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Abstract. In this experimental work, the physical and electrical characteristics of a fabricated positive DC corona
jet are analysed. The designed plasma jet operates with the direct current (DC) applied voltage and Ar/CO2 mixture
at the atmospheric pressure (760 Torr). The emitted spectra are analysed by the optical emission spectroscopy
technique. Then, the rotational, vibrational and excitation temperatures, electron density and CO2 dissociation
degrees are obtained. Besides, using the actinometry method, the carbon dioxide dissociation process is studied.
The CO2 excitation and ionisation from X 2 g → A2 u transitions along with the OH emission band from the
A2  → X2  transitions are detected. It is seen that at all the temperatures, electron number density and CO2
dissociation to CO, O2 and O species are increased at higher input electrical currents
Keywords. Direct current plasma jet; Ar/CO2 gas mixture; optical emission spectroscopy technique.
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1. Introduction
It is well-known that the inactivation of micro-organisms
is one of the interesting applications of cold atmospheric
plasma technology. So far, through the experimental
and numerical efforts, these capabilities of the biological species, such as disinfection of bacteria and spores
are successfully proved [1–7]. Conventional sterilisation methods have limited applications and, hence, the
researchers are working on novel sterilisation methods.
Such electric plasma discharges have the capability of
generating charged and uncharged particles and UV
photons that have antimicrobial influences on the living
cells. Depending on the working gases, these particles
−
can be O3 , O− , O, O−
2 , OH , NOx and so on [8]. These
generated agents in the plasma discharge medium can
disinfect bacteria through DNA damage, lipid peroxidation, oxidation of amino acids in proteins and oxidation
of co-factors in specific enzymes [9]. Cold atmospheric
plasma discharges are known as fast techniques which
will not produce toxic residues during disinfection processes [9].
The current procedures for the generation of nonthermal atmospheric pressure plasmas are relatively
0123456789().: V,-vol

simple. As these cold plasma discharges are inexpensive, they can be introduced as suitable options for
sterilisation purposes in the near future [10]. They have
the advantage of low chemical residues and can operate at atmospheric pressures [11–14]. In the generated
cold plasma discharges including O2 , N2 and CO2 gases,
these properties are more significant [15,16]. Besides,
the plasma discharges with CO2 molecules can form
reactive oxygen species (ROS) such as positive and negative oxygen ions which are appropriate for the bacterial
inactivation processes [17–21]. Moreover, in order to
understand the chemical reaction mechanisms occurring
in gaseous discharges, CO2 gas is generally added to the
rare gases, such are Ar, He [22,23]. In these mixtures,
the CO2 molecules will get dissociated easier and faster.
Hence, such gaseous mixtures are more suitable in biodecontamination applications [24,25].
Maouhoub [26] measured the excitation temperature
in the thermal plasma discharge formed with Ar/CO2
gaseous mixture. They varied the discharge current and
Ar/CO2 mixtures and, the excitation temperature was
obtained in the range of 7000–11000 K. In another
experimental work, they obtained the atomic excitation temperature in a plasma discharge formed with
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Ar/CO2 gaseous mixture. Their experiments were performed using the optical emission spectroscopy (OES)
technique at atmospheric pressures, where the electrical
current was varied between 5 and 10 A. While the gas
was monoatomic and pure, it was shown that, both the
current and temperature in the plasma discharge medium
were significantly affected, even when the contribution
of CO2 in the mixture was small.
Silva et al [27] studied the optical characteristics of
the CO2 dissociation in a microwave pulsed discharge
medium operating with CO2 and CO2 /N2 gaseous mixture in various operational conditions. The necessary
conditions for the variations of CO2 dissociation rate
and energy efficiency were established. Moreover, it
was illustrated that, the vibrational excitation is the
main parameter in the CO2 dissociation process. In
another experimental work, using the OES technique,
they examined a plasma discharge with argon and
Ar/CO2 gaseous mixture operating on the surface wave
(microwave) discharges. In their experiments, a drastic reduction in the density of argon metastable species
was observed. Furthermore, the electron temperature
was measured in the plasma discharge medium using
the intensity of two argon emission lines.
In this paper, the experimental studies are performed
on the production of various reactive species at various
operational conditions in a developed DC plasma jet.
To this end, the OES technique is used to measure the
emission intensity lines in the plasma discharge formed
in gaseous medium of the DC plasma jet. The rotational,
vibrational and excitation temperatures in the plume
of DC plasma jet are evaluated using the simulated
hydroxyl spectra formed via fitting of the experimental findings, nitrogen second positive system lines and
Ar I spectral line intensities. The Stark broadening of
hydrogen atom is applied to calculate the electron number density in the plasma discharge medium of the DC
plasma jet. Besides, the CO2 dissociation is examined
by the actinometry method. Compared with the existing
plasma jets with different sources and configurations,
the developed plasma jet consumes low electrical power
and, it has the capability of working at the atmospheric
pressures. Moreover, the minimum voltage and current for the plasma discharge initiation with Ar/CO2
gaseous mixture in the developed DC plasma jet are 2
kV and 15 mA, respectively. Hence, the input electrical
power varies from 30 to 90 W which is relatively low.
Moreover, it can be easily applied in various industrial,
technical and medical fields.
2. Experimental set-up and simulation method
In order to have a DC plasma jet with corona discharge electrode configuration, a tungsten needle with a
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Figure 1. The schematic of experimental set-up.

