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Peculiarities of the keV-energy charge-compensated ion beam interaction with dusty plasma macroparticles are studied
theoretically in this paper. Negative potential of the dusty plasma macroparticles makes conditions for their capture into the
core of ion beam and their efficient interaction with beam ions. Heat and mass balances of the macroparticles in ion-beam
system are considered. It is shown that it takes several milliseconds for the temperature of macroparticles to reach the
boiling temperature under the intensive keV ion beam bombardment. Decreasing of the macroparticles mass is associated
with both sputtering by the ion beam and evaporating after reaching the boiling temperature.
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1. INTRODUCTION

Dusty plasma is one of the most intensive developing
branches of the modern plasma physics. Dusty plasma
research is of huge practical importance because of
macroparticles (MP) presence in a lot of vacuum-plasma
processes [1].

Peculiarities of the keV-energy charge-compensated
ion beam interaction with dusty plasma MPs is studied
theoretically in this paper. Special attention is paid to the
heat and mass balance of MPs in keV ion beam — plasma
systems.

2. DESCRIPTION OF THEORETICAL
MODEL

The interaction of a MP with the quasineutral ion-
beam plasmas is considered. This plasma is produced by
the middle energy ion beam (/...10 keV) and electrons
which compensate the beam space charge.

Neutralizing the space charge of the beam with middle
energy can be realized without external source of
compensating particles [2]. The accumulation of electrons
in the beam is caused by the ionization in the beam drift
space and ion-electron emission from the beam collector
[3-6]. The density of compensating electrons is of the
same order as that of ion beam. The temperature of
electrons is about /...10 eV.

The thermal electron current on a MP is greater than
ion current under these conditions. The electrical potential
of a MP is negative and is defined by the electron
temperature. The ion energy is much greater than electron
temperature. That is why we can neglect the electrical
potential of a MP during the calculation of the cross-
section of ion-MP interaction. Cross-section of interaction
between ion and the MP is equal with high accuracy to
that of the MP [7]. Negative potential of the dusty plasma
MPs makes conditions for their capture into the core of
ion beam and their efficient interaction with ion beam.
The physical sputtering and evaporating is taken into
account during the calculation of the MP radius - time
dependence. Sputtering is the main mechanism of mass
decreasing before reaching the boiling temperature Tj,;.
Evaporating gives the substantial addition to the mass

decreasing only after reaching 7},;. The mass balance
equation before reaching 7, is:

dm,,,(O)/dt= — o Jm,1°,,(t)/e, (1)
where « is the sputtering coefficient, J; is ion flux, m, is
the atomic mass of MP material, e is elementary charge,
My, s MP mass, 7,,, is MP radius. Eq. (1) gives the linear
decreasing of radius with time:

ri(t)=ry — aJmt/(4ep), 2)
In (2) ry and p are initial radius and mass density of MP.

The power Pgy,p spent for evaporating is defined by
the energy Eryp spent for evaporating the single atom
multiplied by the number AN of atoms which leave the
MP per interval At after reaching Tp,;. Energy required
for the single atom evaporating is proportional to specific
heat of evaporation A: Egy p=1 m,,.

Let consider the energy balance to get the speed of
evaporation AN/At from the MP surface. Ion beam
transmits the following energy to the MP:

Pib(t):”JiEc{ff'rzmp(t)/e' (3)
In (3) E.y is the energy that is transmitted to the MP by
one incident ion. E.; is equal to the incident ion kinetic
energy if the collision with MP is perfectly inelastic.

The power spent for sputtering of the atoms from the
MP surface is defined by the energy loss per one sputtered
atom E,,;:

PSPUT(t):”a Jl Eout r21n11(t)/e~ (4)
Radiative cooling power is
P(t)=4nr,,(t) €04 Ty, (¢), Q)

where € is emissivity, oy, is Stephan-Boltzmann constant.

Margin of the power P;, over Pgpyr(t) and P,(t) before
reaching Tj,; results in growing of the MP temperature
Tp(1):

M) Cy AT (O/d=P(1) ~Pspur (1) ~Po(0). (6)
In (6) C, is specific heat.

