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The additional pumping of energy into arc plasma flow by the self-consistently formed radially directed beam of
high-energy electrons for evaporation of micro-droplets is considered. The radial beam appears near the inner
cylindrical surface by secondary ion - electron emission at this surface bombardment by peripheral arc plasma flow
ions. The beam is accelerated by electric potential jump, appeared in a cylindrical channel of the plasma-optical
system in crossed radial electrical and longitudinal magnetic fields. The high-energy electrons pump, during the time
of micro-droplet movement through the system, the energy, which is sufficient for evaporation of micro-droplets.
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INTRODUCTION

Vacuum-plasma technologies of film deposition are
now applied extensively [1]. Vacuum-arc method
provides excellent adhesion of coatings to the substrate
surface and high deposition rates. Cathode sputtering of
vacuum arc by cathode spot determines the generation
of flows of ions and micro-droplets. The micro-droplet
component of erosion for the majority of metals is a
significant part of a general loss of the cathode material
in an arc, comparable with ion component. The micro-
droplets in the formed ion plasma flow restrict the
applicability of this method of film synthesis. Therefore
for prevention of loss of substance and for prevention of
influence of micro-droplets on a substrate it is necessary
to eliminate micro-droplets. In [2] the conclusion has
been formulated that micro-droplets cannot be
evaporated in the arc plasma flow without additional
energy source. Firstly attempt of micro-droplet
evaporation without their removal was performed in [3].
In [4] it has been shown that in a discharge with hollow
cathode the regime may exist with the double electric
layer at the cathode and with high current density of fast
electrons in the discharge volume, which is significantly
larger than current density from cathode. Experiments
[3] demonstrate the high efficiency of the novel plasma-
optical system for evaporation of micro-droplets. The
additional pumping of energy into arc plasma flow by
the self-consistently formed radial beam of high-energy
electrons for evaporation of micro-droplets is considered
in the paper. The beam is formed by double layer,
appeared in a cylindrical channel of the novel plasma-
optical system in crossed radial electrical and
longitudinal magnetic fields. High-energy electrons
appear near the inner cylindrical surface by secondary
ion-electron emission at this surface bombardment by
peripheral flow ions.

1. DYNAMIC OF ARC PLASMA FLOW IN
PLASMA-OPTICAL SYSTEM

An effective system of additional energy pumping
into the unit by the self-consistent formed radial beam of
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high-energy electrons to avaporize micro-droplets in the
dense arc plasma flow is investigated in this paper.
Plasma source is in a plasma-optical system at its
beginning. The plasma flow is propagated from the
source. The anode of arc discharge is also diaphragm.
Micro-droplets fly as cone. The flow passes through the
hole, part of the micro-droplets is on hole wall. After
hole the flow is propagated in the system. The system is
cylinder C; of length L and diameter D, on which the
voltage U is applied. This leads to the formation in the
vicinity of the cylinder layer of thickness A with a large
electric field E,. The width of the layer A is small, A<<D
[3]. Thus electrical potential g is concentrated in jump.

The micro-droplet velocity equals V4=10...100 m/s.
The average micro-droplet size is equal to 1um.

The system is in a magnetic field H, of short coil. So
the following inequalities are correct.

Pre << D<<pyy. 1)

pre and py; are the electron and ion Larmour radiuses.
Electrons are magnetized and ions are not magnetized.
The electron mobility across a magnetic field is strongly
suppressed. The electron movement along magnetic
field is free up to region of electric potential jump.
Under these conditions the magnetic field lines are
equipotential up to region of electric potential jump. l.e.
the magnetic field lines are equipotential inside flow.
Then in space, filled with plasma, the electrical field is
created, the form of which is approximately similar the
structure of magnetic field lines. Because the electrons
of the flow are magnetized, they in the field of the short
coil are displaced to its axis, damping expansion of the
flow due to electric field E, of plasma flow polarization.
Thus, with increase of H, the near axis density of flow
increases. l.e. Hy controls the flow electrons, and they in
turn keep ions from radial expansion due to E,. E, can
be estimated by E, =2¢/eR,, - R._ is the radius of flow

ic
curvature; g, is the ion energy.

E; in the layer A accelerates ions to an internal
surface of the cylinder. The voltage U=1...3kV is
supplied on cylindrical electrodes. As a result of
secondary ion-electron emission the beam of electrons
with velocity Vy=(2epo/me)*? and current density

121


mailto:gonchar@iop.kiev.ua*

(lv=Ylis, v is the rate of secondary ion-electron emission)
is formed in a thin layer A<<Vy/ope=pe=Vlr=p/2/®He (OHe
is the electron cyclotron frequency). This beam, from
the lateral surface to the axis (Figs. 1,2) is an additional
effective source of energy for evaporation of micro-
droplets. During time of micro-droplet motion through
system L/V4 with velocity V4=10...100 m/s the beam
pumps large energy Agy, into system.