diameter of 0.8 mm is placed on the axis of a quartz
tube of inner and outer diameters of 4 and 6 mm, respectively. This needle plays the role of an electrode which is
connected to the positive pole of the DC power supply.
Moreover, as a ground electrode, a stainless-steel electrode with a hole (0.8 mm diameter) is placed at the tip of
the tube. The axial distance between the two electrodes
is kept at 10 mm. It must be noted that, in this configuration, polytetrafluoroethylene (PTFE) is used as the
solid dielectric material. Hence, after the application of
high-voltage DC power, a non-uniform electric field is
formed between the metallic electrodes. High voltage is
applied to electrodes through a current limiting resistor,
R (1 k). Here, the applied current varies between 0 and
50 mA. Additionally, the applied high voltage is kept at
2 kV. In this work, a DCG01BF Basafan power supply
with variable output voltage (0–7 kV) and current (0–
50 mA) is used. Firstly, both the output DC voltage and
current are varied to reach the most stable plasma jet for
all the argon percentages in the Ar/CO2 gaseous mixture. A 1 k resistor is used to block the current flowing
from the discharge medium to the power supply. Such
a DC power supply can give a good output without any
shock and ripple. Moreover, argon and CO2 are mixed
using a gas mixer. The gaseous mixture enters the tube
and, the gas and the generated plasma are exited from
the nozzle. Hence, a plasma torch is generated at atmospheric pressure which appears uniform and, its length
can reach more than 10 mm. The experimental set-up is
schematically shown in figure 1.
In this work, using a standard light source-calibrated
optical emission spectrometer (OES), the emission spectra from the plasma plume of a DC plasma jet are
detected. The spectrometer fibre probe is placed 5 mm
away from the nozzle which is perpendicular to the
plasma plume. It must be noted that, both HR4000 and
USB4000 Ocean Optic spectrometers and Spectrasuite
software are used to detect and analyse the emitted spectra of the developed plasma jet. Moreover, it stores a full
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Figure 2. (a) 3D schematics of atmospheric pressure DC plasma jet: (1) Tungsten rod (powered electrode); that is sharpened
at 30◦ , (2) gas inlet, (3) PTFE dielectric, (4) quartz tube, (5) stainless steel; grounded electrode. (b) Photograph of the fabricated
DC plasma jet.

spectrum at every millisecond with a wavelength range
sensitivity of 200–1100 nm. It should be mentioned that,
the argon gas is taken as the main carrier gas and, it is
mixed at different percentages with CO2 using a gas
mixer. In order to measure the background gas temperature of the formed plasma, a K-type thermocouple is
connected to a digital multimeter and, it is placed in
proximity with the plasma jet plume.
Figure 2a shows the 3D schematic of the plasma
jet. Figure 2b shows the photograph of the fabricated
DC plasma jet in our laboratory. The gas mixer enters
the Ar/CO2 gaseous mixture into the plasma discharge
medium of DC plasma jet with argon and CO2 flow rates
of 15, 1–10 SLM, respectively, which is controlled by a
velocity flow controller.
It must be noted that the DC plasma jet is studied
in two different operational conditions: First, while the
applied voltage is kept constant at 2 kV and Ar/CO2
ratio is 0.2, the DC current is varied from 15 to 45 mA.
Secondly, while the applied DC voltage and current are
kept constant at 2 kV and 40 mA, respectively, and the
contribution of CO2 is varied in range of 2–10% in the
Ar/CO2 mixture.