MP boiling goes on without change in the
temperature. The margin of power from the beam is
completely spent for the MP evaporating after reaching
Thoir:

AN _ Py (1)~ Popyr (1) - A1)
At Am )

a

Q)
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One can define the velocity of radius decreasing
during the boiling from the following equation:
4 2 drmp(t) __ Py(6)= Popyr (6)- B (2)
= 7P T (t) = -(3)
3 dt A
Integrating the Eq. (8) gives the radius-time
dependence in the result of evaporating after reaching 7,
with taking into account the sputtering:

€ USBT;:)H _ Ji (Ee.lf -« Eout)_ aJm,
Pmelt A 4pmelt Ae 4epmell

Consideration of MP melting is also important for
studying the time dynamics of temperature and phase
state. MP melting goes on without any change in
temperature. The margin of power from the beam over P,
and Pgpyr is completely spent for the MP melting after
reaching the melting temperature 7, and is proportional
to the specific heat of melting L:

Pyen(t) = Pip(t) = Pspur(t) — Pu(t) = L dmy,,(t)/dt. - (10)

Integrating of Eq. (10) from melting start to the
melting finish gives us the duration of melting phase 7.

t.(9)

ry=ro;+

—4ep 3
Tmelt = || Tmp (tmelt ) -
(24 J[' mg,
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3. ANALYSIS OF THE OBTAINED RESULTS

The temperature-time dependences are found
numerically for copper, titanium and tungsten MPs with
initial radius 70”7 cm. The results of numerical
investigation are shown on Fig. 1, 2. Ion beam energy is
2 keV.
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Fig. 1. The temperature-time dependence for copper (1),

titanium (2) and tungsten(3) MPs. Beam current density
isJ=15 Alem?®
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Terr and T,y of copper, titanium and tungsten are
shown on Fig. 1,2 with dashed horizontal lines. The
Fig. 1 shows that /,5 A/cm’ beam current density doesn't
allow to heat tungsten MPs up to T},;. The beam power is
compensated by huge power losses on radiative cooling at
high temperatures and sputtering. The 5,25 A/cm’ beam
current density is feasible for our experimental conditions.
The tungsten MP boiling becomes reachable for such
beam current density.
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Fig. 2. The temperature-time dependence for copper (1),

titanium (2) and tungsten(3) MPs. Beam current density
is J;=5,25 Alem’

It is shown on Fig. 2 that 5,25 A/cm’ beam current
density allows to heat tungsten MP up to T}, in 5x7077 s.

The radius-time dependences for two different beam
current densities are shown on Fig. 3, 4. Fig. 3 shows the
radius of tungsten MP versus time. The following issue
should be underlined. Boiling is unreachable for tungsten
MP at 1,5 A/cm’ current density. Nevertheless, the MP is
completely sputtered in 2,3s. While at 5,25 A/em’,
tungsten MP escapes in 0,5s due to sputtering and
evaporation.
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Fig. 3. The radius of tungsten MP versus time under the
bombardment of ion beam with 1,5 A/cm’ (line 1) and
5,25 A/em? (line 2). Dashed vertical line (a) shows the
start of melting for the line 1 and (b) — for 2

The boiling is reachable for copper and titanium MPs
at both beam current densities. Titanium MP is
evaporated faster than copper one at both current
densities — at first glance this looks like an absurd
statement. But titanium MP fast evaporating can be



explained by the following facts: it has about 7,5 times
higher heat capacity and two times lower mass density in
comparison with copper one.
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Fig. 4. The radius of copper (1) and titanium (2) MPs
versus time under the bombardment of ion beam with
15 A/en’. 1a and 2a lines show the same under the
525 Alen’ beam current density

4. CONCLUSIONS

Heat and mass balances of the MPs in ion-beam-
plasma system are considered. It is shown that it takes
several milliseconds for the temperature of MPs to reach
the boiling temperature under the intensive keV ion beam
bombardment. Decreasing of the MPs mass is associated
with both sputtering by the ion beam and evaporating
after reaching the boiling temperature. Numerical
simulations demonstrated that the ion beam — dusty
plasma system can compete in the respect of energy

efficiency of substance evaporating with existing
industrial evaporating systems which are designed for thin
films depositing and utilize containers in the form of
crucibles for the substance to be evaporated.
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®A30BBIE COCTOsIHUSI MAKPOYACTHUIL ITPU B3APIN{OI[EﬁCTBICIH
MOHHBIX IYYKOB CPEJJHUX SHEPI'MU C IBIJIEBOU IIVIA3MOU

