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It has been established that the electric field in the plasma of a high-voltage, low-pressure discharge in argon
with a hollow cathode, which is ignited by injection of a plasma bunch, can reach ~ 10° Td. The dependence of the
radial electric field on the argon pressure has been found. The fact of the presence of a group of electrons with an
energy of more than 80 eV in the near-axial region of the cathode has been established.

PACS: 52.80.-s, 52.80.Hc
INTRODUCTION

Reducing the content of microdroplets in the flows
of “metal” plasma from vacuum-arc discharges used to
create various coatings allows significant quality im-
provement of these coatings. Although the removal of
microdroplets larger than = 1...2 pm from plasma flows
is achieved by fairly simple methods, the removal of
microdroplets of smaller sizes is a rather complicated
task. One of the approaches to reducing the number of
microdroplets with sizes =~ (0.1...1.0) um is their evapo-
ration when passing through an additionally created gas
discharge plasma. It was shown in [1] that the use of
pulsed hollow cathode (HC) discharge plasma in argon
allows to reduce the number of Ti microdroplets with
sizes = (0.1...0.6) um by several times. The studies
conducted in [2] allowed us to establish the dependence
of plasma parameters (density, electron temperature) on
the type of power source used (voltage source or current
source) and argon pressure. In particular, it was found
that at the same specific power in the discharge the tem-
perature of plasma electrons of the discharge, which
was powered by a voltage source, was several times
higher than in the case of using a high-impedance power
supply, and could reach = (40...50) eV.

The purpose of the presented research is a further
study of such kind of HC discharge, particularly, estab-
lishing of spatial-temporal dependences of electric field
strength in the discharge plasma by probe methods and
determining dependences of the EEDF on the discharge
parameters by means of optical emission spectroscopy.

1. EXPERIMENTAL DEVICE
AND MEASUREMENT METHODS

Fig. 1 shows the block diagram of the experimental
device. Cylindrical hollow cathode (HC) with an inner
diameter of D =120 mm and a length of L = 220 mm
was placed inside a quartz cylinder. The ends of the HC
were closed with diaphragms under a floating potential
— on the side of the vacuum-arc discharge an input met-
al one under a floating potential with a 30 mm hole, and
on the other side — an output glass one with a hole with
a diameter of 50 mm.

This entire device was located inside a grounded
vacuum chamber. The anode of the hollow cathode dis-
charge was both the grounded anode of the arc dis-
charge and the wall of the metal chamber.
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Fig. 1. Scheme of the experimental device

During the research, the pressure of argon P in the
cathode varied within (3...12)-10? Pa.

Low impedance pulse DC power supply with repeti-
tion rate 0.2...10 Hz of voltage/current pulses with a
duration of 5 ms with maximum values of voltage and
current of 10 kV and 5 A, respectively, was used. The
diagrams of discharge current and voltage are shown in
Fig. 2.

The device worked as follows. At the moment of
time t = 0, a vacuum-arc discharge was ignited with a
current of 120 A and a peak duration of about 0.1 ms
(the frequency of current pulses was 1 Hz) and the flow
of Ti plasma with an energy of = 20...30 eV began to be
injected into the cathode cavity. The voltages on the arc
and HC were synchronized in such a way that the arc
discharge with its back front ignited the HC discharge.
The HC discharge ignition voltage was about
1.5...2.0kV depending on the argon pressure in the
chamber.

Plasma parameters were measured using three pairs
of single Langmuir probes located at a radius of 10 and
40 mm at distances of 40, 110, and 180 mm from the
input metal diaphragm (these probes were also shifted
by an angle of 120° from each other). The probes were
made of tungsten wire with a diameter of 190 um, and
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the length of the receiving part was 5 mm. A Siglent
SDS 1104X-E oscilloscope was used to obtain the time
dependences of the probes floating potential at different
argon pressure and discharge current.

Plasma emission spectra were studied using a CCD
spectrometer SL40-2-2048 in the wavelength range of
400...900 nm with a resolution of about 0.5 nm. The
design of the optical system provided spatial scanning
of the emission detection zone along the radius of cylin-
drically symmetric plasma device (see Fig. 1) by radial
move of the optical waveguide assembly used for deliv-
ery of the radiation to the spectrometer input. The
waveguide had an effective input diameter of about
0.4 mm. The projection of the radiation reception zone
onto the entrance of the waveguide was carried out us-
ing a lens with a focal length of 105 mm and a relative
aperture of 1:4.5. Note that the effective value of the
later was limited to about 1:8 due to the angular aperture
of the waveguide. The length of the optical path from
the lens to the center of the discharge system was about
1000 mm, which provided an effective diameter of the
perception zone of about 5 mm with its effective length
of about 200 mm for the correct measurement of trans-
verse distributions inside the discharge area. The data
for each point of the spatial distribution were acquired
for 5 consequent discharge pulses so that the effective
exposure time for the plasma emission was about 15 ms.
The whole spatial distribution consisted of 200 points
recorded with a step of about 0.5 mm so that an overall
registration duration was about 15 minutes. Obtained set
of the emission spectrum data was stored in a file using
the spectrometer software for further processing.

