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The operation of a cylindrical plasma accelerator with an anode layer in the mode of ion space charge accumula-
tion and the use of an ion flow accelerated by a space charge is investigated. In particular, the presence of high-
voltage and diffusion modes with the formation of a secondary flow has been established. The output plasma flow
current can reach 70% of the discharge current on the anode layer. The relationship between the connection scheme
of the additional independent cathode and the plasma source parameters is shown.
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INTRODUCTION

Hall current plasma sources are popular among re-
searchers due to their simple design and high reliability
of plasma generation in a wide range of conditions. [1,
2] Sources of this type can have different designs, but
all of them have the advantage of volumetric accelera-
tion of ions from the ionization zone and the absence of
output grids that should form an accelerated ion flow.
[2] Among the sources with a closed current of elec-
trons, the simplest by design are the sources with an
anode layer (ALT). They can be useful both in outer
space and in the technological processes of modifying
the surface properties of materials or producing a mod-
ern element base of radio electronics [1-5]. These
sources scale well for processing surfaces with large
linear dimensions [6], but sometimes there is a need to
process targets with a significant diameter. A typical
accelerator with an anode layer is not suitable for such
tasks. Previously, we created a source of a cylindrical
plasma flow with its two-stage formation [7]. The pecu-
liarity of the source is the ionization of the working gas
in the anode layer on the periphery of the beam diame-
ter, the accumulation of space charge in the main part of
the volume of the beam formation and the formation of
the beam itself by the space charge field. We also
showed that there is a connection between the character-
istics of the discharge with the anode layer and the char-
acteristics of the cylindrical flow that is formed.

Such a source of ion-plasma flow can be well scaled
to generate flows of different diameters and is interest-
ing for further research and optimization.

In the paper, we investigate the characteristics of the
source in conditions when the working gas is injected
along the axis of flow formation. Such a scheme is not
typical for sources with an anode layer and may not be
optimal. However, this version of the gas feed automati-
cally excludes the problem of the formation of two op-
positely directed plasma flows from the volume of the
device. Also, such gas feed simplifies the design of the
plasma source.
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1. EXPERIMENTAL DEVICE
AND DIAGNOSTICS

The experimental device was placed inside a cylin-
drical vacuum chamber with a diameter of 500, a length
of 700 mm and a volume of 140 |. The chamber was
galvanically connected to the ground. The chamber also
contained:

— holders made of insulating material (poly-methyl
methacrylate), the design of which made it possible to
move the device along the chamber, as well as to center
it at the chamber axis;

— computer-controlled moveable table (minimum
step size along the chamber is 1 mm) for placement of
diagnostic devices required in the investigations (mag-
netic and Langmuir probes, collectors, optical elements,
etc.).

The chamber was evacuated through a diaphragm
with a regulated opening by a steam-oil pump with a
speed of 2500 I/s. Minimum residual pressure in the
chamber was about 8-:10°° Torr. For the regulated supply
of argon into the device, gas feeder SNA-2 was used.
Gas pressure inside the chamber was measured by
means of vacuum gauge VIT-2.
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Fig. 1. Scheme of experimental device: 1 — probe;
2 — “external” cathode; 3 — anode; 4 — cylinder;
5 — “internal” cathode; 6 — gas feed system;

7 — magnetic system; 8 — dielectric flanges
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Anode 3 of the device with an internal diameter of
67 mm and a length of 55 mm was located in the middle
of a quartz cylinder 4 with an internal diameter of
95 mm and a length of 150 mm (Fig. 1). The “inner”
cathode 1 consisted of 6 rods with a diameter of 3 mm
arranged in a circle at a certain distance from the inner
surface of the anode. The role of the “external” cathode
2 was performed by a metal ring with an inner diameter
of 65 mm and a height of 20 mm. Both cathodes were
mounted on dielectric flanges 8. Argon was fed into the
middle of the device through a system 6 with grids for
laminarization of the gas flow. The argon pressure in the
chamber varied within (0.4...6)-10" Torr (according to
estimates, the argon pressure in the device cavity was
approximately 1.5...2 times higher). The magnetic sys-
tem 7 on permanent magnets created a magnetic field in
the gap between the cathodes 1 and the anode with a
magnitude of 650...700 Oe.

