equation can be written as:

MdrchdT Z an - Z Qout y (1)

where c is the specific heat capacity of the drop material, My, and Ty, are the mass and temperature of the
droplet, and @, and @), are the energy fluxes to and from the drop, respectively.
The current balance equation has the form:

d
47(5074(17”% = Z Lin — Z Tout s (2)

where 74, and g, are the radius and potential of the droplet, and I;;,, and [,,; are the currents to and from
the drop, respectively.
To describe the rate of the evaporation process, we can use the Hertz-Knudsen relation in the second term

of the right-hand side:

dM, I;
= = g 3)

Where I; - ion current to drop, m; and m, - mass of ion and atom, ~, - the evaporation rate, which determines
the number of atoms evaporated from a unit of surface during a unit of time, that has next form [MGM77]:

- akp(Tdr)
Yo = T 4)
V2rmek Ty,

o, is the accomodation coefficient equal to the probability that when a vapor molecule hits the surface of
the drop, it will not be reflected, p(Ty;) is the equilibrium saturated vapor pressure of the evaporating droplet
material, which depends on the temperature Ty, on the surface of the droplet.

For the vapor pressure p(T'), included in @Q,qp, we use the following equation [Arb15]:

Inp(T) = A+ g + CIn(T) + DT + ET? (5)
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where A, B, C, D, E are material-dependent coefficients. The pressure of saturated vapors depends not
only on the temperature but also on the radius of curvature of the surface over which they are formed. For a
spherical drop surface, we can use for vapor pressure the Ostwald-Freundlich equation:

20V,
rar BT

where V},, is the molar volume, and R is the universal gaz constant, p(T) - pressure for a flat surface
(equation 5).

To calculate the currents, we used the Orbital-motion-limited theory (OML) [MSL26]. The condition for
applying the OML theory for describing the charging of a droplet contained in a plasma with a magnetic field
has the following form: r4. << Ap << pg., where Ap - Debye length. This condition is fulfilled for a
magnetic field with a strength of less than 0.03 T and a plasma with a density of ng = 10'% ecm=3 to 10'2
cm~? and electron temperature 7, = 3 — 10 eV. According to OML theory, the currents I;,, from equation
2 corresponding to the currents arriving at the droplet are described as follows. From plasma electrons to
droplet:

(6)

Puap.sph = p(T) exp <

€Pd
I(rqy) = w12 enVyeexp | — Par , (7)
kTe
from ions is
€Pd
Ii(rqy) = 712 enVy, (1 — SOT) , (8)
Eib
and the current of energetic beam electrons is:
€¥d
Tep(rgr) = Wr?lrenbveb <1 — 6br> . 9)
e

Here V., Vi, and Vi, are the velocities of plasma electrons, ions and beam electrons, respectively. I,y
include emission currents - the secondary electron emission current is equal to [Ste57, BF69]:

Isee (Tdr> = 5seer (Tdr) )

Ssee = T-40m—2 exp (—2 Seb > (10)

max emax

For the thermo-field emission in the region of dominating thermionic emission current, we use the Murphy-
Good equation, which is suitable without limitation on the values of electric field strength and temperature
Hantzsche [Han82, MG56]:

e ((I) _ ek >
Ly, = 4mr2, 12, S _Tho exp | — im0
et A2 dr 9213 sin(rho) kpTar
Brt\ ey 1
ho = < 5 5) . (11)
mege ﬂkBTdr

Here E-electric field on the surface of the droplet. For E we take the approximation F = g, /rg,. In our
case, we have Ap >> ry, that justifies using this approximation.
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The energy flux (), in equation 1 included fluxes from primary electrons, ions and beam electrons ().,
Qi and Q) respectively, which heat the droplet are equal to:

Qe = Ie(2kBTe + (I)Cu)/ea
Qi = Iz(QkBT’z + (5vap + Eex + 5i) + epar — q)Cu)/ea (12)
Qeb = Len(eb + Pou) /e

The energy flux Qo included fluxes @44, Qees Qe th, Quap and Qpe, in equation 1, corresponding to
radiation, secondary electron emission, thermal (field-)electron emission, evaporation and heat exchange, cool
the droplet. They are equal to :

Qrad = 4Amria0s5Ty,,
Qee = lee(kBTe — cu) /e,
Qeth = Lean(2kpTar — ®cu) /e, (13)
Quap = 4715, Va(Evap + 2kpTyr) /e,
Qhex = 47rr§rk:ngvT,a(TdT —Ty).

®¢,, in equations 12 and 13 is the work function of material in eV (4.5 eV for copper), €,4) is the energy
of vaporization of one atom, ., is the energy of excitation bound electrons, ¢; is the ionization energy, « is
the emissivity of the droplet material and ogp is the Stefan-Boltzmann constant. ny, T are surrouding gas
density and temperature respectively.