2. EXPERIMENTAL RESULTS

Probe measurements at radii R = 10, 40 mm and dis-
tances L = 40, 110, 180 mm showed that the value of
the floating potential Uy at different points in space de-
pends in a complex way on the discharge duration t and
the argon pressure. This is especially true for the tem-
poral behavior of U; at distances L = 40 and 180 mm,
i.e. near the holes in the diaphragms that limit the vol-
ume of the hollow cathode. Not least, this is due to the
fact that namely through these holes the fast (g ~ eUy)
electrons accelerated in the cathode layer flow out of the
HC volume.

For illustration, Fig. 2 presents typical diagrams of
discharge current Iy and voltage Uy and time depend-
ences Us of two probes in the middle plane of the hol-
low cathode. As can be seen, the discharge voltage Ugq
during discharge glow remains practically constant, and
the time dependences Us on both probes generally repeat
the time dependences of the discharge current. Both |4
and Us reach their maximum values at t = 1.25 ms. Ap-
proximately at the same time point of discharge glow,
the values of U; of the probes reach their maximum val-
ues at other distances L and argon pressures. An in-
crease in argon pressure leads to a decrease of Uy value.
It should be noted that it is at this time point t that the
temperature of the electrons of the discharge plasma
reaches its maximum values, in particular, at a pressure
P = 4.107 Pa the value T, is ~ 40 eV [2].

The values of the floating potential of different probes
Ur at an argon pressure of 55-102Pa for the time

t = 1.25 ms are presented in Fig. 3. As can be seen from
this figure, as one moves from the entrance to the inner
volume of the HC (i.e., from L = 40 mm to L = 180 mm),
the difference in the floating potentials of the probes at
radii of 10 and 40 mm decreases and, accordingly, the
radial electric field in the plasma Eg in the spatial gap
between these probes from ~ 35 to 10 V/cm (or E/N
from ~ 3-10° to ~ 1-10° Td). In addition, as can be seen
from this figure, the radial electric field Eg in different
sections of the HC not only has a different magnitude,
but also changes its direction.

The measurements also showed that the magnitude
of the longitudinal electric field E,, is approximately the
same as Eg.
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Fig. 2. Diagrams of HC discharge current
and voltage; time dependences of floating potential Us
at different radii R = 10 and 40 mm at distance
L =110 mm. P =5.5-10% Pa
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Fig. 3. Floating potential values Us for the probes
at a time point t =1.25 ms at different distances L.
P=5510%Pa

Such a high value of the reduced electric field
E/N = 10° Td in the plasma of the studied discharge with
HC is a very interesting fact, since in a conventional dis-
charge with a hollow cathode the reduced electric field
E/N is ~ (1...10) Td with a much lower average electron
energy, which varies within = (2...4) eV [3 - 6]. That is,
if in a conventional discharge with HC the main role in
heating the plasma electrons is played by fast electrons e;
accelerated in the cathode layer, and the electric field has
a negligible effect, then in the case of the studied dis-
charge the situation is much more complicated. Most
likely, the electron distribution function has a local
character and is in equilibrium with the electric field.
This question can only be answered correctly by con-
ducting detailed measurements of the spatial distribu-
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tions of both the electric field in the plasma and the
EEDF form (or at least T). But the first step in this di-
rection can be a rough estimate of the spatial behavior
of the EEDF form by optical emission diagnostics
methods. For this purpose, the approach used in [7] was
used. With this approach, the spatial behavior of the radi-
ation intensity of individual Arl and Arll lines is investi-
gated, for which it is possible to estimate the range of
electron energies participating in the excitation of the
corresponding levels. In this article, we will limit our-
selves to only some Arll lines that can give us infor-
mation about the behavior of the group of fast electrons
with energies above 35...37 eV. For this purpose, the
behavior of the intensity of the Ar Il lines A = 487.98 nm
(transition 4s 2P3/2 — 4p ?D%,, Eth = 35.44 eV) and A =
413.17 nm (transition 4s” Dy, — 4p 2P°y,, Eth = 37.17 eV)
was considered (data for these lines are taken from [8]).

For a more complete understanding of the electron
energy range that makes the main contribution to the
population of the Arll 4p 2D%;, 487.99 nm and Arll
4p ?P%,, 413.17nm levels, their excitation rates
Qe(e)f.(e)e®° were estimated, where Qq(¢) is the excita-
tion cross section of the corresponding level, f,(¢) is the
electron energy distribution function. The estimates
were made for the electron temperature T, = 40 eV as-
suming the Maxwellian EEDF f(¢)

f(£) = =T, ee ",

NS

which is normalized such that
_[0 f,(¢)de=1.

