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The discharge parameters and vacuum regimes of the two-stage gas-metal plasma source are presented for three
configurations of magnetic field. Distributions of deposited flows, current and voltage characteristics of the
discharge, current characteristics for reflective electrodes and target are presented. Discharge voltage is 30...150 V,
discharge current is up to 25 A. The gas discharge is initiated on air. VVapors of copper were used for discharges in
metal. The evaporation rates of copper are obtained at the level of 20...30 g/h. The results of study have shown that
mass distribution of flows deposited on the vacuum chamber walls significant deviated from Knudsen-Lamberg's

law described of evaporation in vacuum.
PACS: 52.50. Dg

INTRODUCTION

In article [1] the two-stage gas-metal plasma source
project was presented. The requirements to the source
were also defined. The possibility of using source for
separation technology was considered, in particular for
the regeneration of spent nuclear fuel [2]. Sources of
this type are widely used in science and technology [3,
4]. They can produce highly ionized flows of plasma
with the intensity up to 10 tons per year. Results of the
study discharge source parameters are given now.
Particular attention is paid to the influence of magnetic
field on the discharge parameters. Therefore, in further
the operation of the source will presuppose in strong
and gradient magnetic fields.

The current and current-voltage characteristics are
given for the main discharge and for the reflective
electrodes. The analysis of the deposits stream
distribution on the walls of vacuum chamber was
carried out.

1. SOURCE CONSTRUCTION AND
MAGNETIC FIELD CONFIGURATION

Vacuum chamber of source (Fig.1) is made of
nonmagnetic stainless steel and has a diameter of 0.3 m
and a length of 0.5 m. The water-cooled anode is made
of copper and has a crucible made of tungsten.
Reflective discharge electrodes are made of copper and
have diameter of 0.2 m. The vacuum system provides
the pressure up to 1.3-10°Pa. The source has two
stages. The nonself-sustained  discharge  with
incandescent cathode in the anode vapors is produces in
the primary stage of the source. The primary ionization
is carried out here. The reflection discharge (where the
degree of plasma ionization is increased and the degree
of plasma density is increased) is produced at the
second stage.

Discharge voltage is changed from 30 to 150V,
discharge current is up to 25 A. The air was used in the
gas discharge. Copper was used for discharges in metal
vapors.

The magnetic system consists of two main coils are
placed in opposite ends of the vacuum chamber. The
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additional coil is placed in the lower end of the vacuum
chamber. The main coils are connected in series. The
current supply is up to 12 A. Additional coil is
connected in parallel and opposite with the main coils,
the supply current achieved 25 A.
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Fig. 1. The scheme of discharge chamber and the
magnetic system
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Fig. 2. Axial distributions of magnetic field. The current
of main coils is 12 A; the current of additional coil is
+15A
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Three variants of the magnetic field configuration
(Fig. 2) are realized in the experiments. The field of
main coils was varied in the first case. The additional
coil was connected in series with the main coils in the
second case. The additional coil is connected in
opposite direction in the third case.

The first case is a trap of symmetrical mirror
configuration. The second one is sharply asymmetric
trap. For the third case zero field is appeared in anode
area.

2. EXPERIMENT RESULTS

Initially, the discharge burns in air (nitrogen). The
discharge current can be regulated by the discharge
voltage, and the load resistance both. At low discharge
currents (up to 6 A), the tungsten crucible is heated not
enough for melting of the copper and its effective
evaporation. Therefore, the discharge is initiated in the
residual gas (nitrogen, oxygen) and has a blue glow.
After the increase of the discharge current (>10 A), the
copper melts, the discharge acquires a characteristic
green color. At that, stage of the discharge current
increases under condition of slow increase of the initial
voltage. The ionization potential of the copper is lower
than the ionization potential of the residual gases
(nitrogen, oxygen). The ionization cross section of the
gasses is lower. This fact is explained abovementioned
discharge current behavior.