When conducting experimental studies, the pulse-
periodic mode of operation of the power source was
used in order to prevent overheating of the elements of
both the source itself and the discharge system. This
mode was provided by cutting 1, 2 or 4 consecutive
voltage oscillations of the standard (50 Hz frequency)
power net, which were repeated with a period of 0.5, 1
or 2 s. The mode with 4 oscillations and a repetition
period of 2 s was most often used in the experiments.
The maximum amplitude of voltage pulse was 4.5 kV,
and the maximum current was up to 1 A.

When studying the properties of the device, the am-
plitude values of the voltages and currents of the cath-
odes 1, 2 (Ug, Ue, le1, lcp, respectively), anode voltage
U,, total anode current Iy, and the current I outcoming
from the device to the chamber were measured for dif-
ferent argon pressure values and resistances R1, R2. As
well, floating potential amplitudes Us in the plasma out-
side the discharge volume were measured by means of
Langmuir probe 8 located near the cathode 2.

2. EXPERIMENTAL RESULTS

During the research, the pulsed voltage from the
power source was applied to the discharge anode rela-
tively to the grounded chamber. It was established that
with the described configuration of the electrodes of the
device, the discharge was ignited only when the cathode
2 was connected to the chamber via a resistance of ap-
proximately 100 kQ or less. Also, during the research,
cathode 1 was connected to the grounded chamber
through resistance R2 of different magnitudes. This
made it possible to “raise” the potentials of the cathodes
during the discharge glow to simulate the operation of
the device in free space. The study of the characteristics
of the device was carried out using resistances R1, R2
with a value from several hundreds of ohms to tens of
kilohms. This article presents the results of researches
performed using R1, R2 with values of 820 Q and
10 kQ in various combinations of their connection to
cathodes 1 and 2.

The discharge was ignited at a pressure of
~4-10"° Torr and existed in two modes — low-current
and high-current. Typical current-voltage U.-l4 charac-
teristics (CVC) of the discharge in these two modes are
presented in Fig. 2. (When discussing the processes that
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take place in the device, it should always be borne in
mind that in reality the discharge voltage, i.e. the poten-
tial difference between the anode and the cathode can be
much lower than the voltage at the anode). In the low-
current regime, which existed only at pressures less than
Per = (6...7)-10”° Torr, the maximum discharge current
I (that is, the current through both cathodes I +l¢,) did
not exceed a few milliamperes at the maximum anode
voltage U, about 4 kV. In this mode, the glow of the
discharge was observed mainly in the gap between the
cathode rod 1 and the anode and on the axis of the sys-
tem. The current-voltage characteristic of this discharge
was weakly dependent on the combination of resistance
values in the circuits connecting the cathodes to the
grounded chamber.
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Fig. 2. Typical current-voltage characteristics of the
discharge in different glow modes: 5-10° Torr (a);

3.6:10 Torr (b). R1 = 820 Q, R2 = 10 kQ

When the threshold pressure Py, is exceeded, the
discharge switches to high-current mode — in the range
of pressures up to ~ 1-10° Torr, the discharge current Iy
increases sharply from a few milliamperes to
~ (100...200) mA. At further pressure increase the dis-
charge current growth rate decreases. In general, all
measured dependencies lg, Ug, I, Ugy, Ueo, lc1, lcp ON ar-
gon pressure were to a greater or lesser extent a function
of the values of the resistances R1, R2. Some peculiari-
ties of the influence of the values of these resistances on
the dependence of the measured values on argon pres-
sure will be discussed in more detail below.

