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The electric field strength in the positive column of dc and bipolar pulsed discharges in carbon dioxide was de-
termined by the method of moving electrodes. It is shown that an increase in the frequency of the pulse voltage leads
to the electric field strength increase. The following values of the reduced electric field E/p for a gas pressure of
0.5 Torr were obtained: 22.5 V/(cm-Torr) for dc discharge, 30 V/(cm-Torr) for pulsed discharge at 20 kHz for low-
current mode and 32 V/(cm-Torr) for high-current mode, and 36.6 V/(cm-Torr) for 75 kHz. We see that in the dc
discharge, the reduced electric field is weak, due to which the exchange of vibrational energy between CO, mole-
cules dominates the conversion process. The increase of the electric field strength in the positive column of a pulsed
discharge, especially under conditions of gas heating, allows obtaining E/N > 100 Td when the process of direct
dissociation of CO, molecules by fast electrons makes the main contribution to the conversion process.

PACS: 52.77.-j, 82.33.X]

INTRODUCTION

The permanent growth of carbon dioxide concentra-
tion in the earth's atmosphere due to the intensive com-
bustion of fossil hydrocarbons enhances the greenhouse
effect and significantly affects the climate. Therefore, the
reduction of CO, emissions into the atmosphere and the
processing of carbon dioxide (in the exhaust gases of
thermal power plants, previously pumped into under-
ground storage facilities or already released into the at-
mosphere) into raw materials for the chemical industry,
various types of fuel is of great importance. Plasma
methods for such conversion of CO, are among the most
promising and effective, so a large number of scientific
groups are working on this topic [1-6].

The governing similarity parameter for the CO, plas-
ma conversion process is the reduced electric field E/N
(where E is the electric field intensity, N is the concentra-
tion of gas molecules) and the electron temperature T,
corresponding to it [1, 2]. The share of power deposited
in the process of dissociation of CO, molecules depends
just on E/N. If the reduced electric field E/N in the dis-
charge chamber does not exceed 100 Td (high gas pres-
sure, weak electric field), the main contribution to the
conversion will be the excitation of molecular vibrations
by low-energy electrons. If E/N > 100 Td, then the pro-
cess of direct dissociation of CO, molecules by fast elec-
trons will dominate [1, 2]. Discharges of different types
are either dominated by one of the conversion mecha-
nisms, or simultaneous operation of both mechanisms is
observed.

In our previous studies, the processes of carbon diox-
ide conversion in the inductively coupled plasma (ICP)
were investigated both experimentally [7] and with kinet-
ic modeling [8]. In low-pressure discharges, the conver-
sion coefficients were also measured in magnetron and
ion-beam plasmas [9]. Under the conditions of [7-9], the
process of direct dissociation of CO, molecules by elec-
tron impact dominates. In dc glow discharges, which are
maintained at a higher pressure, either both mechanisms
can participate in the conversion (in the negative glow of

discharges with flat [10, 11] or hollow [12] cathodes), or
the conversion due to energy exchange between vibra-
tionally excited molecules dominates (for example, in the
positive column of the discharge [10]).

In order to carry out the carbon dioxide conversion ef-
fectively, it is desirable to develop methods of controlling
the reduced electric field. An increase in E/N will en-
hance the direct dissociation of CO, molecules by elec-
tron impact, and its decrease will make the exchange of
vibrational energy between excited carbon dioxide mole-
cules play a dominant role in the conversion process. In
this research, the value of E/N in bipolar pulsed and dc
glow discharges was measured by the method of moving
electrodes. It is shown that an increase in the pulse volt-
age frequency allows for increasing the value of E/N in
the positive column.

1. EXPERIMENTAL

The simplified scheme of the experimental setup is
shown in Fig. 1. The glass discharge tube had an internal
diameter of 56 mm. One of the metal terminating flanges
was a fixed electrode to which voltage from the pulse
generator was applied. A movable electrode was intro-
duced through the opposite flange. Both electrodes were
flat and made of stainless steel. The distance between
them varied from 5 to 150 mm. A bipolar pulse voltage
(up to 1100 V peak-to-peak) was applied to the potential
electrode via a capacitor. Experiments were carried out
for two frequency values of 20 and 75 kHz in a wide du-
ty-cycle range from 11 to 95 %. Oscillograms of pulse
voltage and current were measured with the oscilloscope
PCS500 (Velleman Instruments). Their further analysis
was carried out with the help of a personal computer. To
reduce gas heating by the concentration of its molecules,
discharge current values did not exceed 60 mA.

