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GLOW DISCHARGE WITH A HOLLOW CATHODE IN CARBON DIOXIDE
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This paper is devoted to an experimental study of the dc discharge with a hollow cathode within the carbon dioxide
pressure range of 0.06...2 Torr. The registered CVCs in the pressure range below 0.5 Torr possess a hysteretic pattern
with transitions between glow and hollow modes. We have demonstrated that the value of the product of gas pressure
and distance between cathode plates p-dn = 0.32 Torr-cm is optimum for the application of the discharge with hollow
cathode for plasma conversion of the carbon dioxide when the maximum discharge current is observed. Then the
cathode cavity is filled with a high density discharge. Treating the optical emission spectrum has revealed that in the
negative glow there have to be present the electron flows with the energy above 18 eV, what must provide the high
rate of the CO, molecules conversion via direct electron impact. Slow electrons produced inside the negative glow
itself have to supply an additional contribution to the conversion process and to make an efficient excitation of

oscillatory levels of CO, molecules.
PACS: 52.80.Hc

INTRODUCTION

Discharges with a hollow cathode are widely applied
in analytical spectroscopy [1, 2], gas discharge lasers
[3, 4], plasma technology processes of surface
modification [5-7], ion thrusters [8, 9]. Therefore a large
number of papers are devoted to experimental and
theoretical studies of the discharge with a hollow cathode
(see e.g. [10-16]).

The cathodes are called hollow when they possess a
negative curvature. They may be cylindrical, rectangular,
their walls may be of a solid metal or a grid. One also
regards as hollow the cathodes consisting of two parallel
plates connected electrically. The shape of a hollow
cathode is chosen such that it may be optimally applied
in a given plasma technology. In the common glow
discharge with flat cathode electrons that escape the
sheath can lose their energy along the full length of the
negative glow which can measure in tenths of centimeters
[14, 17, 18] in low pressures. In a hollow cathode that is
filled with negative glow (in the so-called hollow mode)
almost all the energy gathered by electrons is dissipated
within the cavity itself, which allows the high density
plasma to stay there [12, 15, 16]. Meanwhile in the
negative glow itself there are not only fast electrons (with
energy of tenths eV) which were accelerated in the
cathode sheath, but also cold electrons (with energy of
about 1 eV) that were produced in the negative glow or
near its borders with the cathode sheath.

This presence of electrons with different energies
allows application of hollow cathode discharge for CO,
plasma conversion optimization. The active utilization of
fossil fuels led to the heightened CO; emissions to the
atmosphere and, as a consequence, to the strengthening
of the greenhouse effect. Therefore great effort is put not
only into limiting the CO, emissions but also in the
search for methods of CO conversion into the CO/O
mixture, syngas and other types of raw materials and fuel.
Plasma methods of CO, conversion turned out to be
among the most effective [19-23].

Earlier we studied the process of CO, conversion in a
number of low pressure gas discharges — in the
inductively plasma (ICP) discharge [22], the magnetron
and ion beam discharge [23], in the glow discharge with
a flat cathode [24, 25]. In the paper [14] the optimum
range of the hollow cathode discharge in nitrogen was
found. Therefore there is an interest in finding the
optimum range for the hollow gas discharge in CO; with
a goal to further increase the CO, plasma conversion
process efficiency.

1. EXPERIMENTAL SETUP
AND DIAGNOSTICS

Hollow cathode dc discharge was ignited in a
chamber schematically shown in Fig. 1. Fused silica tube
had an inner diameter of 56 mm. The hollow cathode
consisted of two aluminum plates 2 mm thick and 37 mm
long. The distance between them was fixed at 8 mm.
These plates were placed on the metal disc 55 mm in
diameter. The moving anode was 63 mm away from the
edges of the hollow cathode plates, therefore the
maximum distance from the flat parts of anode and
cathode was 100 mm.
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Fig. 1. The scheme of the experimental setup
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CO; was fed into the discharge chamber by the gas
supply system. The gas pressure was measured by
Baratron 627 capacitance manometer (MKS Instruments)
with the maximum value measured of 10 Torr in the
range of 0.06...2 Torr.

Optical emission spectrum of the discharge plasma in
the cavity of the cathode was recorded with the Horiba
iHR 320 spectrometer in the wavelength range of
280...1000 nm. Oxygen atom emission line table was
taken from the NIST Atomic Spectra Database Lines
Data (https://physics.nist.gov). The reference book [26]
was used to identify the emission lines of molecules (CO,
CO,, COLY).

