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In the current paper the results of a study of a volumetric high-current low-pressure discharge with a plasma
electron source are presented. The source was made on the basis of a hollow cathode with a gas-magnetron ignition
of the discharge and an auxiliary arc discharge for the cathode heating up to thermionic emission temperature. The
gas-discharge plasma was generated at a working gas pressure 0.1...1 Pa and hade an electron concentration of
10%9...(5x10%) cm in a volume of 0.1 m3. Also the volt-ampere characteristics, the ion current density distribution
in the working volume are presented for different discharge conditions. The plasma generator may be used in the
processes of ion-plasma technologies (oxidation, nitration in non-hydrogen media), as well as in energy-saving
technologies of combined ion-plasma processing of structural materials. An improved electron plasma source with a
hollow cathode will allow one to work in a wide range of discharge currents and also will be served for a large

operating life of devices.
PACS: 52.80.Mg

INTRODUCTION

At present, methods of plasma modification of the
structural materials surface (for example nitration and
oxidation) are intensively developed using arc as plasma
sources [1]. At the same time, unlike the glow
discharge, the arc sources provided more flexible
control of the technological parameters for the nitration
(oxidation) process, such as less ion spraying of the
processed materials and possibility to process items of
complex shape with holes of different diameters. Being
most energy-efficient, these methods allow generating
volumetric  plasma  with  parameters  (electron
concentration in plasma 10%...(5x10') cm3®) which
ensure acceptable heating and surface cleaning rates
during ion-plasma processing of materials.

Existing plasma generators based on an arc
discharge with a cold [2] or incandescent cathode [3, 4],
are not without shortcomings. In the first case, there are
a large number of micro droplets of cathode material in
the plasma stream. The separation of these droplets
leads to a decrease in the total process efficiency. In the
second case, the incandescent cathode has a limited
lifetime which riche up to tens of hours in an inert gas
environment and to tens of minutes in an atmosphere of
active gases, as a result of oxidation, as well as
sputtering by ions that come from the discharge gap. In
connection with this, the development of reliable
energy-efficient plasma generators with a long life
resource does not cease to be relevant.

CONSTRUCTION AND PRINCIPLE OF
ACTION

This paper presents the design and main
characteristics of a plasma generator based on a non-
self-sustaining low-pressure arc discharge with a plasma
electron source on the basis of a hollow cathode with
gas-magnetron ignition of the discharge and an auxiliary
arc AC discharge for cathode heating to thermionic
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emission temperature. A volumetric (main) arc
discharge was ignited between the plasma electron
source and the anode located in the vacuum (working)
chamber. In general, all plasma generators with
continuous action based on an arc discharge at low
pressure have considerable differences only in the
design of their cathode assembly.

To create an arc discharge in plasma generators,
cathodes are used that provide a current from a few to
hundreds amperes. The choice of material and geometry
of such cathodes have great influences on such
important properties of the plasma generator as the
service life, the time required for the source switching
on, operation stability, input power and so on. The
requirements become higher if there are active gases
(O2, Nz, Hz, CHgs, etc.) in the process of plasma
treatment.

In the arc discharge mode, plasma sources of
electrons based on a hollow thermionic emission
cathode [5] are the most reliable and durable. They may
operate not only in high but also in medium vacuum, at
pressure up to 10 Pa. One may define the source of
electrons with a plasma emitter as such electric
discharge device that generates plasma from which
electrons are injected into the working space, where in
turn volumetric (technological) plasma is formed.

The main difficulty in working with a thermionic
emission hollow cathode is ensuring of the discharge
initiation reliable, since the ignition voltage is
substantially higher than the voltage of the stable
discharge operation in a continuous regime. To do this,
it is necessary to create special devices for ignition and
heating of the hollow cathode to thermionic emission
temperature. There are several methods for heating the
hollow cathode to such temperature. In one of the
methods, a resistive heating of the hollow cathode is
used. In this case a voltage is applied to the ends the
cathode and while an electric current passes through it is
heated up to the thermionic emission temperature [6].

ISSN 1562-6016. BAHT. 2018. Ne6(118)

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2018, Ne 6. Series: Plasma Physics (118), p. 308-311.


mailto:khomich@iop.kiev.ua

This design is complex and insufficiently reliable, since
it requires a large current (more than 100 A) to be
supplied to the cathode. In another design, the hollow
cathode is heated to thermionic emission temperatures
due to an auxiliary high-frequency discharge [7]. This
requires a separate high-frequency generator, which
complicates the design of the cathode node and
significantly increases its cost.