In addition, experiments with direct current discharge
were conducted in the same chamber. A constant voltage
from the power source was applied to a fixed electrode,
which acted as a cathode. The moving electrode was a
grounded anode.
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Fig. 1. The scheme of the experimental setup

Carbon dioxide was injected into the discharge
chamber to a pressure of 0.5 Torr using a mass-flow
controller (STEC SEC 4400). The gas flow was
20 sccm. Capacitance gauge Baratron 627 (MKS In-
struments) with the maximum measured pressure value
of 10 Torr was used to measure gas pressure.

The electric field strength in the plasma is usually
measured by Langmuir probes (double or single). But
the probe can significantly disturb the plasma, and in a
number of studies [13, 14], the moving anode method
was used to measure the axial distribution of the electric
field strength in the positive column of dc discharge.
The use of this method does not disturb the plasma and
allows to study of a large number of processes in the
discharge tube during one experiment [15].

If the anode is placed near the very edge of the cath-
ode layer, one can first observe an obstructed discharge
with a high voltage between the electrodes. Further, the
distance between the electrodes is increased, while the
discharge current is kept fixed, and the voltage between
the electrodes is measured. As the distance between the
cathode and the anode increases, a negative glow, a dark
Faraday space, an anode glow, and then a positive col-
umn appear successively. The characteristics of the pos-
itive column do not depend on the processes in the cath-
ode layer. If the anode is located in the uniform positive
column, then the increase in the distance between the
electrodes is accompanied by the linear increase in the
voltage between the electrodes. This makes it possible
to measure the strength of the axial electric field in the
positive column.

We used just this method in the presented research.
The anode was always placed in the positive column.
When the distance between the electrodes increases
from L; to L,, the length of the positive column increas-
es by |L; — Ly|, while other parts of the discharge remain
unchanged. This is accompanied by an increase in the
voltage drop between the electrodes by AU. Thanks to
this, we can determine the electric field strength
E = AU/|L; — L,|. Features of the application of this
technique for pulse discharge will be considered below.

1. EXPERIMENTAL RESULTS
FOR PULSED DISCHARGE

First, consider the results obtained for the impulse
discharge. Note that impulse discharges are less studied
than the well-known direct current discharges. The
pulsed discharges may be unipolar [16-18] or bipolar

[19]. In a unipolar discharge, during some part of the
pulse (which is determined by the duty cycle D), a high
voltage is applied to the potential electrode, which
forms a discharge. Then the voltage decreases to zero,
and during the pause, the discharge plasma decays
(completely or partially). A new voltage pulse leads to a
repeated breakdown of the gas (or a renewal of the dis-
charge, if the plasma did not have time to disintegrate
completely during the afterglow). In a bipolar discharge,
when the pulsed voltage source is connected to the elec-
trode via a capacitor, the electrodes alternately play the
role of the cathode. The voltage amplitude in each phase
depends not only on the peak-to-peak voltage U, but
also on the duty cycle D. These amplitudes differ and
are equal to each other only at D = 50 %. If D > 50 %, a
negative voltage U, is applied to the right electrode
during the first part of the pulse, greater than the voltage
Upos, Which will be applied to the left electrode during
the second part of the pulse. This allows not only to
change the magnitude of the discharge current during
the first and second parts of the pulse but also to control
the discharge burning modes. Note that the bipolar pulse
discharge can burn in low-current and high-current
modes [19], the properties of which will be considered
below.

b

Fig. 2. Photographs of the high-current mode of pulsed
discharge (f = 20 kHz, D = 85 %):
a—L =100 mm, U,, =989 V;
b—L =150 mm, U,, = 1073V