A.A. busioxoe, A.U. I'upka, A.E. Kawmaba, E.B. Pomawenxo, K.H. Cepeoa, A./]. uoucos

Teoperndeckn WcciIeOBaHbBI OCOOCHHOCTH B3aMMOJECHWCTBHS KOMIIGHCHPOBAaHHOTO II0 3apsAy HOHHOTO ITydKa

CpeIHHUX HEpPruil ¢ Makpo4acTHUIIAMHU TbUICBOH I1a3Mbl. OTPUIATENBHBIM HOTEHIIMAT MaKpOYaCTHIl CO3JaeT YCIOBHUS
JUIS 3aXBaTa TBUICBBIX YAaCTHIl B OCTOB HMOHHOTO ITy4YKa, KOTOPBI OOBIYHO MMEET MOJIOKUTENBHBIN MOTEHIHAN, U
3 (PEKTUBHOTO B3aMMOJICHCTBHS C MOHHBIM MYYKOM. PacCMOTpEHBI TEIUIOBOW M MAacCOBBIM OalaHChl MaKpO4acTHI[ B
MOHHO-IIIa3MeHHOH cucteMe. [loka3aHo, 4To mpHu OONydYeHHH MBIIEBOM IUIa3Mbl MHTCHCHBHBIMHU ITyYKaMH HOHOB
CPEHUX 3HEPIuil 3a BpEMEHA INMOPsAJKA JECITKAa MWIIMCEKYH]I TeMIepaTypa MakKpO4acTHIl JOCTUIAaeT TEeMIEPaTyphl
KUMEHHSA. YMCHBIIICHHE MacChl MAaKpO4acTHUl] CBA3aHO KaK C PACIbIICHUEM HOHHBIM ITYYKOM, TaK U C HCIApCHUCM
MOCJIe JOCTHXKEHHS TeMIIepaTyphbl KUIIEHUS.

PA30BI CTAHA MAKPOYACTHUHOK ITPH B3AEMO/IIT
IOHHUX ITYYKIB CEPEJHIX EHEPT'IU 3 ITMJIOBOIO IIJIA3MOIO

O.A. bizoxkos, O.1. Tipka, A.€. Kawaba, O.B. Pomawenko, K.M. Cepeoa, 0./]. Qibicos

TeopeTn4HO AOCTIIHKEHO OCOOIMBOCTI B3aEMO/IIT KOMIIEHCOBAHOTO 32 3aps0M I0HHOTO ITy4yKa CepelHIX eHeprii 3
MaKpOYaCTHHKAMHU IIJIOBOI IU1a3Mu. Bin’eMHUIA MOTEHIIal MaKpOYaCTHHOK CTBOPIOE YMOBH [UIS 3aXOIICHHS TMJIOBHX
YaCTHUHOK JI0 OCTOBY 10HHOT'O Iy4Ka, SIKUi 3a3BHYail Ma€ MO3UTHBHUIN MOTCHIIAN, Ta ¢()CKTUBHOI B3aEMOJIIT 3 I0HHUM
My4YKoM. PO3rIsiHyTO TeruioBuid Ta MacoBHid OajlaHCH MaKpO4acTHHOK B 10HHO-IIIa3MOBil cucremi. [lokazano, mo npu
ONPOMIHEHHI MUJIOBOT MJIa3MM IHTEHCHBHUMHU NyYKaMH 10HIB CEpeIHiX SHEeprii 3a iHTepBajM 4acy MOpPSIKY JeciTKa
MUITICEKYH]I TeMIlepaTypa MaKpOYacCTHHOK CsAra€ TeMIepaTypH KUIIHHS. 3MEHIICHHS Macd MaKpO4acTHHOK IOB'S3aHO
K 3 PO3MMJICHHSIM iI0HHUM ITyYKOM, TaK i 3 BUIIAPOBYBAHHSM 32 TEMIIEPaTypH KHITIHHS.
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