3. Results and analysis
As shown in figure 3, using the OES technique, the
emission spectra from the plasma plume of a DC
plasma jet are recorded. The main objective is to
experimentally detect all the species formed in the
plasma discharge medium of the developed plasma jet
with various Ar/CO2 mixtures at different operational
conditions.
In following, two different emission spectra are typically depicted in figure 3. These spectra are recorded for
CO2 which is mixed with 90% Ar at the spectral range
of 200–950 nm and at the applied current and voltage of

40 mA and 2 kV, respectively. Moreover, the important
observed peaks corresponding to the reactive species
that are produced in the plasma discharge formed with
Ar/CO2 mixture are shown in figure 3.
The UV region is one of the characteristics of the
emission spectra of the developed DC plasma jet. In this
region, NO lines correspond to the electronic transitions
such as NOγ (A2  + →X2 r ). The dissociation of O2
and N2 molecules by the electron collision will generally
produce NO radicals [28]. The NO γ band which is
originated from the excitation collisions is expressed as
follows:




N2 A3 u+ +NO X2 


(1)
→N2 X2 g +NO(A2  + ),
and the radiative transition impact of the N2 metastable
state is [28,29]


NO(A2  + ) → NO X2  + hν(NO − γ band). (2)
Additionally, in the performed experiments, the highly
reactive radicals, i.e., the OH emission band (A2 ,
ν= 0 → X2 ,ν  = 0) at the wavelength range of 306–
312 nm are detected. It must be noted that, the OH radical
is generally formed by the water vapour molecules that
are present in the ambient air [28–30]. Generally, two
reactions could be probably generated by the excited
state OH via the direct dissociation electron excitation
of water vapour molecules:


H2 O+e− → OH A2  +H+e−
(3)
or through the dissociative recombination of H2 O+ species:


H2 O+ +e− → OH A2  +H.
(4)
H2 O+ is formed by argon metastables and subsequent
dissociative recombination processes [31]. Moreover,
OH∗ (A2  + ) radicals can be produced by dissociative
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Figure 3. The emission spectra of DC plasma jet with 10% CO2 in the Ar/CO2 mixture at 2 kV applied voltage and 40 mA
current, with a spatial distance of 1 cm between the anode and the cathode electrodes.

collisions between the excited argon neutrals and H2 O
vapour molecules [32]:


(5)
Ar ∗ (3 P0,2 ) + H2 O →OH∗ A2  + +Ar + H.
Besides, the quenching impacts with H2 O, CO2 and O2
molecules are the main processes in the radiative decay
phenomenon (with a time duration of about 800 ns).
This leads to the removal of OH∗ (A2  + ) state [30,31]
as follows:




OH∗ A2  + +H2 O → OH X2  +H2 O
(6)
∗
(7)
OH +H2 O → HO2 +H2
∗
(8)
OH +CO2 → HO2 +CO2
∗
OH +O2 → HO2 +O.
(9)
Furthermore, as seen in figure 3, in the wavelength range
of 300–400 nm of the emission spectra, the presence
of second positive system N2 (C3 u →B3 g ), the first
positive system N2 (B3 g →A3 u+ ) and the first negative system N2+ (B2 u+ →X2 g+ ) are dominated. The
electron impact excitation from the ground N2 (X1 g+ )
and first metastable state N2 (A3 u+ ) transfer of energy
between collisional partners, pooling reaction and many
other excitation reactions lead to these transitions. However, in this experiment, many peaks corresponding to
the CO2 molecules are detected in this spectral range
[33]. In addition, it can be noted that, in the plasma
discharge region, the energetic electrons (12–14 eV)
can generate molecular ions by colliding with the ions

or neutral particles. Furthermore, the energetic photons
+
+
generated in the corresponding CO+
2 , CO and O2 transitions are capable of triggering these processes [34].
However, the molecular and atomic transitions such
and Barker’s system (FDB) CO+
2
as, 2Fox, Duffendack

X g →A2 u in the wavelength range of 300–420
nm, Swan systems C2 (A3 g →B3 u ) at wavelengths
436.1 nm, 473.7 nm, 516.4 nm, 563.9 nm, second
positive system of N2 at 336.1 nm, first comet-tail
system CO+ (X2  →A2 ) at 471.1 nm, triplet bands
CO(d3  →a3 ) at wavelengths 449 nm, 497 nm, 555.2
nm, 603.1 nm, 646.5 nm and Chamberlains Airglow
system O2 (a1 g →C3 u ) at wavelength 695.5 nm in
the emission spectra of Ar/CO2 plasma discharge can
be observed. The two typical electron collision reactions leading to the excitation and ionisation transition
processes in the Ar/CO2 plasma discharge is as follows [35]:
e− + CO2 → e− + CO∗2

(10)

e + CO2 → 2e

(11)

−

−

+ CO+
2.