It should also be noted that the distinctive feature of the system of equations 1-3, is its stiffness. Therefore,
for the numerical solution of this system, an algorithm with a variable step and a variable order was chosen,
based on the inverse differentiation formulas of the first to fifth order. The Jacobian matrix, necessary for
the operation of the algorithm, was calculated by the method of numerical differentiation. As studies show
[SR97, BD83], this algorithm effectively finds solutions for this type of system with good accuracy.

The initial temperature of the macroparticles is taken to be the melting temperature of the bulk material
(for copper it equals 1357 K), and the initial potential is taken to be the negative potential equal in absolute
value to the temperature of the plasma electrons (I, = 3 eV), and we assume that the ion density is ap-
proximately equal to the electron density n; ~ n. = ng (quasi-neutrality condition). Typical parameters of
the plasma flow formed by the vacuum arc source, given above, are also used as parameters for solving the
equations.

4 Results

There are two main mechanisms that can affect the destruction of a droplet under the action of an electron
beam - these are Rayleigh decay and evaporation. Evaporation occurs at any temperature, but at a higher
temperature it occurs faster. It is important that it exceeds the temperature at which @), becomes greater
than Q,.q4 (for copper this is about 1800 K). Rayleigh decay - when the droplet receives a charge exceeding the
Rayleigh limit (gr = 8m/egory,) [HS63]. It is important to understand which mechanism and under what
conditions will play a decisive role. Therefore, one of the main questions is to what temperature the electron
beam can heat the droplet and what charge the droplet can receive, as well as what parameters of the plasma
and beam have the main influence on this process. To answer this question, we first consider the solution of
equations 1 and 2, assuming that the mass of the droplet does not change when heated. The results of solving

Open Plasma Science ICPIG 2025, No.2 (2026) 7115


https://doi.org/10.46298/ops.16405

10.46298/0ps.16405 Litovko et al.

0 3000
(@) ng =10 cm~3 (b) ng =101 cm~3
-4 E, = 3 keV Ey = 3 keV
NLar =1 um /¢ 2600 rgr=1pm
— A B — D
S <
‘g ~ 2200
s [ D
— Np= 10_2no
=10, 1800
— np=10"%ng
—28 1400
10°° 107° 107 107 10°° 10°° 107 1072
t(s) t(s)

Figure 2: Potential and temperature dynamics of a copper droplet with radius 74, = 1 um for different beam and plasma density
ratios (no = 10 ecm™3, & = 3 keV).

0 3000
(@) ng =101 cm™3 (b) ng =10 cm~3
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> <
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A B/ —— np=10"%ng
-28 1400
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Figure 3: Potential and temperature dynamics of a copper droplet with radius 74, = 1 um for different beam and plasma density
ratios (no = 101t cm_3,€b =5 keV).

these equations are presented in figures 2-5 (note the use of a logarithmic time-axis). Note also that the figures
use the notation Ej, to represent electron beam energy.

Figure 2 shows the dynamics of the potential and temperature of the droplet with radius 1 um depending
on the electron beam and plasma density ratio (n,/ng), for beams with electron energies of 3 keV.

We can see that the equilibrium potential is almost independent of the beam density ny if ny, < 0.01 ng
(blue and green curves). The droplet reaches the equilibrium potential very quickly in time ~ 10~8s and it
doesn’t change during droplet heating to equilibrium temperature (point D). However, if n, > 0.01 ng (red
curves) the drop potential under the action of the electron beam quickly decreases (in about 10~7 sec for
account of fast electrons coming to droplet and an equilibrium potential is established (point A), which does
not change until the temperature reaches a critical point (7,,), at which thermionic emission from the drop
begins (point B). The potential of the droplet begins to increase (section BC) as soon as the droplet reaches
Ter, which depends on the plasma density and for a given density is about 2100 K. The growth continues until
the droplet reaches its new equilibrium potential (point C) and temperature (point D).

Figure 3 shows the result when increasing the beam energy to 5 keV. Increasing the beam energy leads to
a higher charging of the droplet (in longer time ~ 10~ sec) and as well as to a faster heating of the droplet
to the critical temperature. In addition, an increase in beam energy also leads to similar processes for the case
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Figure 4: Potential and temperature dynamics of a copper droplet with radius 74, = 5 pm for different beam and plasma density
ratios (no = 10 em™2, &, = 5 keV))
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-28
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Figure 5: Potential and temperature dynamics of a copper droplet with radius 74, = 1 um for different beam and plasma density
ratios (no = 1012 cm_3,€b =5 keV).

with a smaller density ratio (green line in 3a) and to a faster achievement of the equilibrium temperature,
even for a density ratio of 10~ (blue line in 3b). We also note that from a comparison of figures 2 and 3 it
follows that an increase in the beam energy leads to a significant increase in the droplet charge, and it can be
assumed that at high beam energies or high beam-to-plasma density ratios, the droplet charge can reach the
Rayleigh limit and the droplet will decay, since the droplet charging time is significantly less than the time
required to heat it to the critical temperature.