The purpose of our research is to find a technique
for controlling the magnitude of the reduced electric
field E/N in the positive column of pulsed discharge. To
do this, we will investigate how the electric field
strength in the positive column changes in response to
the frequency change. It was shown in [19] that the
change in duty cycle D significantly affects the structure
of bipolar pulse discharge. At D = 50 %, the positive
column becomes the shortest, while it is usually strong-
ly stratified. If D~ 10...20 % (or D =~ 80...90 %), the
length of the positive column is the largest, and it be-
comes more uniform. Therefore, during our experiments
with pulsed discharge, the duty-cycle was equal to
D =85 %.
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Fig. 3. Oscillograms of voltage and current of the
high-current mode of pulsed discharge:
f=20kHz, D =85 %, L = 150 mm, U, = 1073 V

b

Fig. 4. Photographs of the low-current regime of pulsed
discharge (f = 20 kHz, D = 85 %):
a—L=35mm, U, =844V,

b—L =120 mm, U,, =975V

Let's consider the low-current and high-current
modes of the bipolar pulsed discharge for a frequency of
20 kHz. Fig. 2 shows the high-current mode for two
distances between the electrodes. Due to the large duty
cycle, the discharge is asymmetric. One can see cathode
layers and negative glows near both electrodes. But the
electrodes voltages differ significantly. Fig. 3 shows
oscillograms of the voltage and current. It is seen that
when the right electrode is the cathode, the negative
voltage on it exceeds 650 V, while when the left elec-
trode is the cathode, the voltage on it is about 400 V,
which leads to the asymmetry of the discharge. A
stream of high-energy electrons exits from the right
cathode layer, as a result of which we see the longer
negative glow and dark Faraday space near the right
electrode. At the moment of applying high voltage to
the right electrode, a strong current surge is present,
which consists of the displacement current and the dis-
charge current that is formed at this time [18]. The dis-
charge current is then reduced to I, which we will
further monitor during our experiments. In high-current
mode, the discharge burns stably during both parts of
the pulse.
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Fig. 5. Oscillograms of voltage and current of the low-
current mode of the pulsed discharge:
f=20kHz, D =85 %, L = 100 mm, Up, =938 V

Now consider low-current mode. Fig. 4 shows the
discharge photos for two distances between the elec-
trodes, and in Fig. 5 one can see the corresponding volt-
age and current oscillograms. During the first part of the
pulse, the voltage applied to the right cathode exceeds
550 V, while after the surge and decay of the reactive
current, the discharge current continues to increase. This
means that during the first part of the pulse, in the low-
current mode, the discharge does not have time to fully
form. Moreover, the voltage applied to the left electrode
during the second part of the pulse (360 V) turns out to
be insufficient to maintain the discharge, and the dis-
charge current decreases to zero after the reactive peak.
That is, during the second part of the pulse, we see the
afterglow, the decaying plasma. Therefore, when a new
voltage pulse is applied to the right cathode, the dis-
charge should ignite again, and the discharge current
barely reaches 2 mA. Nevertheless, during the first part
of the pulse, we can see the formation of a positive col-
umn, which glows weakly due to the small amount of
discharge current.

We have similar results for the frequency of 75 kHz.
Fig. 6 shows photos of the high-current mode, and
Figs. 7 and 8 show voltage and current oscillograms for
high-current and low-current modes, respectively.

As for the lower frequency, at 75 kHz, the discharge
quickly decays during the second part of the voltage in
low-current mode. But a positive column is observed.
Photos of low-current mode for 75 kHz are practically
the same as for 20 kHz, so we do not show them.

Note that if you change the distance between the
electrodes while keeping the value of the discharge cur-
rent lneq at the end of the first part of the pulse fixed, the
voltage on the left electrode during the second part of
the pulse changes slightly (Fig. 9). In fact, the displace-
ment of the movable electrode affects only the Uy
voltage applied to the right electrode-cathode, for both
low-current and high-current modes. This allows us to
apply the technique of measuring the electric field
strength in the positive column (which was developed
for dc discharge) to bipolar pulse discharge.
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b
Fig. 6. Photographs of the high-current regime of the
pulsed discharge (f = 75 kHz, D = 85 %):
a-L=75mm, Uy, =970V;

b—L =120 mm, Uy, = 1055 V
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Fig. 7. Oscillograms of voltage and current of the
high-current regime of the pulsed discharge
(f=75kHz, D =85 %, L =85 mm, Uy, = 1055 V)
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Fig. 8. Oscillograms of voltage and current of the
low-current mode of the pulsed discharge
(f=75kHz, D =85 %, L = 100 mm, U, = 980 V)

