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Charging of macroparticles (MPs) in front of the negatively biased surface emitted the secondary electrons due to
bombardment by multiply charged ions (MCIs) has been investigated. It was found that MPs can be either reflected

or attracted to the substrate depending on the substrate bias.
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INTRODUCTION

A vacuum arc discharge emits a plasma as well as
macroparticles (MPs) in the form of molten droplets of
cathode material [1]. The significant MP fraction sub-
stantially limits the possibilities of vacuum arc plasma
in coating technologies. The MPs occur in the range of
size from several microns to a few hundred microns, the
velocity of MPs reaches maximum value of 700-
800m/s. Cathodic vacuum arc plasma are known to con-
tain multiply charged ions. These ions have kinetic
energies of a few tens of eV. The mean ion charge state
Z is generally higher than 1 for most materials. In
many vacuum arc experiments, ions are collected at a
negatively biased metal surface. The purpose of the
present study is to investigate the behavior of charged
MPs in front of the negatively biased surface emitted
the secondary electrons due to bombardment by multip-
ly charged ions (MCIs).

1. SHEATH MODEL

Let us consider a high-voltage substrate is immersed
in a vacuum arc produced plasma. For a high-voltage
sheath, the current to the substrate is almost all ion cur-
rent [2]. The MPs are assumed to have no effect on the
sheath structure. In our coordinate system a plasma-
sheath interface (interface between quasi-neutral and
nonneutral regions) is taken to be the origin, x =0, and
the positive direction is away from the it. The substrate,
which is supposed to be at the constant potential V,, is
located at X=Xy ([eVy|>>Te [eVo>>T,, where T, is
the electron temperature in energy units, e is the ele-
mentary charge). The ion temperature is assumed neg-
ligible in comparison with T,. The generalized Bohm’s

criterion is over satisfied for vacuum arc plasmas [3].
The ions, hitting the substrate surface with kinetic
energies below 300 eV, may cause a potential electron
emission [4]. Such ion energies are typical for deposi-
tion a thin metallic film coating.
The total ion beam current density is the sum of each
ion species k

N N
Ji =2 Jik =2 ZMi Ui @
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where Z, is the charge state, n;, is the ion density of
the k-th species, Uy is the velocity of each species. The
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density fraction of the k-th species f, =y /ng, where

Ny is the bulk plasma density.

A secondary electron beam produced at the substrate
by the secondary emission is ejected from that place

X =Xy towards the plasma in the — X direction [4].

Z Jek —Z

k=1Zk
where j;, is the current density of secondary electrons

|k | 2

produced by the ions of the k-th species, y vy« is the

secondary ion-electron emission vyield [4].
The potential variation ¢ in the sheath is found by

solving Poisson’s equation

N N
) e > ZyMi — X Ne
d¢ k=21 i=2

dX2 o
where ng is the secondary electron density; ¢, is the
permittivity constant. The boundary conditions are
¢(0)=0; ¢'(0)=0.

The flux of ions is assumed to be continuous across
the sheath in the collisionless model. From the equa-
tions of continuity and energy conservation for the ions
we derive the ion density

Jik m;
I ' 7 (4)
e\ 2sc0 —Zeo)
where m; is the ion mass, g, is the initial ion energy

of the k-th species.
On the analogy we obtain the secondary electron

density ng, produced by the secondary emission

dek |__Me
2e(Vy +9)
where mj is the electron mass.
Substituting in Eq. (3) the densities (4) and (5), we
obtain the sheath equation for numerical integration.
2. MP CHARGING

We consider the MP with radius a as a spherical
probe immersed in the plasma sheath [5]. The MP ra-
dius is much smaller than the electron Debye radius
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Ap - We assume instantaneous transfer of charge onto
and off the MP at any MP position in the sheath. The

steady-state potential to which a MP is charged is de-
termined from the balance of particle fluxes to the grain