Figure 4 shows the development of the potential and temperature of copper droplets with a radius of 5
pm in a discharge at different ratios of the plasma and beam electron densities at a beam energy of 5 keV.

From a comparison of figures 3 and 4, it is evident that larger droplets reach the equilibrium potential faster
(point A) and remain in this state longer, since they heat up more slowly and reach the critical temperature
later, therefore intense thermionic emission begins later than in smaller ones (point B). It is also seen that
neither the equilibrium temperature nor the potential depends on the droplet size, however, smaller droplets
reach the equilibrium temperature faster.

Figure 5 shows the change in droplet potential and temperature over time at the higher plasma density
(no = 10'2 cm~3) and the same electron beam energy (¢, = 5 keV). One can see that in the case of a denser
plasma the equilibrium temperature of the droplet increases significantly. In case where the beam density
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Figure 6: Dynamic of the droplet’s radius with initial size 1 pm under electron beam for different beam and plasma density ratio.
(left €5 =3 keV, right €, = 5 keV).

is close to the plasma density (n;, = 0.01 ng), the behaviour of the potential also changes significantly: as
a result of thermionic emission, it significantly exceeds the equilibrium value for cases with a lower beam
density, although it still remains negative.

Thus, it can be noted that the energy and density of the beam, along with the plasma density, are param-
eters significantly affecting the droplet temperature. The droplet can reach a sufficiently high temperature
(> 2200 K) if the electron beam density is equal or greater than 10~3 plasma density (ne, > 0.001 ng). The
higher the beam energy and plasma density, the higher the temperature the droplet can reach. The main
mechanism of droplet destruction is evaporation. Thermionic emission from the droplet can prevent the
droplet from reaching the critical Rayleigh charge. Rayleigh decay of the droplet is possible only if the time of
development of the Rayleigh instability is less than the time of heating the droplet to the critical temperature
T.,.

Now let us find out how these parameters affect the evaporation time of a droplet and consider the solution
of the system of equations 1 - 3. Figures 6 and 7 show the results of solving this system of equations for
no = 10 to 102 em™3, ¢, = 3 keV and 5 keV, ny/np = 0.1 to 0.001 for droplets with an initial radius
rqr = 1 pm. The time scales in these figures represent the typical residence time of a droplet in the plasma
flow (tyes ~ 2 ms) for the plasma-optical filter.

Figure 6 shows that droplets with an initial radius of 1 m can be completely evaporated by an electron
beam, even with an energy of only 3 keV, if the beam density is ~ 0.1 of the plasma density (red curve). At
a ratio of ~ 0.01 (green curve), the droplet can be evaporated by increasing the beam energy to 5 keV (on
the right). At a lower beam density (blue curve), the droplet will only slightly evaporate, and higher energy
beams are needed. The change in droplet temperature (top) and potential (bottom) for these cases is shown
in figure 7. It can be seen that the temperature of the droplets initially remains constant, but as the droplets
evaporate, it begins to decrease (red curves and green curve on the right). We see that if the equilibrium
temperature of the droplet is less than 2400 K, the evaporation process is very slow and the temperature of
the droplet remains almost unchanged, despite the decrease in its radius by almost 50% (green curve on the
left). Intensive evaporation begins if the droplet reaches a temperature of about 2400 K and higher (red curves
and green curve on the right). In this case, a droplet with an initial radius of 1 m can completely evaporate
during its stay in the plasma-optical filter.

The temperature begins to decrease significantly when the radius of the droplet decreases by almost half
and drops sharply (red curves) when the radius decreases by more than 90%. The droplet potential also
changes during the evaporation process, as shown in figure 7 (bottom). It can be seen that, as before, the
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Figure 7: Dynamic of the droplet’s temperature (top) and potential (bottom) for case present on figure 6.
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Figure 8: The electron beam energy required for complete evaporation of a droplet of different initial size (left no = 10'* cm~?,

right ng = 102 cm73, ny = 0.1no) in each time.

equilibrium potential remains constant (blue curves and the green curve at the bottom left) and begins to in-
crease noticeably only when the droplet loses about 50% of its mass (green curve at the bottom left). However,
if the temperature exceeds 2400 K value, the drop potential continues to increase smoothly throughout the
evaporation process (red curve at the bottom and green curve at the bottom right), both due to the arrival of
ions on the drop and due to electron emission processes, approaching 0, but still not reaching positive values.