2. EXPERIMENTAL RESULTS

The hollow cathode discharge can exist in different
modes. In the pressure range that we were studying there
are glow and hollow modes [14, 27] (see the
corresponding photos in Fig. 2). In the glow mode the
negative glow is outside the cavity on the outer parts of
the cathode. When gas pressure is low the electric field
lines geometry is such that secondary electrons that were
produced by positive ions striking the cathode surfaces
are driven from the cavity along its axis. If the gas
pressure is high enough when the discharge current is
rising the boundary of the negative glow has the shape of
a funnel. Its tip is pointed into the cavity. When its tip is
pushed inside the cavity the so-called “pendulum effect”
occurs. Fast electrons that got their energy in the sheath
near one of the cathode plates are penetrating into this
conical plasma area and cause there ionizing collisions
with the gas molecules and go through it completely.
Then they again enter the sheath near the opposite
cathode plate and after decelerating due to the opposing
field return into the plasma again. Such a pendulum-like
motion of electrons between the opposing cathode
surfaces lets them use the energy they got in the cathode
sheath effectively to ionize the gas molecules.

Electrons oscillating in the cathode cavity form a
remarkable negative space-charge which compensates
the positive space-charge of the cathode drop and brings
the plasma boundary closer to the cathode surface.
Cathode sheath thickness near every surface becomes
smaller and the conical boundary of the negative glow
propagates deeper into the cavity. This leads to the
plasma rushing into the hollow cathode, the current
increases and the voltage between the electrodes lowers.
There occurs the hollow cathode effect caused by the
oscillation of a significant number of fast electrons inside
the cathode cavity. The discharge transits into a hollow
mode.

The voltage between electrodes in the hollow cathode
discharge is lower than in the common glow discharge
with flat electrodes. Fast electrons accelerated in the
cathode sheath cause unlocalized ionization in the
negative glow (where the electric field is low) and even
in the opposite cathode sheath of the cavity where the
electric field is decelerating electrons. In the discharge
between the flat electrodes, fast electrons leave the
cathode sheath, lose their energy in collisions with gas
molecules and then escape to the anode and the walls of
the tube due to diffusion. Thus fast electron losses in the

flat electrode discharge are much higher than in the
hollow cathode discharge where fast electrons are held
within the cavity, losing their energy to ionize and excite
the gas molecules.

Moreover, due to the hollow cathode effect the
current under set voltage will be higher than in the case
where a flat cathode is used and will increase rapidly
when the negative glow areas near opposite cathodes
overlap and the dark Faraday space disappears.

Fig. 2. Hollow cathode discharge photo
p(CO,) = 0.15 Torr: a—glow mode; b — hollow mode.
Flat anode on the left, hollow cathode on the right

Below, we will find out under which CO-, pressure the
discharge current in the hollow mode will reach its
maximum. In order to do so let us look at the discharge
I-V curves measured for different CO; pressure values
(Fig. 3). In the range of low pressure values (below
0.1 Torr) the discharge is burning only in the glow mode
(at least while the voltage across the electrodes is less
than 2000 V), never penetrating the cathode cavity. The
discharge touches the outer surfaces of the cathode plates
(outside the cavity) and also when currents are higher
with the flat surface of the electrode to which the hollow
cathode is fixed. Under these conditions the 1-V curve of
the discharge is increasing uniformly.

With the increase of current and/or gas pressure the
tip of the conical negative glow moves closer to the
cathode cavity. When some threshold value of current is
reached, which is getting lower with the increase of gas
pressure, the negative glow jumps to fill the cathode
cavity. This leads to a rapid decrease of voltage across
the electrodes and an increase of discharge current
although the hollow mode can be sustained under lower
current values than needed to transit from the glow mode.
When gas pressure values are small, lowering the voltage
leads to a uniform lowering of current not only in the
glow mode but in the hollow mode as well. As was
mentioned before, the hollow mode is sustained under
lower voltage values than the glow mode. Therefore there
is a hysteresis on the 1-V curve of the discharge. Its width
is decreasing with the increase of gas pressure. When the
lowest threshold value of current is reached the discharge
jumps back from the hollow mode to the glow mode,
leaving the cathode cavity. Hysteresis is observed until
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CO;, pressure reaches 0.5 Torr, but at that pressure it is so
weakly expressed that in Fig. 3 it becomes smaller than
the size of dots and may be studied only after magnifying
the corresponding area of the I-V curve.