An increase in argon pressure also leads to a change
in the spatial distribution and brightness of the discharge
plasma glow. As the pressure increases, both the dimen-
sions (diameter and length) and the brightness of the
glow on the axis of the system increase. The color of the
plasma glow also changes. At a pressure of
~ 510 Torr, the exit of this spindle-shaped glow be-
yond the plane of the dielectric flange with the cathode
2 is observed.
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An example of the glow nature of the discharge
plasma in the high-current mode is presented in Fig. 3 (a
Langmuir probe for measuring the floating potential is
visible in the foreground). As can be seen from Fig. 3,3,
the brightness of the glow of the central part significant-
ly exceeds the brightness of the glow of the surrounding
space. This indicates that in this regime the processes of
ionization and excitation of argon atoms mainly occur
on the axis of the system.

The bright ring-like glow near the surface of the
quartz cylinder is associated with the presence of two
cusps (zero strength regions) in the magnetic field of the
device [8] (these cusps are at a distance of 15 mm from
the inner surface of the dielectric flanges). The presence
of these cusps leads to the exit of magnetized electrons
to the surface of the quartz cylinder and the formation of
virtual cathodes during the discharge glow in the high-
current mode. It should be noted that a separate article
will be devoted to a more detailed study of the role and
influence on the discharge parameters of these virtual
electrodes. And now we only note that the formation of
these virtual cathodes plays a significant role in the gen-
eration of plasma flows that are injected outside the
device.

Fig. 3. Photos of the discharge plasma glow at argon
pressure 3.5-10™Torr viewed at different positions: from
the end (a);
at an angle of~45° to the system axis (b)

Let us consider how different combinations of re-
sistance values R1, R2 affect the values and dependence
of the amplitudes of the discharge device parameters on
the argon pressure. As can be seen from Fig. 4, regard-
less of which cathodes are connected to the resistors of
820 Q and 10 kQ, voltages U,, U; in both cases show
practically the same behavior and the value. In both
cases, with increasing pressure, U, monotonically drops
from ~ 4 to ~ 1.7 kV (with a bend near ~ 1-10™ Torr),
and U; first increases sharply, reaching a value of
~ (1.6...1.7) kV at a pressure of ~ 1-10* Torr, and then
(synchronously with U,) decreases to ~1.2kV. The
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initial increase in Us is due to the fact that the plasma
density near the probe (that is, outside the device) in-
creases simultaneously with the pressure. As a result,
the potential of the floating probe begins to be “linked”
to the potential of the anode U,. And starting from a
certain pressure, the potential of the probe changes syn-
chronously with the change in U,.
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Fig. 4. Dependencies of amplitude values of the
discharge parameters I, I, U,, U on argon pressure:
RI =820 Q, R2 =10k (a);

RI =10kQ, R2 =820 Q (b)

At pressure ~(1...1.5)-10* Torr in both cases,
changes also occur in the behavior of 14 and | — their
growth rates decrease with pressure. Whereas in subse-
quent the linear nature of the growth of the outcoming
current | is preserved, then the discharge current Iy at
pressures greater than ~ 3.5:10 Torr begins to decrease.
The decrease in Iy and the simultaneous increase in |
compensate for each other, so that the full anode current
lsum remains at the same level.

The probable reason for such an effect may be the
following. The increase in the value of | with increasing
pressure means that the plasma from the device spreads
further and at a certain moment collides with the
grounded walls of the chamber. The density, as well as
the potential of this plasma, can be high enough to cre-
ate a sufficiently strong electron current from the walls
of the chamber due to ion-electron emission. Since in
the pressure range ~ (3...5)-10™ Torr the value of the
anode voltage U, changes weakly with pressure, then to
maintain the value of Iy, at a certain level in the pres-
ence of current from the walls, the need for current from
cathodes 1, 2 decreases.

It should be noted that starting from such a critical
pressure P., when the further increase in pressure is
accompanied by an increase in the value of | with a
simultaneous decrease of the current Iy, the plasma flow
coming outside the device cannot be considered free. In
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other words, at such pressures, it is necessary to take
into account the effect of charged particles emitted from
the surface of the chamber on the operation of the de-
vice itself.