For a better understanding of what beam energy is required for complete evaporation of a droplet at a
certain time, we present figure 8, which shows the beam energy required for complete evaporation of droplets
of different sizes at a plasma density of 10*! cm™3 (left) and 10'2 cm~—3 (right) and a beam density of n;, =
0.1%0.

We see that smaller droplets evaporate much faster than larger ones. It is also obvious that the plasma
density, along with the beam density, is also an important parameter, so in a plasma with a density of 10'?
cm ™3, a droplet with an initial radius of 1 m can be completely evaporated in 2 ms by a beam with an energy
of 1.5 keV, whereas in a plasma with a density of 10'* cm ™3, a beam with an energy of about 6 keV is needed
for this. In addition, larger macroparticles can be completely evaporated in such plasma, if beam density is
0.1ng. For example, a beam with an energy of 4 keV is needed for the complete evaporation of a droplet with
a radius of 5 pm in 2 ms. In the case of a lower plasma density, a beam of significantly greater energy is
required (> 8 keV) to evaporate such a drop at the same time.

Figure 9 shows the electron beam energy required to evaporate a droplet of radius 0.5 and 0.1 ym in a
given time for different plasma and beam densities.

It is visible that the closer the beam density is to the plasma density, the faster the macroparticles can
evaporate. As can be seen from the calculation, for the evaporation of droplets with a radius of < 1um,
the beam density must be n., > 0.01ng. For the proposed plasma-optical filter, where the electron beam
is formed self-consistently, by bombarding the ions of the inner surface of a negatively charged cylindrical
electrode, we can calculate the density of the generated beam as:

. Te 1/2
ny = 0.6 % /T, Jm; = 0.6vn0 <Z : U) : (14)

Up i

where v - secondary ion-electron emission coefficient ~ 0.1, U is the voltage applied to the electrode.
At U = 3000 eV and T, = 3 eV, we get n, ~ 4 - 10~°ng, which is too small for effective evaporation. But
due to the fact that the mean free path of high-energy electrons is much larger than the filter diameter, their
density is much greater than this value. As we showed earlier, the collision frequency of high-energy electrons
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Figure 9: Electron beam energy needs for the complete droplet’s evaporation in a giving time for different beam-plasma density
ratio (on the left r4, = 0.5 um, right 74, = 0.1 pum).

Vp—e ~ 0.4 - 103 s~! while the inverse time during which fast electrons cross the volume of the lens is equal
to Vip/D ~ 10 s71 (D - lens diameter ~ 7 cm) i.e., vp_. << Vi/D. Thus, high-energy electrons repeatedly
cross the plasma flow transversely during the free path time and accumulate in the volume.

5 Conclusion

A plasma-optical filter for fragmentation and evaporation of arc plasma flow droplets is considered. The
influence of energetic electrons generated as a result of secondary ion-electron emission in the plasma-optical
filter on droplet evaporation in an arc plasma flow is considered. A self-consistent system of equations is
formulated to describe the sublimation/evaporation of droplets in an arc plasma flow with a high density
(up to 10'2 cm~3) in the presence of energetic electrons (up to 5 keV). We show exemplarily for a copper
cathodic vacuum arc discharge that droplets can reach temperatures from heating by such a plasma with fast
electrons up to 2700 K. The temperature that a droplet can reach does not depend on its size and is determined
only by the energy and density of the electron beam and the plasma density. However, smaller droplets
reach the equilibrium temperature faster than larger ones. The main mechanism of mass loss is evaporation.
Although evaporation occurs at any temperature, it is more intense at high temperatures, namely, when the
droplet temperature exceeds the critical temperature at which thermionic emission from the droplet begins.
The evaporation time depends significantly on the equilibrium temperature of the droplet. The equilibrium
temperature that a droplet can reach is determined by the energy and density of the electron beam and the
plasma density. These parameters are decisive for the droplet evaporation time. There is a lower limit of
the plasma density at which a droplet with a radius of about 1 ym evaporates in about 1 ms, it should be
greater than 101! cm™3, the best result can be achieved if it is 10'? cm™3. The simulation also showed that
the closer the electron beam density to the plasma density, the shorter the evaporation time. For a satisfactory
evaporation time (~ 2 <+ 3 ms), the beam density should be greater than 0.001 of the plasma density and such
a density can be achieved in a plasma-optical filter. The simulation showed that smaller droplets evaporate
faster than larger ones and require significantly less energy and electron beam density for evaporation at the
same time.
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