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SPECTRAL CHARACTERISTICS OF ARGON AND ARGON-METHANE PLASMA OBTAINED IN
AN RF-DBD REACTOR AT LOW PRESSURE

This paper investigates the properties and spectral characteristics of low-temperature argon
plasma and argon-methane mixture plasma formed in a high-frequency dielectric barrier
discharge (RF-DBD) at various powers and pressures. The experiments were conducted at an
argon flow rate of 100 sccm for argon plasma and at a ratio of Ar:CH4 = 95:5 for argon-methane
plasma in the power range from 2 to 12 W and pressures of 0.5 and 1.0 Torr. It is shown that with
an increase in the supplied power, the discharge area expands and the intensity of spectral lines
increases, which is due to an increase in plasma density and the degree of ionisation. When the
pressure increases, there is a decrease in the overall intensity of radiation due to a reduction in
the free path length of electrons and an increase in collision losses. The introduction of methane
leads to a decrease in the intensity of the spectral lines of molecular nitrogen and hydroxyl
radicals (OH) compared to argon plasma, which indicates a redistribution of electron energy in
favour of the excitation of argon atoms and active methane particles. The results obtained
contribute to a deeper understanding of the physicochemical processes in Ar—CH, plasma and
open up prospects for the application of RF-DBD discharges in plasma chemistry and materials
science.

Keywords: dielectric barrier discharge, RF-DBD reactor, optical spectroscopy, argon plasma,
argon-methane plasma, plasma chemistry.
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TemeH Kbicbimabl RF-DBD peaKTopbiHAA aNblHFAaH aproH aHe aproH-mMmeTaH
NAa3MacblHbIH, CNEKTPJIK cMnaTTamanapsl

By KyMbIC apTypAi KyaTTap MeH KbICbiMAApAa *KOfFapbl MKUINIKTI AMINEKTPAIK Bapbepnik
paspaabiHaa (RF-DBD) Ty3inreH TemeH TemnepaTypasbl aproH Nia3macbliHbiH *KaHe aproH-meTaH
KOCMACbIHbIH, €peKLUEeiKTEPI MEH CMEKTPIK CMNATTamaapbiH 3epTTesi. IKCNepUMeHTTEP aproH
nnasmacbl ywid 100 sccm aproH afbiHbIHAA KaHe 2-aeH 12 BT-Ka AeMiHri KyaT AManasoHbiHaa
*aHe 0,5 »oaHe 1,0 Topp KbICbIMbIHAA aproH-MeTaH naasmachl ywiH Ar:CH4 = 95:5 KaTbiHacbiHAA
XYprisingi. bepinreH KyaTTbiH *KOfapblaiaybIMeH pa3psag, alMarblHbIH, KEHEII »KaHe CMNeKTPiK
CbI3bIKTAPAblH, WHTEHCMBTINIMIHIH, KOFapblnaybl Oaikanagpl, Oyn naasma TbiFbl3AblFbl MeH
MOHAAHY  [9PEXKecCiHiH,  ’KofapblnayblHa  6alnaHbiCTbl.  KbICbIMHBIH,  *KOfapblaaybIMeH
3NEKTPOHAAPAbIH, E€PKiH KYPY Y3bIHAbIFbIHbIH, KbICKAPybl KaHE COKTbIFbICY LbIFbIHAAPbIHbIH,
YKOFapblaaybl CanfdapbiHaH CayaeNeHyAiH, *Kaanbl KapKblHAbIAbIFbIHBIH TemeHaeyi 6ankanagpl.
MeTaHAbl eHri3zy aproH MnaasmacbiMeH CafbICTblpFaHAa MOJEKYNanblK a30T MNeH rMAPOKCKUA
paauKkanaapbiHbiH (OH) cnekTpAiK Cbi3bIKTapblHbIH, MHTEHCUBTIAITIHIH, TOMeHAeyiHe akeneai, byn
aproH aTomaapbl MeH MeTaHHbIH benceHai benlwekTepiH KO3ablpy NangacbiHa 3NeKTPOHAAPAbIH
3HEepPruAcbiHbIH, KalTa 6eniHyiH KepceTeni. Hatwxkenep Ar—CHs nnasmacbiHAafbl PuU3MKa-
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XUMUANBIK Npouectepai TepeHipeK TyCiHyre biKknaa eTedi »aHe naa3masiblK XMMWUA XKaHe
martepuantaHy macenenepiHae RF-DBD paspaaTapbiH KON4aHY NepcrnekTuBanapbliH awaibl.