Let us show that the collision frequency vy, of high-
energy electrons with plasma electrons satisfies
inequality

Ve <<V, /D. 2)
Really we have

Ve ® 7.7x10°,¥n 2 .

=
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Fig. 1. The scheme of system with self-consistently
formed electron beam for evaporation of micro-droplets
in arc plasma flow in vacuum-arc deposition technology

It
Fig. 2. Streams of high-energy electrons, plasma
electrons and ions to micro-droplet

For g=1KkeV, Ae~10, n.=102cm?® one can derive
Vper2.6x10%s™, V/D~4.4x10% s for D=7 cm. One can
see that high-energy electrons many times cross the
dense arc plasma flow during free movement, without
taking into account the collective processes. Thus, high-
energy electrons are accumulated in volume and slowly
transfer energy for the micro-droplet evaporation.
One can find that dimension R,=nV/wy Of radial

R, = m/&sbme (c/eH,)=0.84 cm
oscillations of high-energy electrons for e,=1keV,
Ho=400 Oe is smaller in comparison with the system
radius D/2. High-energy electrons cross the cross-
section of arc plasma flow due to their collisional
mobility. It provides evaporation of micro-droplets
throughout the cross-section of the arc plasma flow.

One can see that y,~V,/D=3.3-10% ¢ the rate of
development of beam-plasma instability (BPI) y, is close
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to reverse time V,/D of crossing the cross-section of
flow v, = o, (n,/n, )" ~2.9x10° ™, 3)

However, the propagation of the beam to the axis the
beam density increases and the condition of beam-
plasma instability is broken. But even if for one
intersection beam-plasma instability does not develop
high-energy electrons are accumulated in the form of
two opposing beams, n, increases and instability is
developed faster. l.e. beam-plasma instability may be a
mechanism for converting the beam energy into a flow.

We define, whom mostly high-energy electrons
transfer energy due to collisions: drops, electrons or ions
of flow. For that we compare the collision frequency of
high-energy electrons with micro-droplets vy, electrons
Ve and ions vy of plasma flow. We use drop radius
r=1 um. We derive the expression for micro-droplet
density nq using what weight of drops is compared with
the weight of ion component

n, ~n, (4rcrd3/3)nSS , (4)
n=10"2%cm™ is the ion density, ny is the solid state
density. Using it one can derive

n, =25 cm? v,, =4nr’n,V, =0.69x10°s™. (5)
One can see that vy is less than the reverse time of
micro-droplet movement (V4=100 m/s) through the
system of length L=8.5 cm

V,/L=10°s™ (6)
For n.=n=10"cm® and V,=(2e,/m¢)"? &,=1keV one
can see that

Vy, ®2.5x10°s7, v, #1.25x10°s™ @)
Vod<Vpe, Vpg<Vpi. BuUt growth rate of beam-plasma
instability is larger than yp>>vypq, Vie, Vui- COnsequently,
for considered parameters high-energy electrons pump
energy into plasma electrons through beam-plasma
instability. Plasma electrons transfer energy to micro-
droplets directly and through ions, accelerating them to
micro-droplet.

Let us estimate the number of ions Ny, which
bombard micro-droplet during the time of motion of
micro-droplet through chamber, in comparison with the
number of atoms in the micro-droplet Ng.

N, = rcrdzni.fZai/mi (L/V,)=0.96x10", r, =1um,
)
N,, =7(r7/3)n, = rgng =10".
One can see that the number of bombarding ions is not
enough to vaporize micro-droplet.
Now we estimate the required flow of ions from the
plasma to cylindrical electrodes for formation of
sufficient high-energy electrons. Let us compare ion

stream density ji; on the inner cylindrical surface for
beam formation with density of all ion stream j;.

I, =2nRLj, Ta |, =nR%j,. 9)
The area of the cylindrical surface equals
S, =2nRL. (10)

For application it is necessary that ration of these flows
should be small

(ii/is)(R/2L) 21, (11)
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because ion stream should not be lost strongly. If
R=3.5 cm and L=8.5 cm, then
(/1) < 20%. (12)

One can control: what part of j;s is supported by ions
of dense arc plasma stream and what part of j;s is
supported by ions, newly formed by micro-droplet
evaporation and ionization. One can provide that all ions
of jis are newly formed ions.