As it was shown in [8], the most reliable is the
method in which the initiation of a hollow cathode
discharge and heating to thermionic emission
temperature is provided by a gas-magnetron discharge
in crossed electric and magnetic fields [9]. But due to
the fact that the working voltage of the magnetron
discharge exceeds 250 V, the main drawback of this
design is the intensive sputtering of the hollow cathode
as a result of bombardment it by ions with energy
greater than 200 eV. This reduces the lifetime of the
electron source. To improve the plasma source of
electrons with hollow cathode, its design was
modernized [10], which allowed to work in a wide
range of discharge currents and increased the operating
life time of the device. In the plasma source of
electrons, the hollow cathode is made of two electrically
independent parts, each of which is connected to the AC
power supply via an isolating transformer. This makes it
possible to warm the hollow cathode to thermionic
emission temperature due to the arc discharge of the
alternating current.

Fig. 1 shows the experimental setup of a plasma
generator with a plasma electron source for ion-plasma
technologies. The plasma source of electrons was
connected to the vacuum chamber 1 and consisted of a
cylindrical anode 2 with a hollow cathode on its axis.
The cathode was composed of two parts 3 and 4 (thin-
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Fig. 1. The scheme of the experimental setup:

1 — vacuum chamber; 2 — anode of the plasma electron
source; 3 and 4 — hollow cathode (consists of two
parts); 5 and 6 — the cathode reflectors; 7 — magnetic
system; 8 — emission aperture; 9 — plasma of the
volumetric discharge; 10 — anode of the main
discharge; 11 — probe
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walled tantalum tubes with a diameter of 4 mm and a
total length of 60 mm), with a gap of 1...2 mm between
them, and cathode reflectors 5, 6 attached to their ends.
A magnetic system 7 consisted of permanent annular
magnets, with a magnetic field on the B axis > 0.07 T,
and coaxially covered the anode. The upper reflector 5
hade a hole through which an inert gas (e.g. argon) was
fed to the cathode. The aperture 8 in the bottom
reflector 6 was used for extraction of the electron-
plasma flow 9 into the vacuum chamber. To measure
the plasma parameters (ion saturation current), a one-
way flat probe 11 was introduced into the side opening
of the vacuum chamber.

The gas-discharge device operated as follows. After
evacuating the working chamber (the total volume
100 liters) to a pressure of 102 Pa, an inert gas (argon)
was fed through a hollow cathode into the cylindrical
anode. Smooth adjustment of the gas flow rate was
realized by the leak wvalve in the range of
0.05...0.5 cm®/s. The gas pressure in the volume of the
working chamber was set within 0.1...1 Pa. The gas-
magnetron discharge in the crossed electric and
magnetic fields between the cylindrical anode and the
parts of the hollow cathode was ignited by the PS-1
power supply unit. The ignition voltage of the gas-
magnetron discharge did not exceed 800 V. Electrons
under the action of crossed fields rotated around the
cathode, which led to an increase in the probability of
electron collisions with inert gas atoms, ionization of
the gas and discharge combustion. Due to ion
bombardment, parts of the hollow cathode were heated.
The more the power of the magnetron discharge, the
more the cathode was heated. The voltage and current of
the magnetron discharge could be set within the limits
of Uqgis =250...550V and lgis=1...3 A respectively.
Fig. 2 shows the calculated temperature of the hollow
cathode (for our tantalum tube size), depending on the
heating power. When the temperature of the hollow
cathode reached 2300 K (dashed boundary in Fig. 2), a
minimum thermionic emission (with current density
0.2 Alcm?) was sufficient to provide ignition of the
auxiliary arc discharge between the cathode parts. Due
to the applied alternating voltage (an idle voltage was
160 V) from the power supply unit PS-2 through the
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Fig. 2. Dependence of the temperature of the hollow
cathode on the heating power
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insolating transformer between the parts of the hollow
cathode, an AC arc was ignited and as a result of its
power both parts of the hollow cathode were heated up
to higher temperature.