TyiH cesmep: AuanekTpnik Gapbepnik paspsa, RF-DBD  peakTopbl, OMTUMKaAbIK
CNEeKTPOCKOMNMA, aproH Naasmachl, aproH-meTaH Miasmachl, NAa3mManblK XMMKA.

[.E. Enybaes®?, XK.E. OHaltbepreHos™?, A.Y. YTereHos™?, P.E. ymaaunos®?*
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2Ka3axCKui HaUMOHaAbHbIN YHUBEPCUTET UM. anb-Papabu, Anmatsl, KasaxcraH
*e-mail: rakimzhan@gmail.com

CnekKTpanbHble XapaKTEPUCTUKN aproHOBOM U aproH-MeTaHOBOM MJ1a3mbl, noayyveHHon B RF-DBD
peakTope NPy HU3KOM AaBNEHUU

B naHHOM paboTe wuccnenoBaHbl OCODEHHOCTM M CMEeKTPasbHbIE  XapaKTEPUCTUKM
HM3KOTEMMEPATYPHOM Maa3Mbl aproHa WM aproH-MeTaHOBOW cmecu, CHOPMMPOBAHHON B
BbICOKOYACTOTHOM AM3NeKTPUYeckom bapbepHom paspage (RF-DBD) npu pasanyHbIX MOLLHOCTAX
N NaBneHUAX. DKCNEPUMEHTbI MPOBOAMANCE NPKU pacxode aproHa 100 sccm ana aproHoBow
nnasmbl M Npu cooTHoweHun Ar:CHp = 95:5 ana aproH-meTaHOBOM NAasmbl B AManasoHe
mMoltHocten oT 2 no 12 BT n pasnenuax 0,5 n 1,0 Topp. MMoKa3aHo, 4TO C yBEAUYEHMEM
NoABOAMMOM MOLIHOCTM MPOUCXOAUT paclimpeHmne obnactn paspaga U POCT MHTEHCUMBHOCTMU
CNEKTPafbHbIX JIMHUA, 4YTO OOYC/NOBAEHO YBEAMYEHMEM TMAOTHOCTM MAa3Mbl U CTEMEHU
MOHM3aUMK. [pKU MOBbLILEHUM [OaBAEHMS HabAOAAEeTCA CHUMKEeHMEe obUlel WMHTEHCUMBHOCTMU
N3Ny4eHna BCAEACTBME COKpaLLEeHUa AAMHbI cBoboaHoro npobera 3/1eKTPOHOB M BO3pacTaHuA
CTONIKHOBUTE/IbHbLIX MOTepb. BBeaeHMe MmeTaHa NPUMBOAMUT K YMEHbLUEHUIO WMHTEHCMBHOCTM
CNEKTPabHbIX TMHUIA MONEKYNAPHOMO a30Ta U TMAPOKCUAbHBIX paanKkanos (OH) no cpaBHEHMIO ¢
aproHOBOM NJIa3MOM, 4YTO CBMAETENLCTBYET O NepepacnpeaeneHUn SHEPrnm 31eKTPOHOB B
No/ib3y BO3OYKAEHMA aTOMOB aproHa M akKTUBHbIX YacTul, meTaHa. MosydeHHble pesyabTaThbl
cnocobcTBytoT bonee rnyboKomy NoOHUMMaHWUIO GU3UKO-XMMUYECKMX NPOLLECCOB B Naazme Ar—CHg
M OTKPbIBAOT NEPCNEKTMBLI 414 NpuMeHeHna RF-DBD pa3paaos B 3a4a4ax NaasMeHHOM XMMUK U

mMaTepuanoBeaeHus.

KnioueBble €noBa: AM3NEeKTPUYECKUA BapbepHbld pas3psaa, RF-DBD peakTop, onTuuyeckas
CMeKTPOCKOMMA, aproHoBaA njiadma, aproH-meTtaHoBaA njia3ma, rnjaa3meHHaa xXmumns.