Let’s estimate A. For that, equating the two currents
near the inner cylindrical surface

18=0.4(T /M) ng=ji=(4/9m)(1/2em;) Y20, > %/ A2,
Arge=(eol Te)¥4/3(0.472)V*>>1.
One can see that A is large in comparison with Debye
radius of electrons rge.

One can show that A is smaller than the dimension of
the radial oscillations of high-energy electrons
pe:eEr/me(DHe2

A<<pe:eEr/meu)He2.

If about 50 % of weight in drops, the number of
atoms, which are needed to evaporate, is approximately
equal to the number of flow ions N~nitL(D/2)%. We use
gp=1 keV and the configuration of electrodes such that
20% of the flow ions creates high-energy electrons. The
coefficient of secondary ion-electron emission is about
0.1. Then Ae,=5.9 keV are pumped by high-energy
electrons during the time L/V4 of drop movement
through the system and it is attributed to a single atom,
which is to be evaporated. This is sufficient for
evaporation of micro-droplets.

The collision frequency veg Of micro-droplets with
flow electrons is more than with high-energy electrons
Vpd, DECAUSE

Vg = T iy << Vog = TNV, EXp( €y /Te) . (13)
Jo =040V, <<n\V,; /4.
But the energy, which is pumped into the micro-droplet
by high-energy electrons, is larger than by flow
electrons

VeeEo/ Ve T, =0.16(T, /26, )" (&,/T.) =10. (14)
4n \/the exp(_e@d /Te) ~N; VOI ' V \lzgi/mi : (15)

g; is the energy of ions of arc plasma flow.

Regime with strongly charged micro-droplet, i.e.
micro-droplet with a large electric potential g, is
disadvantageous for the evaporation of micro-droplets.
High-energy electrons can effectively ensure the
reduction of micro-droplet potential. If epy4>>T, , micro-
droplets are evaporated due to ion bombardment, but in
this case the energy flow is not large. Indeed, the full
flow of energy &5 to micro-droplet approximately equals

4n,V,, T, exp(—eq, /T, )+

the "e
e ® Ttr . (16
pX +1,6yn,V.g, + N,V (g, +eq, )} (10)

1-st member is the effect of plasma electrons, 2-nd
member is the contribution of high-energy electrons,
3-rd member is the contribution of flow ions. At steady
state, the balance of flows of plasma electrons and ions
in micro-droplet is approximately equal to

4n \/the exp(_E(pd /Te) ~ niVO
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Then the ratio of energy flows of plasma electrons j
and ions j; to micro-droplet equals

jea/jis :Te/(ai +e(Pd) '
One can see that in absence of high-energy electrons at
eee>>T, energy flow is determined by the ions.

However, it does not exceed jy. the energy flow of high-
energy electrons

Jos/Jis = 0. 4yn.V € /n'VO' (8' +EQ, ) =
=0.04(T, /28 [a (& +eqq) ]

It is useful to reduce ¢y because at its reducing,
although the ion energy flow decreases to a micro-
droplet, but the energy flow of plasma electrons to
micro-droplet is increased even faster. Indeed, the
energy flow of plasma electrons to micro-droplet at
@g=0 is larger than the ion energy flow to a micro-
droplet at eps>>T,, because following inequality is
correct

4o Vi T. /0, (& +e9,) =

4(T, /26,2 (m/m )2 T, /(e +e0,) > 1.

This reduction of ¢4 is carried out automatically in
nonequilibrium arc plasma flow and by high-energy
electrons. In particular, high-energy flow ions lead not
only to some evaporation of micro-droplets in their
motion to the substrate, but also to reduce of the micro-
droplet electric potential

=(T./e)n[ 4(m;/m, )" (T,/2¢)"" ],
facilitating the energy exchange of plasma electrons with
micro-droplets. Due to ¢g=0 many plasma electrons do
not reach the surface of the micro-droplet, high-energy
electrons also lose some energy in ¢q.

Energy of high-energy electrons spent on: inelastic
collisions with plasma electrons, inelastic collisions with
plasma ions, heating with plasma electrons and ions of
evaporated layer to a plasma temperature, ionization of
evaporated atoms, inelastic collisions with micro-
droplets, energy loss on the beam-plasma instability
development.