The measured dependences of Uy, on the distance
between the electrodes for low-current and high-current
modes are shown in Figs. 10 and 11 for frequencies of
20 and 75 kHz, respectively. From the slope of the
straight lines approximating the given dependencies, we
get the electric field strength of 15 V/cm for low-current

and 16 V/cm for high-current modes for a frequency of
20 kHz. Increasing the frequency to 75 kHz led to an
increase in the electric field strength to 18.3 V/cm for
both discharge modes. We take into account that the
measurements were carried out for the pressure of car-
bon dioxide p = 0.5 Torr, therefore the reduced electric
field for the given cases is equal to E/p =30, 32, and
36.6 V/(cm-Torr). We see that to maintain the positive
column in the pulsed discharge with the increased fre-
quency, a higher value of the reduced electric field E/p
is required.
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Fig. 9. Dependence of the voltage during the positive

part of the pulse on the inter-electrode distance for the
low-current and high-current modes (f = 20 kHz)
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Fig. 10. Dependence of the voltage during the negative
part of the on the inter-electrode distance for the low-
current and high-current modes (f = 20 kHz)

3. EXPERIMENTAL RESULTS
FOR DC GLOW DISCHARGE

The positive column of the dc discharge under the
conditions of our experiments is stratified. The dis-
placement of the movable anode through the stratified
positive column is accompanied by small voltage oscil-
lations between the electrodes, which correspond to the
voltage drop on each individual layer [15]. Therefore,
we will actually measure the average value of the elec-
tric field strength. Fig. 12 shows a photo of the dc dis-
charge, in which the cathode is on the right, and on the
left we see the anode, to which the anode glow is at-
tached, and next, we see the stratified positive column.
An increase in the discharge current leads to a decrease
in the length of the positive column. So, during this ex-
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periment, we first placed the anode at a distance of
L, = 350 mm, ignited the discharge, measured the volt-
age between the electrodes, which corresponds to the
current, for example, 3 mA, then slowly shifted the an-
ode to the distance between the electrodes L, = 250 mm
(while maintaining a fixed amount of current) and
measured the voltage again. Next, such measurements
were repeated for a different current value. The meas-
ured dependencies of the voltages between the elec-
trodes for these distances L, and L, are shown in
Fig. 13. From them, we determined the values of the
reduced electric field E/p, which are shown in Fig. 14.
We see that in a wide range of discharge currents, the
average value of the reduced -electric field is
E/p = 22.5 V/(cm-Torr), which is significantly less than
for the pulsed discharge.
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Fig. 11. Dependence of the voltage during the negative
part of the pulse on the inter-electrode distance for the
low-current and high-current modes (f = 75 kHz)
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Fig. 12. Photograph of dc discharge for a current of
3 mA and a distance between
the electrodes L = 350 mm

Note that the value of E/p obtained by us in the posi-
tive column of a dc discharge in CO, is consistent with
the results of paper [20], the authors of which obtained
E/p = 28 V/(cm-Torr) for the pressure of 0.5 Torr. The
neutral gas temperature obtained by them in the current
range of 10...80 mA was in the range of 360...410 K
while the walls of the discharge tube were maintained at
a fixed temperature of 323 K (50 °C), and the inner di-
ameter of the tube was equal to 2 cm. It can be estimat-
ed that the gas temperature in our tube with an inner
diameter of 5.6 cm in the same current range was
50...60 °C. Table shows the values of E/p and E/N for
dc discharge and pulse discharge in different modes.