EXPERIMENTAL RESULTS

The current-voltage characteristic of the effective
voltage and current for the auxiliary arc discharge
(between two halves of the hollow cathode) and the
dependence of the power introduced into the discharge
on the current are shown in Fig. 3 (operating frequency
of power supply was 50 Hz, argon consumption —
0.15 cm?/s). In practice all AC discharge power went to
heating parts of the hollow cathode. With a discharge
voltage of 35...60 V and current in the range of 5...20 A,
the parts of the cathode were heated up to a temperature
of 2800 K. It provided the level of electron current
emission from the cathode more than 10 A/cm?. By
injecting charged particles from the hollow cathode into
the discharge gap, a reliable arc ignition and stable
combustion of a volume arc discharge in the vacuum
chamber between the anode of the main discharge 10
and parts of the hollow cathode from the discharge
power supply unit PS-3 (see Fig. 1) was ensured. After
this, the auxiliary magnetron discharge was turned off to
prevent intensive sputtering of the hollow cathode. It is
well known that the sputtering mainly occurs due to ion
bombardment of the cathode material (self-sputtering).
The cathode sputtering rate is proportional to the current
strength and the square of the discharge voltage, and is
practically independent of the kind of gas fed into the
discharge gap [11]. In our cases the reduction of the
discharge voltage below 100 V led to a sharp decrease
in the cathode sputtering speed, which increased the
durability of the cathode and significantly reduced the
flow of pollutants. The combustion voltage of the
auxiliary arc discharge between the parts of the hollow
cathode was less than 55V, and the magnetron
discharge was more than 250 V. Thus, the intensity of
sputtering in the arc discharge decreased, which
considerably increased the durability of the plasma

65 - - 1050

4750

o
a
L

@
o
N

-1 600

-450

Power, W

N
o
L

<300

©
[
L
1

160

Discharge voltage, V

w
o
o

Discharge current, A

Fig. 3. 1 — Volt-ampere characteristic of the auxiliary
arc discharge (between the two halves of the hollow
cathode);

2 — the dependence of the power introduced into the
discharge
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electron source. Fig.4 shows the volt-ampere
characteristics of a volume arc discharge with argon as
plasma forming gas (flow rate 0.15 cm®s) for the case
of the switched-off (curve 1) and activated (curve 2)
auxiliary arc discharge for heating of the hollow
cathode. In case when the auxiliary discharge was
switched off, the volume arc discharge changed over to
the mode of self-heating hollow cathode, where its
heating was produced due to ion bombardment from the
plasma situated inside the cathode cavity. In this case,
the burning voltage of the discharge increased and the
cathode sputtering also increased. In the case of an
auxiliary arc discharge, the burning voltage of the main
discharge was less, and the discharge itself had a high
stability, especially at a high current (more than 30 A).

In Fig. 5 the spatial distributions of the density of the
ion saturation current per probe are shown for two
distances from the cathode. The probe was disposed in
the cross section at a distance of 90 and 180 mm from
the cathode. If the parts under treatment are not large in
size and located along the perimeter of the working
chamber, then the ion-plasma effect will not be
inhomogeneous on them by more than 25 %. The
heterogeneity of the parts can be reduced by using a
planetary drive.

The plasma generator based on a non-self-sustaining
low-pressure arc discharge was tested with argon and
nitrogen as plasma-forming gases (the reactive gas was
fed directly to the working chamber) with a discharge
operating current in the range 5...50 A. The results of
testing of the plasma generator with a plasma electron
source showed high reliability, stable operation in all
range of operating current and an increase in the service
life of the device as a whole.

CONCLUSIONS

A plasma generator based on a volume low-pressure
arc discharge with a plasma electron source made on the
basis of a hollow cathode with a gas-magnetron ignition
of the discharge and an auxiliary arc discharge for the
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Fig. 4. Volt-ampere characteristics of volumetric arc
discharge:

1 — auxiliary discharge is turned off; 2 — auxiliary discharge

is switched on (discharge current is 12 A
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TEHEPATOP OBbEMHO¥ I1JTA3MbI HU3KOI'O JABJIEHMSI C IIVIA3SMEHHBIM UICTOYHUKOM
SJIEKTPOHOB
B.A. Xomuu, A.B. Paoues, B.I'. Hazapenxo