The obtained dependences of Qe(e)fs(e)e
electron energy ¢ are presented in Fig. 4.
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Fig. 4. Excitation rates Qe(e)fe(e)e”” for Arll 4p D%
487.99 nm and Arll 4p ?P°, 413.17 nm levels
for T,=40eV

As can be seen from this figure, the energies of the
electron groups that make the main contribution to the
excitation of these levels are somewhat different. If the
main contribution to the excitation of the Arll 4p ?D%,,
487.99 nm level is made by a group of electrons with
energy in the range € ~ (40...80 eV), then in the case of
the Arll 4p °P%,, 413.17 nm level — a group of more
energetic electrons with energy in the range
€~ (50...120 eV).

Let us now consider the radial dependences of the
radiation intensity of the Arll 4p 4p D%, 487.99 nm
and Arll 4p” ?P°, 413.17 nm lines obtained at different

argon pressures (Fig. 5,a,b). (When considering the ob-
tained radial dependences of line intensities, it should be
borne in mind that the obtained spectra are averaged not
only over time, but also over the thickness of the dis-
charge plasma L = 220 mm).
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Fig. 5. Averaged over time and observation line radial
dependences of intensities of the emission lines
for Arll 487.99 nm (a) and Arll 413.17 nm (b)
at different Ar pressure

The first thing that catches the eye when comparing
the dependences in Fig. 5,a,b is the different nature of
the change in the shape of the radial distribution of radi-
ation intensities with a change in pressure. (A sharp
drop in intensity at R > 50 mm in both cases is associat-
ed with the dark cathode space). The radial dependence
of the Arll 487.99 nm radiation intensity at all pressures
has practically the same triangular shape and a change
in pressure leads only to a change in the intensity value.
At the same time, in the case of Arll 413.17 nm radia-
tion, the shape of the radial dependence of the radiation
intensity also changes when the argon pressure changes.
At a pressure of 3.7-10° Pa, two sections can be distin-
guished in the dependence — a sharp drop in the radia-
tion intensity with an increase in the radius R from
0 mm to =~ 10 mm and a much slower drop in the inten-
sity at R > 10 mm. Increasing the pressure first leads to
a “blurring” of the bend at R = 10 mm, then to its disap-
pearance at a pressure of 8.9-10% Pa. The most likely
reason for such a difference in the behavior of the radial
dependences of the radiation intensity of these lines may
be related to the dependence of the shape of the EEDF
on both R and the argon pressure.
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At a low pressure of 3.7-10° Pa, radial dependence
of the radiation intensity of the Arll 413.17 nm line with
a bend at R = 10 mm may indicate the presence of an
“excess” of electrons with an energy of more than
~ 80 eV in the EEDF in the near-axial region compared
to the EEDF at larger values of R. Increasing the argon
pressure leads to “cooling” of the EEDF, i.e., to a de-
crease in the content of the most high-energy electrons.
That is, such “cooling” will primarily affect the EEDF
in the near-axial region of the cathode. Thus, the de-
pendence of the EEDF shape on the radius weakens,
which leads to a smoothing of the shape of the radial
dependence of the Arll 413.17 nm line.

Since in the case of Arll 413.17 nm line radiation,
electrons with energy less than ~ 80 eV play the main
role in excitation, the shape of radial dependence of the
intensity will practically not change with increasing
pressure.

CONCLUSIONS

Some features of the low-pressure discharge plasma
in argon with a hollow cathode, which is ignited by in-
jection of a plasma clot, have been established. In par-
ticular, it has been established that the electric field in
the plasma can reach ~ 10° Td. The fact of the presence
of a group of electrons with an energy of more than
80 eV in the axial region of the cathode has also been
established.
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JAEAKI XAPAKTEPUCTUKHU IMITYJIBCHOI'O PO3PALY 3 TIOPOXHUCTUM KATOAOM
B APT'OHI HU3bKOI'O TUCKY, 3BY/J)KYBAHOI'O THX KEKIIE€IO ITJIASMOBOTI'O 3I'YCTKY
B.I1O. bascenos, B.B. Llionko, B.M. ITiyn

BcraHoBIICHO, IO SJIEKTPUYHE IOJIE€ B IIa3Mi BUCOKOBOJIBTHOTO PO3PSIy HU3LKOTO TUCKY B apPrOHI 3 MOPOIKHKC-
THM KaToJIOM, KU 3aIallfOEThCS 1HXKEKIIEI0 TIa3MOBOTO 3TYCTKY, MOXKE CSATATH ~ 10° Td. 3HalIeHO 3aJEKHOCTI
BEJIMYUHH PAJiaIbHOTO €JICKTPUYHOTO IMOJIS BiJl THCKY aproHy. BeraHoBiIeHO (hakT HAssBHOCTI TPYITH €JICKTPOHIB 3

eHeprieto 6ubie 80 eB y mprockoBiit minsHIN KaToa.
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