N N
(1—5)2 Jo = Z(1+ﬁinkv (6)
k=2 k=1 Zk
where & is the secondary electron-electron emission
coefficient [6].
The ions and electrons can be described as beam-
like due to their high directed velocities. The expres-
sions for the ion and electron fluxes are

Jok = Yok NokUok Tk » (7
where « =e,i represents the electrons and ions, re-
spectively; the collection cross section for charging col-
lisions between the macroparticle with the particle «
based on the orbital motion limited (OML) approach is

o, = rall 1+ 29, ((0()() _§0§ (X)) , (8)
myu,, (X)
where ¢ (X) is the potential at the MP surface.
If
20,0009 _ ;g o

MU, (x)°
Solving for ¢(x) Eg. (3) and for ¢ (X) Eq. (6), we
obtain MP charge
Q(x) =47z (L+a/ Ap Noos () — (X)) =

~ 471 (4 () — (X)), (10)
The MP travels through the plasma sheath and is
subject to electric force [7]

= _OF (8/4p)°
F= QE(“ 31+a/p)

where E(x) is the electric field in the sheath.

The potential energy of given size at the local sheath
position is

U(2) =—[Q(x)E(X)dx" .
0

The profile of potential energy and initial Kinetic
energy of MP define the trapping of MP.

For numerical solutions it is convenient to introduce
the new variables

z=X/Ap = x(n0e2 JeoT, )1/2 ,D(z)=ep/T,,
D (2)=ep, /T, , Oy (2) =D (2) —D(2) . (13)
Copper is the most commonly used cathode material
in vacuum arc experiments and consequently the calcu-
lations were carried out for copper ions, bombarding a
copper substrate [1, 4]. Here, we present the results of
numerical calculations of the dynamics of charging of a
Cu-macroparticle of radius a=1 gm in the sheath with

account of secondary electron emission due to ion and
electron bombardment for the values of the parameters
presented in Table. The electron temperature is usually

not more than 1...2 eV. Thus, we gave T, =1eV.

J ~Q(X)E(X), (11)

(12)
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Fig. 1. The local sheath potential ®(z) @&(z)(solid

line), the potential at the MP surface ®(z) (dotted
line), the MP potential with respect to the local plasma
potential @4 (z) (dashed line) as a function of dis-
tance z for a substrate bias: V, =-90 V(a);
Vp =-140 V(b)
Energies and secondary electron emission coefficients
for the different fractions of Cu-ions: Ref [1, 4]

lon lon state lon ene- Secondary
charge | fraction, f, | ray. electron
z o (eV) emission
coefficient, |,
1 0.30 37 _
2 0.55 56 0.21
3 0.15 66 0.69

The results of the numerical solution of Egs. (3) and
(6) are shown in Fig.1. This plot demonstrates the di-
mensionless local sheath potential, the potential at the
MP surface, the dust potential with respect to the local
plasma potential as a function of normalized distance

z=X/Ap . In first case, substrate bias V,= -90V

(Fig.1,a), the potential at the MP surface ®¢(z) is neg-
ative, and the MP potential with respect to the local
plasma potential @ (z) is negative too.

For a substrate bias V, =-140 V (Fig. 1,b), the dust
potential at the MP surface ®(z) is negative. Howev-
er, the MP potential with respect to the local plasma
potential ®4(z) is positive near the substrate because

the sheath potential becomes more negative than the MP
potential. In Fig. 2,a, the MP charge profile for a sub-
strate bias V, = -90 V is shown. The MP charge is nega-
tive. The MP charge determines the electric force.
Therefore, the electric force will be negative too (see
Fig. 2,b). The dependence of the potential energy of MP

on the position z = Xx/Ap is shown in Fig. 2,c.
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Fig. 2. The dependence of the MP charge on the posi-
tion z=x/Ap for a substrate bias V, = -90 V (a);
The dependence of the electric force, acting on this MP

charge (b); The dependence of the corresponding poten-
tial energy (c)
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Fig. 3. The dependence of the potential energy of the
MP on the position z = X/ Ay z=x/4p for a substrate
bias V, =-140 V

If the MP kinetic energy is large enough to over-
come the potential barrier, a negatively charged MP
may be attracted to the substrate. For copper, velocity
range of MPs is 250...450 m/s. Mps with velocity above
400 m/s overcome the potential barrier and attracted to
the substrate. For velocity range of MPs is
250...400 m/s, MPs are reflected.