Introduction

The global transition to alternative energy
sources is driven by the negative impact of fossil
fuels, which result in greenhouse gas emissions.
Traditional energy sources are limited and
significantly contribute to CO, release and global
warming. In recent years, various decarbonisation
technologies have been investigated, aiming at zero
or low carbon emissions. There are many potential
solutions to the decarbonisation challenge, among
which hydrogen stands out as a carbon-free fuel for
fuel cells and internal combustion engines. Hydrogen
is recognised as a promising substitute for
conventional energy sources due to its unique
properties. It is also an excellent energy carrier with
negligible emissions and can be obtained from a
variety of resources. As the most abundant and
lightest element on Earth, hydrogen can be produced
and utilized without harming the environment,
producing only water as a by-product [1-4]. One of

the rapidly developing methods for minimising
carbon emissions is non-thermal plasma catalysis.
Plasma catalysis involves integrating a catalyst with
plasma to achieve specific products at the required
rate and efficiency. Plasma is a partially ionised gas
consisting of neutral species (molecules, radicals,
excited species), ions, photons, and electrons. [5,9].
Compared to thermal methods, non-thermal plasma
(NTP) can be generated by exposing a neutral gas
(e.g., argon) to an external electric field. Its non-
equilibrium nature ensures that the bulk gas remains
at room or low temperatures, while the temperature of
high-energy electrons inside the plasma is an order of
magnitude higher. Reactive plasma particles such as
electrons, ions, excited molecular states, radicals and
photons initiate processes that are thermodynamically
impossible at low temperatures and atmospheric
pressure but occur on the nanosecond timescale in
plasma. Thus, plasma technologies represent a
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promising solution to the problems associated with
variability and unpredictability in the production and
distribution of electricity. In addition, the use of
catalysts enables precise control over process
selectivity, allowing reactions to be directed along the
desired paths and hydrogen to be efficiently obtained
under plasma conditions. [5-10].

As previously mentioned, the interest in
applying plasma technologies for hydrogen
production has increased significantly in recent years.
Various types of plasma have been employed in
experimental studies. The most commonly used types
include dielectric barrier discharges (DBD),
microwave (MW), and gliding arc (GA) discharges,
although other types have also been used, such as

Experimental setup

A schematic diagram of the experimental setup
for studying the spectral characteristics of low-
temperature argon plasma and argon-methane
mixture is shown in Fig. 1. The setup consists of a
horizontally positioned quartz tube, 300 mm in length
with an inner diameter of 16 mm. The discharge was
generated between a 250 mm long stainless-steel rod
(4 mm in outer diameter) and a grounded copper-tape
electrode wrapped around the centre of the quartz
tube, as shown in Fig. 1. The working chamber was
evacuated using a fore-vacuum pump to a pressure of
0,5 - 102 Torr. The working gases (argon and
methane) were fed into the system using mass flow
controllers at a rate of 95 sccm for argon (or 100 sccm
for pure argon) and 5 sccm for methane. The pressure
in the system was monitored using an Edwards ADC
Enhanced MKII pressure controller. Optical emission
from the positive column region of the plasma was
measured using an Optosky ATP 2000 spectrometer
in the wavelength range of 200—-1100 nm [13,14].

The experiments were conducted at various
pressures (0.5 and 1.0 Torr) and discharge powers
ranging from 2 to 12 W. During the measurements,
the setup operated in continuous flow mode. The

Results and discussion

Argon plasma

The spectral characteristics of argon plasma at a
flow rate of 100 sccm and a pressure of 0,5 Torr were
recorded in the power range from 2 to 12 W (Fig. 2).
As can be seen in Figure 2, with an increase in
discharge power, a gradual expansion of the plasma
glow area and an increase in optical emission
intensity are observed. At a minimum power of 2 W,
a weak, localized plasma glow is observed, which
corresponds to the plasma ignition threshold power.
With a further increase in power from 2 to 10 W, the
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radio frequency, corona, glow, spark, and nanosecond
pulse discharges [8]. DBD is a typical example of
«non-thermal plasmay, in which the gas remains at a
temperature close to ambient conditions, while
electrons are heated to 2-3 eV (=20,000-30,000 K)
under the action of a strong electric field. In contrast,
MW and GA discharges fall into the category of
warm plasmas, where the gas temperature can exceed
1000 K, and the electron energy usually reaches
several eV [8,11].