When the gas pressure is increased further, and
current values are at their lowest, the discharge is
occurring between the edges of cathode plates and the flat
anode. Then with the current increasing it penetrates the
cathode cavity and gradually occupies the outer surfaces
of those plates and spreads to the flat surface of the
cathode (which is parallel to the anode). In fact, with a
cathode of complex form the discharge glows in a normal
mode until all its surfaces are covered with the discharge
after which it transits into an abnormal mode.
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Fig. 3. Gas discharge current-voltage characteristics
under different gas pressure values

Moreover, at low pressure the negative glow
penetrating the cathode cavity is narrow and almost all
volume of the cavity is filled with two cathode sheaths,
pressing into cathode plates. With gas pressure increase
the thickness of cathode sheaths decreases and the
negative glow widens. At pressure values higher than
1 Torr the discharge structure in the cavity changes. Due
to frequent collisions with gas molecules, fast electrons
that left one cathode sheath manage to lose their energy
due to inelastic collisions with gas molecules before
reaching the cavity’s central area. Therefore two cathode
sheaths are observed (one near each of the cathode plates)
corresponding to negative glows and in the center of the
cavity one can see a dark sheath that consists of two
overlapping dark Faraday spaces.
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Fig. 4. Discharge current vs. gas pressure
U=450V

As with the increase in pressure the structure of the
discharge in the hollow changes, this leads to a strong

dependence of discharge current on the gas pressure.
Fig. 4 shows that when the voltage between the
electrodes is held constant, increasing gas pressure is
followed by a uniform increase of current in a glow
mode. The current value in a glow mode is small though
and at the scale of the plot experimental points are almost
lying on the x axis. The discharge transition into a hollow
mode leads to a considerable increase in current up to
tens-hundreds of milliamperes. With the increase of gas
pressure the discharge current first rises, at a CO;
pressure of 0.4 Torr reaches maximum and then
decreases. At an optimum pressure that corresponds to
the current maximum the sum of two cathode sheath
widths is approximately equal to the width of the
negative glow in the cavity. Let us remark that the
distance between cathode plates of the hollow was
dy =0.8 cm. Therefore the optimum conditions for
sustaining the hollow mode are observed at the value of
product p-dn = 0.32 Torr-cm. As under these conditions
the discharge current reaches maximum the values of
conversion coefficient and CO; conversion energy
efficiency in a chamber with a hollow cathode should be
maximum. This will be considered in our further studies
of the CO; conversion process in a glow discharge.

Let us also note that p-dy=0.32 Torr-cm
considerably diverges with the value of gas pressure and
distance between flat electrodes p-d=0.44 Torr-cm,
under which the minimum on the dc discharge
breakdown curve is observed [28]. This divergence is not
surprising because the gas breakdown evolves in an
almost uniform electric field with only a small number of
charged particles taking part. In a hollow cathode electric
field is approximately linearly decreasing in a sheath
from the first cathode plate to the negative glow, it is very
small in the negative glow itself and then it increases
again in the sheath near the second cathode plate.

Using the Horiba iHR 320 spectrometer we measured
the optical emission spectrum of the radiation from the
cathode cavity within the wavelength range of 280...1000
nm (look in Fig. 5). This spectrum consists of three
different bands. In the UV range the lines of CO,* ions
are dominating. The bands with the main lines of 288.3
and 289.6 nm (often called UV CO.* doublet system) are
particularly well defined and correspond to the
B?z, — X214 transition. The presence and high intensity
of these lines in the negative glow of the cathode cavity
points to the presence of a large quantity of electrons with
the energy higher than 18 eV. In the near UV and in the
visible range (from 300 to 700 nm) the Angstrom system
of CO (B!Z* — AMI) band is predominantly observed,
inside which much weaker lines of other bands of CO, O,
and Fox-Duffendack-Barker CO," system (300...440 nm,
AL, — X1g) bands are spread. Let us note that in order
to excite the Angstrom system of CO (B!X* — AI)
band it is necessary to either in one electron collision
simultaneously perform CO;, molecule dissociation with
the excited reaction product CO (for this the electrons
with at least 17 eV of energy are needed), or with the first
electron hit (with energy no less than 7 eV dissociate the
CO; molecule to CO and O, and then the CO molecule
needs to be excited by another electron hit with the
energy greater than 11 eV.
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Another mechanism of dissociation, that in the
presence of cold electrons with energy about 1eV
becomes the main one, consists of an excitation of
molecular oscillations of CO, and subsequent exchange
of oscillation energy [20, 21].
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Fig. 5. Optical emission spectrum of the radiation
from the cathode cavity

In IR band the spikes of atomic oxygen for
3p’P — 3s%S  (with the wavelength of 777 nm),
3p%P — 3s%S (844 nm) and 3p°D — 3s°P (926 nm)
transitions are dominating. As in the case of CO
molecules the glow of oxygen atoms we pointed out can
be caused by either the dissociative excitation of CO,
(with exciting 3s°P, 3p®P and 3p°D levels O, that needs
electrons with energy no less than 17 eV), or the
excitation of previously produced oxygen atoms by
electrons with energy greater than 11 eV.