The energy, which is pumped in micro-droplets,
spent on: heating, evaporation and dispersion; on
thermal radiation; on electrons of the secondary
emission; on electrons of the thermal emission. Thus,
one can write the equation of balance of energy flows on
the micro-droplet surface

Q ZL{IE(Q)(TQ_ewd)_g'b(fd)e%+
> Vo +Ii(r“)(8ii+8v+8i+eq)d)+|b(rd)(8b—e(Pd)

L
_V_[gh: (rd)eq)d +1y, (Td'rd)eq)d +O°GT:J , (18)

Qz :Q1+Q2 +Q3-

Qi=cmgy(T,-T,) is the energy for micro-droplet heating
from T, to evaporation temperature T,; myg, is the micro-
droplet weight, ¢ is the unit heat capacity; Q,=rémy; is
the energy for vaporization of the part dmg, of the micro-
droplet, which had time to evaporate, r is the unit heat of
vaporization; Qs is the energy for spraying of part of
micro-droplet atoms by ions. lg(rg), li(rar), lo(rar) are the

(17)
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currents of flow electrons, ions and high-energy
electrons to micro-droplet. ¢, is the condensation
energy; ;; is the ionization energy of flow ions; T, is the
micro-droplet temperature; o is the emissivity; o is the
Stefan-Boltzmann constant; g is the constant of
secondary electron-electron emission; 1y(Tg, rg) is the
current of thermionic emission.

CONCLUSIONS

Method of formation of jump of electrical potential
near the inner surface of the cylinder and of the injection
of self-consistent electron beam across the flow with
micro-droplets has been proposed for efficient
evaporation of micro-droplets in the arc plasma flow.

This work is supported partly by the STCU-NASU
grant Ne 6059 and the NASU grant PL-16-32.
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®OPMHUPOBAHUE JIEKTPOHHOI'O ITYYKA U EI'O POJIb B HOBOMH IJIA3MO-
ONTHUYECKOI CUCTEME /)15l UCITAPEHHUS KAIIEJIb B YT OBOM IVIA3BME

A.A. I'onuapos, B.H. Macnoe, J1.B. Haiiko

PaCCManI/IBaeTCﬂ

JAONOJIHUTCIIbHASL HaKadkKa 3HCPIUU

B IIOTOK ,Z[yl"OBOﬁ mIasMbl C IIOMOIIBIO

CaMOCOTJIACOBAaHHO 00pa3yeMoro paguanbHOTO Iydka 3JIEKTPOHOB I HCTapeHHs Kamnenb. [Tydok mosBisiercs
BONM3M BHYTPEHHEH IMIMHIPUYECKON ITOBEPXHOCTHU 3a CUET BTOPHYHOW MOHHO-3JICKTPOHHOM 3MUCCHU TIpH €&
6omOapanpoBke nepuepuiHBIMA HOHAMH TOTOKA. IIydoK ycKopsieTcsi CKauKOM 3JIEKTPHYECKOro MOTEHIHAA,
KOTOPBIM MOSBISACTCA B IMIMHIPUYECKOM KaHaJe IUIa3MO-ONTHYECKOM CHCTEMBI B CKPEIICHHBIX IOJIX.
BpIcokosHEpreTHYHBIE 3IEKTPOHBI HAaKauMBAIOT 3a BPeMs JBIDKCHUS MHUKpPOKAIENb Yepe3 CHCTEMY SHEPTHIO,

KOTOpas AOCTATOYHA IJIA UCIIAPCHUS MUKPOKAIICIIb.

®OPMYBAHHS EJIEKTPOHHOI'O ITYYKA I MOI'O POJIb Y HOBIM IJIASMOONTUYHINI
CHUCTEMI VIS BATAPOBYBAHHS KPAIIEJIb Y JIYTOBIH IIJIA3MI

O.A. I'onuapos, B.I1. Macnos, JI1.B. Haitko

Po3rnsigaeTbest nogaTkoBe HakadyBaHHS €HEPrii B MOTIK AYyroBoi IUIa3MH 3a JOIOMOTOI0 CaMOY3TOJUKEHE
YTBOPEHOTO pa/iaJIbHOTO TMydYKa EJIEeKTPOHIB JUIsi BHMIIAPOBYBaHHs Kparenb. [Iydok 3'SBis€ThCsl NOOIM3Y
BHYTPIIIHBOT HMJIIHIPUYHOI TIOBEPXHI 32 paxyHOK BTOPHUHHOI 10HHO-EJIEKTPOHHOI eMicii mpu 1 6omOapyBaHHI
nepudepiiHuMu  i0HaMH TOTOKY. [lydOK NPUCKOPIOETBCS CTPUOKOM €JIEKTPUYHOTO MOTEHI[aly, SKUM
3'ABJISETHCSA B IWJIIHAPMYHOMY KaHaJl IUIa3MOONTHYHOI CHUCTEMH B CXpPELICHHX MOJIAX. BUcokoeHepreTnHi
EJIEKTPOHM HAKauylTh 3a 4ac PyXy Kpameib 4yepe3 CHCTeMY E€HEprito, ska JOCTaTHS JUlsl BHIIAPOBYBAaHHS

Kpareb.
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