This paper presents an experimental study on the
spectral characteristics of argon and argon—methane
plasmas generated in a vacuum reactor employing a
high-frequency dielectric barrier discharge (RF-
DBD).

volume fraction of methane (CHa4) in the gas mixture
was approximately 5%.

Matching
network

o RF Generator
13,56 MHz

Figure 1 — Schematic diagram of the experimental
gas conversion setup: 1 — gas discharge quartz tube,
2 — fore-vacuum pump, 3 — gas mass flow
controllers, 4 — high-frequency electrode, 5 —
grounding electrode, 6 — detector, 7 — optical
emission spectrometer, 8 — laptop, 9 — pressure
sensor

plasma becomes brighter and evenly distributed along
the quartz tube. This is due to an increase in electron
density and collision frequency, which leads to more
efficient excitation of argon atoms and, accordingly,
to an increase in radiation intensity. At a power of 12
W, the quartz tube is almost completely filled with
plasma. No further increase in power above 12 W was
carried out, since under such conditions, parasitic
(static) current may appear, which can negatively
affect the correct operation of the pressure sensor
installed near the discharge zone.
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Figure 2 — Photo of RF-DBD argon plasma discharge at various powers (2—12 W) with an argon flow rate of
100 sccm and a pressure of 0,5 Torr.

Figures 3 (a) and (b) show the emission spectra
of argon plasma at a pressure of 0,5 Torr and powers
of 5 W and 10 W, respectively. At a constant argon
flow rate of 100 sccm and a pressure of 0,5 Torr, it
can be seen that the intensity of the Ar I lines
increases with an increase in power from 5 to 10 W.
This is due to an increase in the ionization level and
electron energy, which leads to an increase in the rate
of electron-neutral impact excitation. As a result of
collisions, electrons transfer part of their energy to
argon atoms, causing their excitation and subsequent
radiation when they transition to the ground state
[15].

Photo of the RF-DBD argon plasma discharge
obtained at different powers from 2 W to 12 W with
an argon flow rate of 100 sccm at a pressure of 1,0
Torr are shown in Figure 4. As the power increases,
the luminescence area expands, and the discharge
gradually covers most of the quartz tube. In the 10—
12 W power range, the plasma occupies almost the
entire length of the tube, however, in contrast to the
previous experiment conducted at a pressure of 0,5
Torr, here at 12 W the discharge does not spread to
the other end of the quartz tube. This difference is due
to the influence of pressure. An increase in pressure
leads to a decrease in the free path length of electrons,
and as a result, ionisation becomes more localised.
Electrons lose energy due to frequent inelastic
collisions with argon atoms, and part of the supplied
energy is dissipated without effectively increasing the
plasma density. As a result, at a pressure of 1,0 Torr,
compression (shortening) of the plasma zone is
observed.

Figures 5 (a) and (b) present the emission spectra
of argon plasma recorded at a pressure of 1,0 Torr and
powers of 5 W and 10 W, respectively.

At a pressure of 1,0 Torr, a similar trend is
observed: with an increase in discharge power from 5
to 10 W, the intensity of the Ar I spectral lines
increases, which is associated with an increase in
electron energy and the intensification of electron-
impact excitation and ionisation processes.
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Figure 4 — Photo of RF-DBD discharge of argon plasma at various powers (2—12 W) with an argon flow rate
of 100 sccm and a pressure of 1,0 Torr.

Compared to the experiment at a pressure of 0,5
Torr, there is a noticeable decrease in the overall
intensity of the argon spectral lines.

This indicates a decrease in the degree of
excitation and ionisation of argon atoms at elevated
pressure, despite the same power input.

Based on these results, the following conclusion
can be drawn: an increase in the power of the radio-
frequency discharge during the generation of argon
plasma leads to an increase in electron density and, as
a result, to an intensification of the processes of
excitation and ionisation of atoms. This is reflected in
the increase in the intensity of the spectral emission
lines of argon in the range of 695-850 nm. In
addition, the spectra show lines corresponding to
hydroxyl radicals (OH) with a wavelength of around
310 nm, as well as molecular nitrogen radiation in the
313400 nm range [12], which indicates the
interaction of plasma with residual air gases. Thus,
the results of spectral analysis confirm that the power
of the RF discharge is a key parameter determining
the energy characteristics and composition of argon
plasma.