The discharge current dependence on the magnetic
field induction is shown in Fig. 3. The magnetic field
configuration in this discharge is the symmetrical
mirror. The discharge voltages are 100 and 120 V.
When the magnetic field rise from 0 to 6:10°T the
discharge current increase is observed. Then, the current
slowly increases and goes into saturation at 17 A and
23 A, respectively.
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Fig. 3. Dependence of current discharge on the
magnetic field

The dependences of discharge currents on the liquid
anode — Iy and reflective electrodes — 1y, I,, I3 on the
voltage across the discharge gap are shown in Fig. 4.
The chamber pressure is maintained at 1.3-107Pa.
Initially the current increases linearly. The further
current increases result in melting of operating metal.
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The vapors of metal come in the discharge area. The
current at the electrodes greatly increases. The discharge
takes on a greenish tint glow. It should be noted, that
currents 14, I, to the reflective electrodes increase,
whereas the current |5 decreases. Herewith the pressure
in the vacuum chamber was set at 2.7-107 Pa. Such an
effect is often observed in the sputtering installations.
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Fig. 4. The discharge current and the currents on the
reflective electrode vs. discharge voltage

The dependences of discharge current and current on
the target on the discharge voltage are shown in Fig. 5,
for the case of a serial (I, Its) and opposite connection
of the additional coil (l4,, ;o).
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Fig. 5. Discharge current and current on the target vs.
discharge voltage for the case of a serial (lgs, I¢s) and
opposite connection of the additional coil (140, lt,). The
dashed lines — discharge current, solid lines — current
to the target

The target is placed in the opposite from the anode
end of the vacuum chamber (see Fig. 1). The transition
of the discharge from the gas phase into a discharge in
metal vapors stage is shown by the vertical lines. As can
be seen, a metal vapor comes earlier in the discharge in
the case of opposite connection of the additional coil.
We observe higher currents in this case.
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The influence of the magnetic field induction and
the influence of the additional coil orientation on the
discharge current (l5) and on the current on the target (1)
are shown in Fig. 6. The current on the target doesn’t
depend on the direction of the magnetic induction of the
additional coil. The current weakly increases with the
magnetic induction increasing. The discharge current is
higher in the case of opposite connection of the
additional coil. It has a characteristic maximum at the
additional coil current of 7 A.
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Fig. 6. The discharge current and the current on the
target depending on the value and direction of the
magnetic field of additional coil. The dashed curve -
discharge current, solid curve — current on the target.
P=1.3-107Pa

3. MASS TRANSFER

The evaporation is not uniform for all directions
according to the Knudsen-Lamberg's law (for the
evaporation of the substance in vacuum). The
evaporation mainly take place along directions close to
the normal surfaces. In the case of vacuum evaporation
from a point source at the surface, in the collisionless
regime, the weight substance depositing on per unit area
in a unit time is:

dM (e, B) \ Sosarcos
—_— 072 1
ds ar

where o the angle between the vertical to the surface of
evaporation and the direction of evaporation, and f the
angle between the normal to the surface of the
deposition and the direction of evaporation

Then, for the finite size target S; we have:

S, -cosacos S
721,.2

AMi:MO :Mg'ki(svrvavﬂ)’

where k(s r,a, f)= S 'COSCZCOS,B is a dimensionless
ar
factor that depends on the geometrical parameters.
Under conditions of real discharge, we will see a
deviation from the Knudsen-Lamberg's law. This

deviation will be more significant under density
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increasing in the flow and under increasing of the
charged particles number in the plasma. The deviation
from the low is caused by the charged nparticles
appearance in the discharge and due to the collisionality
in the density rising case. The relative deviation and the
absolute deviation of deposited mass targets are shown
in bar graphs (Figs. 7-9) for the three magnetic field
configurations. The depositing targets were placed in a
vacuum chamber as shown in Fig. 1, a, b-f).
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Fig. 7. Mass distribution without additional coil:
1 — theoretical; 2 — real change of the target weight.
lg=10A, l,qq=15A, and P = 1.3:102 Pa
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Fig. 8. Mass distribution with the additional coil
connected in series with main coils 1 —theoretical;
2 - real change of the target weight. 14 =10 A,
lgg=15A, and P = 1.3-102 Pa

30 +

® m1
£
515“
[
E10<

ol | [l n
wl - ;
a b & d e

Fig. 9. Mass distribution with additional coil connected
in opposite with main coils. 1 — theoretical; 2 — real
change of the target weight. I; =10 A, l,4¢ = -15 A, and
P=1310"Pa
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As can be seen, there is a significant deviation of the
mass deposited distribution from the Knudsen-
Lamberg’s law for all topographies of the magnetic
field. The relative deviation of the mass distribution
depends on the magnetic field configuration (Fig. 10).