In general, as can be seen from Fig. 4, in both cases
the outcoming current | is about 70% of the discharge
current lg, but in the case of the option of connecting
R1 =820 Q, R2 = 10 kQ, it is possible to obtain about
30% more outcoming current.

As already noted above, the discharge voltage, that
is, the potential difference between the anode and the
cathode (cathodes), can be much smaller than the anode
voltage U,. This is clearly visible from Fig. 5,b, which
shows the dependences of the amplitude values of the
potentials of the anode and both cathodes on the argon
pressure at the same values of R1, R2 = 10 kQ. It can be
seen that despite the identical values of R1 and R2, the
potentials of the cathodes U, and U, are not signifi-
cantly different.
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Fig. 5. Dependencies of amplitude values of the
discharge parameters: lg, I, lct, Ieo (2); Ua,, Ucr, Ueo
on argon pressure (b). R1 = 10 kQ, R2 = 10 kQ

Comparison of Figs. 4,a, and 5,a shows that the ap-
plication of a symmetrical cathodic load significantly
affects the behavior of the device parameters. Thus, in
contrast to the asymmetric loading of cathodes, with
symmetrical loading, the plasma flow to the outside of
the device is practically absent up to a pressure of
~3:10™ Torr. When the pressure increases above this
threshold, the outcoming current | increases sharply,
reaching about 80% of the discharge current at
4-10" Torr. With a further increase in pressure, magni-
tude of the current I decreases rapidly.

In the case of symmetrical connection of resistances
R1, R2, the maximum value of the outcoming current
both in relation to the discharge current and in absolute
value are generally close to the values of I in the case of
asymmetrical connection.
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SUMMARY

The performed study shows the possibility of form-
ing a large-diameter plasma flow in a source with sepa-
ration of ionization zones and flow formation due to the
accumulated space charge. The output current can reach
up to 70% of the discharge current and depends on the
discharge conditions. The obtained results also show the
dependence of the flow formation on the potentials of
the cathodes, which are electrically independent. This
demonstrates the possibility of independent control of
the energy of the ions in the flow regarding to the poten-
tial in the discharge with the anode layer.

The working gas supply scheme used is not optimal
from the viewpoint of gas efficiency. However, this
issue is not a key in technological applications. At the
same time, this scheme simplifies the design and opera-
tion of the source. The issue of effective control of the
ion energy in the flow regardless of the main discharge
voltage remains unsolved. The outlined problems will
be the subject of further research, as well as the opera-
tion of the source in the mode with the working gas feed
through the anode.

The work is supported by grant 1.4. B/215 of the Na-
tional Academy of Sciences of Ukraine.
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JABOCTYIIEHEBE J’KEPEJIO IIVIASMMU JJIs1 TEHEPYBAHHSA
MU POKOMAIITABHOI'O TPOMEHA

B.IO. basxcenos, A.M. /lobposeonsvcokuii, B.B. Ilionko, B.M. ITiyn

JocmimkeHo poO0Ty MITIHAPUYHOTO IJIA3MOBOTO HPUCKOPIOBAYa 3 aHOAHHUM IIAPOM Y PEKUMI HAKOMTMYEHHS
00’eMHOTO 3apsTy i0HIB Ta BAKOPUCTAHHS ITOTOKY 10HIB, IPUCKOPEHOTO 00’ €MHIM 3aps1oM. 30KpeMa, BCTAaHOBIICHO
HasBHICTH BHCOKOBOJIBTHOTO Ta TU(PY31HHOTO peKUMIB 3 YTBOPEHHSIM BTOPHHHOTO MOTOKY. CTpyM BHXiIHOTO IIIa-
3MOBOT'0 OTOKY MoOKe csiratu 70% po3psAHOro CTpyMy Ha aHoAHOMY miapi. [Toka3aHo 3B’S30K MK CXEMOIO MiJK-
JIFOYEHHS IOJaTKOBOTO HE3aJIeKHOTO KaTo/d Ta NapaMeTpaMy IJ1a3MOBOT'0 JDKEpena.
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