[TpuBeneHb! pe3ysIbTaThl KCCIIEA0BaHUS 00bEMHOTO CHIILHOTOYHOIO pa3psiia HU3KOTO JaBJICHHS C IIa3MEHHBIM
MCTOYHHMKOM DJICKTPOHOB, BBIIIOJHEHHBIM Ha OCHOBE IOJIOTO KaToJia ¢ ra30MarHeTPOHHBIM 3a)KMI'aHHEM paspsiia U
BCIIOMOTaTEJIbHBIM JAYTOBBIM pa3psioM JUIsl pa3orpeBa KatoJa 10 TEPMOIMHUCCHOHHBIX TemIiepaTyp. ['a3opaspsHas
masMa, TeHepupyeMas Ipu jgaBieHun pabodero raza 0,1...1TJa, uMeeT KOHICHTPALHMIO BIICKTPOHOB
10%°...(5-10") cm® B obweme 0,1 Mm% IIpeicTaBneHbl  BOJNBT-AMIEPHBIE XAPAKTEPUCTUKH, 3aBUCHMOCTH
pacrpezeneHus IIOTHOCTH HOHHOTO TOKa B pabdoyeM o0beMe OT yciaoBHil paspsja. [lnasmoreneparop MoxeT ObITh
UCIIONB30BaH B MPOLECCaX MOHHO-TUIA3MEHHBIX TEXHOJOTHH (OKCHAWPOBAHHUS, a30THPOBAHHA B OE3BOIOPOIHBIX
cpenax), a TaKKe B DHEProcOeperarolinX TEXHOJNOTHAX KOMOWHHUPOBAHHON HWOHHO-TUIA3MEHHOH 00paboTKH
KOHCTPYKLIMOHHBIX MaTe€pUalioB. Y COBEpPIICHCTBOBAHHBIN IJIa3MEHHBIH MCTOYHUK JIEKTPOHOB C IIOJIBIM KaTOAOM
MO3BOJIUT PabOTaTh B MIMPOKOM JIMATIA30HE Pa3PsAHBIX TOKOB U ¢ OOJBIINM pab0IiM PECYPCOM YCTPOMCTBA.

TEHEPATOP OB'€MHOI IJTA3MHU HU3bKOT'O TUCKY 3 IJIASMOBUM JI)KEPEJIOM
EJIEKTPOHIB
B.O. Xomuu, A.B. Paoues, B.I'. Hazapenxo

HaBeneHo pe3ynbTaTd AOCHTIHKEHHS 00’€MHOTO JIYyTOBOTO PO3PSIY HHU3BKOTO THCKY 3 IIa3MOBHM JIKEPEIOM
€JIEKTPOHIB, BHKOHaHMM Ha OCHOBI IOPOXXHHUCTOTO KaroJa 3 TIa30MarHEeTPOHHUM 3alallOBaHHIM pPO3pPSIy i
JOTIOMDKHUM JyTOBHM pPO3PSAIOM U PO3IrpiBy MOPOXHHUCTOTO KAaTOXy /OO TEPMOEMICIHHHX TeMIeparyp.
Tazopospsiana miazma, yTBOpIOBaHa TpW THCKax pobodoro razy 0,1...1Tla, mMae KOHIICGHTpAIlilO EIEKTPOHIB
10%...(5-10") cm® B 06’emi 0,1 M®. Haziano BONLT-aMIEpPHi XapaKTEPUCTHKM Ta 3aJIeKHOCTI PO3NOLIY T'yCTHHU
1OHHOTO CTpYMY B pobodoMy 00’eMi BiJl yMOB po3psay. [1nmazmoreHeparop Moxe OyTH BUKOPHCTaHUH B Ipolecax
IOHO-TIA3MOBMX ~TEXHOJIOTIH  (OKCHIyBaHHs, a30TyBaHHS B OE€3BOJHEBMX CEpENOBHINAX), a TaKOX B
eHeproz0epiralounx TEXHOJOriAX KOMOIHOBaHOI 10HHO-TIIIA3MOBOI OOpPOOKM KOHCTPYKIIMHUX —MaTepiaiiB.
BrockoHaneHe mia3MoBe JDKEPETIO EJIEKTPOHIB 3 MOPOKHUCTHM KaTOJOM O3BOJMThH MPALIOBATH B LIMPOKOMY
Jiara3oHi po3psHUX CTPYMIB 1 3 OUIBIIUM POOOYNM PECYPCOM IPHCTPOIO.
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