Plasma of argon—-methane mixture

The Ar—CHa gas mixture plasma was obtained
by introducing a chemically active gas, methane, into
the argon flow. The ratio of components was 95% Ar
(95 sccm) and 5% CHa (5 sccm). Figure 6 shows
photo of the RF-DBD discharge at power levels
ranging from 2 to 12 W at a constant pressure of 0,5
Torr. The emission spectra of the Ar—CHa plasma at
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power levels of 5 W (a) and 10 W (b) are shown in
Figure 7.
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Figure 6 — Photo of RF-DBD discharge of argon-methane plasma at various powers (from 2 to 12 W) with
argon flow rates of 95 sccm and methane flow rates of 5 sccm, at a pressure 0,5 Torr.

With an increase in the power supplied, a gradual
expansion of the luminescence area along the quartz
tube is observed, indicating an increase in the plasma
volume. The addition of methane to the gas mixture
leads to an increase in collision energy losses of
electrons due to the dissociation and excitation of CHa
molecules.

The spectral characteristics show that when the
power is increased from 5 to 10 W, the intensity of
the argon lines increases, indicating an increase in
electron density and ionisation.

Compared to pure argon plasma, the intensity of
molecular nitrogen and hydroxyl radical (OH) lines is
significantly lower at both 5 W and 10 W. This is due
to the fact that a significant part of the electron energy
is spent on the excitation and dissociation of methane,
rather than on the excitation of impurity molecules in
the air.

Images of RF-DBD discharge of argon-methane
plasma at powers ranging from 2 W to 12 W and a
pressure of 1,0 Torr are presented in Figure 8, and
spectral characteristics at powers of 5 W and 10 W
are shown in Figure 9. As the supplied power
increases, the discharge glow area expands.
Compared to the mode at a pressure of 0,5 Torr, the
luminescence intensity at 1,0 Torr is significantly
lower, which is due to a reduction in the free path
length of electrons and an increase in energy losses
due to inelastic collisions with gas atoms and
molecules at higher pressures.
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Figure 7 — Emission spectra of argon-methane
plasma (Ar—CHa) with argon flow rates of 95 sccm
and methane flow rates of 5 sccm, pressure of 0,5
Torr, and power levels of 5 W (a) and 10 W (b).
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Figure 8 — Photo of RF-DBD discharge of argon-methane plasma at various powers (from 2 to 12 W) with
argon flow rates of 95 sccm and methane flow rates of 5 sccm, at a pressure of 0,5 Torr.
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Figure 9 — Emission spectra of argon-methane
plasma (Ar—CHa) with argon flow rates of 95 sccm
and methane flow rates of 5 sccm, pressure of 1,0
Torr, and power levels of 5 W (a) and 10 W (b).

Conclusion

This paper investigates the spectral
characteristics of argon and argon-methane plasma
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obtained in a radio-frequency dielectric barrier
discharge (RF-DBD) and determines the optimal
discharge parameters.

During the experiments, the pressure varied
between 0,5 and 1,0 Torr, and the power supplied
ranged from 2 to 12 W. It was established that the
minimum threshold power required to maintain the
gas discharge plasma is approximately 2 W. With an
increase in power, a gradual expansion of the
luminescence area and an increase in radiation
intensity along the quartz tube are observed. The
amplification of atomic argon (Ar I) spectral lines is
associated with an increase in electron density,
ionisation level, and frequency of electron-impact
processes. Spectral data in the 200-900 nm range
identified Ar I lines, as well as emission bands of
hydroxyl radicals (OH) and molecular nitrogen (N2),
indicating the partial presence of air in the reactor and
evidence of insufficient gas system tightness. When
methane is introduced into the gas mixture (Ar:CHa =
95:5), a decrease in the intensity of argon lines is
observed, which may be associated with the
redistribution of electron energy to the processes of
excitation and dissociation of methane molecules, as
well as with the formation of dust particles in the
plasma. The results obtained contribute to a deeper
understanding of the physicochemical processes in
argon-methane plasma and open up prospects for the
further application of RF-DBD discharges in methane
plasma conversion tasks.
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