All that points to the fact that in a cathode cavity in
the negative glow there is a large quantity of fast
electrons capable of efficiently dissociating CO;
molecules. On the other hand, slow electrons present in
the negative glow may give a considerable contribution
into the process of CO, molecules dissociation through
oscillation levels of excitation. This makes the hollow
cathode glow discharge attractive for conducting an
effective CO, conversion.

CONCLUSIONS

In this paper the modes of hollow cathode DC
discharge in CO, for a wide range of pressures are
studied. Current-voltage characteristics of glow and
hollow modes of discharges are measured. The hysteretic
character of transition between modes in the CO;
pressure range of less than 0.5 Torr is shown. In a hollow
mode, when the cathode cavity is filled with the
discharge the maximum discharge current is observed at

the value of gas pressure and cathode plates distance
product p-dy=0.32 Torr-cm. These conditions are
optimum for utilizing a hollow cathode discharge in CO;
plasma conversion. The optical emission spectrum
measured has allowed us to come to the conclusion that
in the cathode cavity there is a large quantity of electrons
with the energy greater than 18 eV. Therefore in a hollow
cathode discharge the process of CO, conversion by
direct electron impact should be conducted with high
efficiency. Additionally, the presence of slow electrons
may introduce a considerable contribution to the
conversion due to oscillatory levels excitation of CO;
molecules.
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JKEBPIMHMM PO3P/] 3 IOPOXKHUCTUM KATOJOM Y BYTJIEKMCJIOMY T'A3I

B.O. Jlicosecvkuii, C.B. /[yoin, ILIL. IInamonos, P.O. Ocmacs, B./l. €2openkos

[IpencraBneHO eKCIEPUMEHTANBHE JOCTIDKEHHS JKEBPIHHOTO (TJIII0Y0ro) po3psiay 3 MOPOXXKHHCTHM KaTOIOM Y
niama3oHi THCKY Byriekucnoro ra3y 0,06...2 Topp. BuMmipsHi BonbT-aMIIepHi XapaKTEpUCTHKH B Aialla30HI THCKY
merme 0,5 Topp MaroTh TiCTepe3WCHHI XapakTep 3 MepexoAaMH Bifl TIHIOYOTO A0 MOPOXKHHUCTOTO PEKUMIB.
[okazaHo, 10 ONTHMAaJBHUMH U1l BUKOPUCTAHHS PO3PSAY 3 MOPOXKHUCTHM KaTOAOM JUIS IUTa3MOBOI KOHBepCil
BYTJICKHCIIOTO Ta3y € BENWYHHA JOOYTKY THCKY rasy i BifcTaHi Mix katomaumu miactuaamu P dn = 0,32 Topp-cm,
KOJTM CIIOCTEPIraeThCsl MAKCUMAIBHUI po3psiiHuid cTpyM. [IpH IbOMY KaTOiHA OPOKHHUHA 3aTIOBHEHA PO3PSIOM i3
BUCOKOIO TYCTHHOIO. AHaJIi3 BUMIPSHOTO ONTHYHOI'O €MICIffHOTO CHeKTpa MOoKa3as, [I0 B HEraTMBHOMY CBITIHHI B
KaTO/HIN MOPOKHUHI MarOTh OyTH IMOTOKH €JIEKTPOHIB 3 eHepriero Buile 18 eB, 1m0 noBuHHO 3a0e3neuyBaTH BUCOKY
MIBUAKICTH Tponiecy KouBepcii Mojekyn CO. mpsMHM eJNEeKTPOHHMM yjapoM. JlogaTKoBHMH BHECOK y Ipoliec
KOHBepCii MalOTh J[aBaTH MOBLIBHI €IEKTPOHM, HAPO/PKEHI B HEraTHBHOMY CBITIHHI, sIKi €(EeKTHBHO 30YIKYIOTh
KOJMBaJIbHI piBHI Mosiekyn COs.
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