For bias V,, =-140 V, the profile of potential energy
of MP are shown in Fig. 3. This profile means that the
MPs can be attracted to the substrate in all velocity
range.

CONCLUSIONS

Charging of copper MPs and its influence on the MP
motion in front of the negatively biased copper surface
emitted the secondary electrons due to bombardment by
MCIs have been investigated. It was found that the pos-
sibility of MP attraction increases with negative bias
voltage. We show that the results presented here may be
applicable to the control of the MPs by modifying the
bias of the substrate.

REFERENCES

1. R.L. Boxman, P.J. Martin. Handbook of Vacuum Arc
Science and Technology: Fundamentals and Applica-
tions. New Jersey: “Noyes Publications”, 1995.

2. MLA. Lieberman, A.J. Lichtenberg. Principles of
plasma discharge and material processing / John Wiley
& Sons, Inc., New York, 1994.

3. G.Yu. Yushkov. lon velocities in vacuum arc plas-
mas// J. Appl. Phys. 2000, v. 88, Ne 10, p. 5618-5622.
4.J.S. Sherman. Secondary electron emission by multi-
ply charged ions and its magnitude in vacuum arcs// J.
Appl. Phys. 1977, v. 10, p. 355-3509.

5. 1. Langmuir. Collected Works of Irving Langmuir /
Ed. by G. Suits. New York: “Pergamon”, 1961.

6. A. Piel. Plasma Physics: An introduction to Labora-
tory, Space and Fusion Plasmas. “Springer”, 2010.

7. J.E. Daugherty, R.K.Porteous. Electrostatic Forces
on Small Particles in Low-pressure Discharges // J.
Appl. Phys. 1993, v. 73, p. 161.

Article received 22.11.2014

3APSIJIKA MAKPOYACTHIL B CJIOE BAKYYMHOM JYI'H BBICOKOI'O HAITPSI)KEHU ST
A.A. buzwkoe, H.A. I'upka, E.B. Pomawenxo, A./l. uoucos

Uccnenyercs 3apsaka makpodactur (MY) HapOTHB OTPHLATEIBHO 3apPsDKEHHON MOBEPXHOCTH, MCITYCKAIOIIEH
BTOPHYHBIC JIEKTPOHBI W3-3a GoMOapaAupoBku MHOTrO3apsinHbiMu noHamu (M3U). Beuto Haiineno, uto MU moryt
700 MPUTATHBATHCS K IMOIJIOKKE, THOO OTTAIKUBATHCS B 3aBUCHMOCTH OT IMOTCHIIHAIIA TIOIJIOKKH.

3APSJIDKEHHS MAKPOYACTHHOK Y IIIAPI BAKYYMHOI IYTH BUCOKOI HATIPYTH

O.A. Bizioxos, 1.0. Iipka, O.B. Pomawenxo, 0./]. ivicos

HocmijpkeHo 3apspkeHHs MakpodacTHHOK (MY) HampoTH Bif’€eMHO 3aps/PKeHOI IMOBEpXHi, sIKa BHIIPOMIHIOE
BTOPHHHI CJIEKTPOHH 3aBASKH GoMOapayBaHHIO OaraTokpaTHO 3apsmkenumu ionamu (B31). Byno 3naiineHo, mo MY
MOXYTb a00 NpUTATATUCS 0 MiAKIAIKH, A00 BIIITOBXYBATUCS B 3aJIEKHOCTI Bl MOTESHIIATY i IKIIAIKH.
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