vacuum. It is possible explain by the considerable
degree of ionization of the evaporated flow and by the
non-ideal source of metal vapor. The depositing layers
are metal film with a mirror surface, which is typical for
ions deposition. The obtained evaporation rates of

copper are from 20 to 30 g/h.
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Fig. 10. The percentage deviation of masseas.
1 — without additional coil; 2 — additional coil is
connected in series; 3 — additional coil is connected in
opposite

CONCLUSIONS

The discharge parameters, burning regimes of
vacuum arc and distributions of deposited flows were
studied for the three magnetic field configurations. The
analysis of distribution of the deposited streams on the
vacuum chamber walls were carried out. Itshows a
significant deviation of the distribution of masses from Article received 21.10.2016
Knudsen-Lamberg's law that describe evaporation in

BJIMSAHUE MATHUTHOT O MOJISI HA MTAPAMETPBI PA3PSIIA IBYXCTYIIEHYATOI'O
NCTOYHUKA TA3OMETAJJIMYECKOM IJIA3MBI

C.B. lllapwvui, B.b. IO¢gepos, M.O. Illgey, B.U. Tkaués, B.B. Kampeuko

[IpencraBneHsl pa3psiiHblE MapaMeTpbl U PEXUMBI TOPEHUS] BAKYYMHOHM IyT'M ABYXCTYIIEHYATOTO HMCTOYHHKA
ra30MeTaUIMIECKON TIIa3Mbl IS TPEX KOHPHUTIYpali MarHUTHOTO noJist. [IpuBeneHs! pacpeneneHns 0caXk1aeMbIX
MIOTOKOB, TOKOBBIE U BOJIbT-aMIIEPHBIC XapaKTEPUCTHKU pa3psaa, TOKOBBIE XapaKTEPHCTHKH JUIS 3JEKTPOIOB
OoTpakaTeNnbHOTO paspsnga n MumreHH. Hampsokenwe paspsga 30...150 B, paspsmasle Toku no 25 A. B razoBom
paspsiie HamycKaJicsl BO3AyX, U paspsAfoB B Mapax MeTajlla HCIOJib30oBajack Melb. IlomdyueHHbIE CKOPOCTH
ucnapenuss Menu Haxojsarcs Ha ypoBHe 20...30 r/4. MccnemoBaHusl IMOKa3ajiM CYIIECTBEHHOE OTKJIOHEHHUE
pacmpesieieHUsT  OCaXkJaeMbIX IIOTOKOB Ha CTEHKM BaKyyMHOW KaMmepsl OT 3akoHa Kuyncena-Jlambepra,
OTHCHIBAIOIIETO UCTIAPEHHE B BaKyyMe.

BIIJINB MATHITHOTI'O IOJIA HA MAPAMETPHU PO3PAAY ABOCTYIHEHEBOTI' O JXKEPEJIA
TA3OMETAJIEBOI IVIA3MHA

C.B. llapuii, B.b. IOgepos, M.O. Lllgeyw, B.1. Tkauoe, B.B. Kampeuxo

Hageneni po3psiaHi mapaMeTpy Ta peXXMMH TOPIHHS BaKyyMHOI JYT'H JIBOCTYIIEHEBOT'O JDKEpEIa ra3oMeTaleBol
TUTa3MU IS TPROX KOH(Irypamniif MarHiTHOTO ouist. HaBereHo po3moain ocaKyBaHHHIX HOTOKIB, CTPYMOBI 1 BOJIBT-
aMIepHi XapaKTePUCTHKH PO3PAAY, CTPYMOBI XapaKTEPUCTHUKU ISl €IEKTPOJIiB BiIOMBHOTO PO3pALy Ta MIIIEHI.
Hanpyra po3psiay 30...150 B, po3psiani ctpymu 10 25 A. Y ra3oBoMy po3psii HaIyCKaiu MOBITPs, ISl PO3PSIIIB Y
mapax MeTaly BHKOpHUCTOBYBasacst Mifgb. OTpHMaHi IIBHAKOCTI BHIIAPOBYBAHHSA MiAl 3HAXOIATHCA Ha PiBHI
20...30 r/roa. J{ociipKeHHST MOKa3aJIn ICTOTHE BIAXMJICHHS PO3IIOJITY OCa/PKyBaHHX ITOTOKIB Ha CTIHKHM BaKyyMHOT
KamepH Bix 3akoHy Knyncena JlamGepr, 110 onvcye BUTApOBYBAHHS Y BaKyyMi.
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