One can see that in the positive column of pulsed
discharge at room temperature, the value of E/N reaches
and even exceeds 100 Td, while the gas heating by the
discharge current increases the reduced field. That is, if
in the positive column of the dc discharge the conver-
sion process is controlled by the exchange of vibrational
energy between excited CO, molecules, then the use of

a pulsed discharge with a sufficiently high frequency
allows the dominance of the process of direct dissocia-
tion of CO, molecules by fast electrons.
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Fig. 13. Dependence of the discharge voltage on

discharge current for distances between electrodes
L; =350 mm and L, = 250 mm
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Fig. 14. Dependence of the reduced electric field E/p
on the discharge current

Reduced electric field at different modes

E/N
E/p, E/N (20 °C), R

Frequency V/(cm-Torr) Td (10.? dC)’
DC 22.5 68 87
20 kHz LC 30 91 116
20 kHz HC 32 97 124
75 kHz LC 36.6 111 142
75 kHz HC 36.6 111 142

CONCLUSIONS

In the present research, we measured the electric
field strength in the positive column of dc and bipolar
pulsed discharges for a carbon dioxide pressure of
0.5 Torr. The obtained values of reduced electric field
E/p range from 22.5 V/(cm-Torr) for dc discharge to
36.6 V/(cm Torr) for pulsed discharge at 75 kHz. This
provides direct control of the field allowing transition
from the weak-field regime (when the exchange of vi-
brational energy between CO, molecules makes the
main contribution to the conversion process in the posi-
tive column) to the high-field regime, where E/N can

90 ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. N21(143)



exceed 100 Td, so the process of direct dissociation of
CO, molecules by fast electrons dominates.
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KEPYBAHHS 3BEJJEHUM EJIEKTPUYHUM ITOJIEM Y IO3UTUBHOMY CTOBIII
IMITYJIbCHOI'O PO3PALY B CO,

B.O. Jlicosécvkui, C.B. /Iyoin, M.M. Bycuk, P.O. Ocmacs, B./]. €zopenxos, ILII. Ilnamonos

MeTomoM pyxoMHUX eNeKTpOoaiB Oylia BU3HAUEHA BEIMYMHA HAMPYKEHOCTI €NIEKTPUIHOTO OIS Y TO3UTUBHOMY
CTOBIII PO3PSILy MOCTIHHOTO CTPYMY Ta OIMONIIPHUX IMITYJIECHHUX PO3PSIiB y ByriekuciomMy rasi. [lokazaHo, mo mifa-
BUILIEHHS YaCTOTHU IMITyJIbCHOI HANPYTH IPH3BOAUTH 10 301JIbIIECHHS HAMIPY)KEHOCTI eIEKTPHYHOTO MOJIsl Y TTO3UTHUB-
HOMY CTOBMI. ByllM OTpUMaHi HACTYNHI BEJMYMHH 3BEICHOTO €NCKTPUYHOro moiisi E/p, Koiu THCK ra3y cTaHOBHUB
0,5 Torr: anst po3psamy mocriitroro crpymy 22,5 B/(cm-TOpp), Tak st iMITyIbCHOTO po3psiay 3 dactotoro 20 kI
3HAYEHHs 3BEJCHOro enekrpuuHoro moisi ckiagano 30 B/(cm-TOpp) mnst ciiaOKOCTPYMOBOIO pPEXHUMY Ta
32 B/(cm-Topp) mist cuiibHOCTpYMOBOTO peskumy i 36,6 B/(cm-Topp) mns wactotu 75 k', Baunmo, mio y pospsii
MOCTIHHOTO CTpyMy 3BejieHe enekTpuuHoro mose E/N ciaOke, 3aBasku 4oMy OOMiH KOJHMBAJIBLHOKO E€HEPTIEI0 MiX
mozekynamu CO, noMiHye npu nporieci KOHBepcii. 30UIbIIEHHS HAIPYKEHOCT] €JIEKTPUYHOTO HOJISL Y IO3UTHBHOMY
CTOBII IMITYJILCHOTO PO3pPsILY, OCOONMBO 32 YMOB HarpiBy rasy, no3sossie orpumari E/N > 100 Tn, komu mpouec
npsMoi pucomianii Mosnekysn CO, IBUAKAME €JIEKTPOHAMH J1a€ OCHOBHUH BKJIaJ y NPOLEC KOHBEPCIi.
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