CO2 dissociation to carbon monoxide and oxygen leads
to the CO triplet band series. Generally, both CO2
molecule decomposition and electron attachment processes can perform through the electron collision as
follows [35]:
e− + CO2 → 2e− + CO+ +O
e− + CO2 → 2e− + C+ +O2

(12)
(13)
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(14)
(15)

These pathways are related to the CO2 vibrational
excited state. Moreover, the other pathways of CO2
decomposition are performed by CO+
2 and electron
impact as follows:
∗
e− + CO+
2 → CO2 +O

e + CO+
2 → C+O2
−
e + CO+
2 →CO2 + hν.
−

(16)
(17)
(18)

In addition, the observed C2 and O2 peaks for the spectra
of the formed Ar/CO2 plasma discharge corresponding
to the recombination process are written as follows:
C + C → C2
O + O → O2 .

(19)
(20)

Moreover, in the performed experiments, there are O+
2
emission band (B4 g− →A4 u ) at the wavelength of
562.3 nm and atomic oxygen at wavelength 844.6
nm (3p3 P → 3s3 S). The most intense emission of
oxygen results from the excited neutral atoms and
molecules originating from the dissociative excitation
as follows [36]:
−
e− +O2 →O+
2 +2e

(21)

e
O+CO2 → CO+O2
O+O2 → O+O2 .

(22)
(23)
(24)

−

∗
+O+
2 →O +O

In addition, in the performed experiments, there are
molecular and atomic emission bands of oxygen in the
recorded wavelength range. The most intense emission
of the formed species from the molecular oxygen is
resulted from the excited neutral atoms and molecules.
To a lesser extent, the collisions of heavier charged particles such as Ar+ and CO+ with O2 can generate ionised
oxygen molecules by the dissociative excitation processes as follows [37]:
Ar + +O2 → Ar+O+
2

(25)

CO +O2 →

(26)

+

CO+O+
2.

It is worthy to mention that the feasible collision processes by Ar, CO2 and CO will result in more ionisation
and dissociation rates, corresponding to the energy
change by feeding the Ar/CO2 gas mixture into the
developed DC plasma jet system in the following pathways [37]:
Ar + +CO2 →CO+
2 +Ar

(27)

Ar +CO → Ar+CO .

(28)

+

+

Finally, in the wavelength range of 696–912 nm, atomic
transition lines from Ar I can be observed. Thus, the
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excitation and ionisation reactions are as follows:
Ar + e− → Ar ∗ + e−
Ar ∗ + e− → Ar + + 2e− .

(29)
(30)

However, energetic electrons (above 35 eV) are generally needed for the simultaneous excitation and ionisation processes [39]. On the other hand, many electrons
have low energies which are about 4 eV at the low temperature plasma discharges. Thus, most of the ionisation
reactions are performed based on multi-step processes
[38,39]. The Penning excitation mechanism can be proposed for a given argon energy level to an excited state
of C2 in the emitted spectra of plasma discharge formed
in the Ar/CO2 gas mixture medium. In the Ar I wavelengths of 696, 727 and 826 nm, the transitions are
0 ), while in the
performed from 4p singlet state (2 P1/2
Ar I wavelengths of 706 and 738 nm, the transitions are
0 ) [40,41].
related to 4p triplet state (2 P3/2
At atmospheric pressure, molecular nitrogen, molecular oxygen and water vapour affect different species
formed in the plasma discharge medium of Ar/CO2
plasma jet. Hence, in the detected emission spectra of the
DC plasma jet, various emitting species are appeared. It
must be noted that, several spectroscopic examinations
of atomic and molecular emission lines are performed
to study the CO2 decomposition features in the DC
plasma jet as a function of power supply parameters.
These examinations are performed based on the operational conditions of the DC plasma jet. Normally, the
plasma state is analysed by the light radiated in the
visible region, where the spectral measurements are relatively easy. In this spectroscopic analysis, the spectra
of the hydroxyl molecular bands (OH) can be observed.
Using the rotational spectrum of OH at a wavelength of
309.1 nm (A2  → X2  transition), the rotational temperature can be obtained [25]. It should be noted that,
corresponding to the inelastic collisions by the heavy
species and variations in their energy, the rotational temperature in molecular plasma is not similar to the atomic
plasma temperature. Moreover, only in the atomic
plasma discharges, the rotational and gas temperatures
are very close [30–34]. However, to study the rotational
temperature in this experiment, just OH (A2  → X2 )
band is chosen in the DC plasma jet at atmospheric
pressures. In figure 4, using the LIFBASE software, the
simulated spectra (lower curve) is obtained. Besides, to
estimate the rotational temperature, it is fitted with the
experimental emission spectra (upper curve) [26]. In this
simulation work, all the affected parameters are considered as the instrumental resolution and line shape with
the collisional broadening.
Here, the experimental spectrum is recorded at an
applied voltage of 2 kV with 90% Ar in the Ar/CO2
mixture. Moreover, it is fitted by the simulated spectrum.
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I(ν; ν )λ/A(ν ν ). Finally, the vibrational temperature
can be obtained as follows:


hcG(ν  )

N2 (ν ) = N2 (0) exp −
.
(32)
kTv

Figure 4. The typically estimated rotational temperature at
420 K from the OH (A2  → X2 ) band for 90% Ar at 40 mA
applied current and 2 kV voltage by fitting the experimental
(dots) and simulated (solid) spectra.

Afterwards, the rotational temperature is calculated
using the LIFBASE software and the rotational levels
of OH band.
Since the transition between the vibrational levels
generally stores a significant part of energy, the vibrational temperature might be important. However, the
vibrational excitation may affect the chemical and dissociation processes in the plasma discharge medium of
the DC plasma jet.
It must be noted that, the sum rule is valid only if the
transition probability is a constant for all the vibrational
transitions having appreciable contributions in the summation. Thus, if this condition is fulfilled, the sum rule
may be used to determine the gas temperature by omitting or absorbing the band system. Moreover, in thermal
equilibrium, the population of the initial state is propor−E /k T
tional to e v B .
Generally, the vibrational temperature of N2 is determined using the second positive system of a nitrogen
emission spectrum. This implies the radiation transition between C and B electronic state as N2 (C3 u ) →
N2 (B3 g ). Thus, the vibrational temperature, Tv , can
be obtained using the following relation [34]:
Iν  ,ν  = c(λ)[N2 (ν  )]A(ν  ν  )/λ,

(31)

where Iν  ,ν  is the transition emission intensity between
the two energy levels with the vibrational numbers of
ν  and ν  . In this method, ν(ν  − ν  ) = −2. The
function c(λ) is the spectrometer response factor at
the wavelength of λ, [N2 (ν  )] is the density of nitrogen molecules in C-state at level ν  and A(ν  ν  ) is the
spontaneous emission probability. Moreover, the density of nitrogen molecules can be expressed as [N2 (ν )]≈

In the low vibrational levels, including most of the
vibrational excited molecules, a linear function vs. ν
can be obtained by taking the logarithm of eq. (32).
The vibrational temperature, Tv , is determined from the
slope of the semi-logarithmic plot for population density
(N2 (ν1 )/N2 (ν2 )) vs. the vibrational quantum number,
ν [34].
In this work, to calculate the vibrational temperature,
the vibrational quantum number, ν, must be defined. The
vibrational quantum number corresponds to the number
of excited molecules in a characterised vibrational level
and, it is illustrated using the Boltzmann law. Therefore, the vibrational band intensity can be defined as
follows [34]:
Iν  ,ν  = cst·k 4 A(ν  ν  )e

Eν 
BT

−k

(33)

where k, A(ν  ν  ), ν  , ν  and E ν , denote the wavenumber, transition probability, vibrational quantum number
of the higher state and vibrational quantum number of
the lower state and vibrational energy, respectively. It
must be noted that, the slope of the straight line obtained
Iν  ν 
by plotting ln( k 4 A(ν
 ν  ) ) in terms of E ν  determines the
vibrational temperature [34].
Here, using the Boltzmann plot method, the vibrational temperature of the DC plasma jet is recognised.
In order to determine the vibrational temperature, three
vibrational bands of N2 (C3 u →B3 g ) due to wavelengths 349.9, 353.6, 357.6, 370.9, 375.4, 380.4, 394.2,
399.7 and 405.8 nm are selected. Other parameters are
from ref. [36]. A typical Boltzmann plot to compute
vibrational temperature is shown in figure 5 with 10%
CO2 in the Ar/CO2 gas mixture and 18 lpm (litre per
minute) gas flow rate when the applied voltage and
current are 2 kV and 50 mA, respectively. Here, the
vibrational temperature is obtained as 0.82 eV.
The excitation temperature in the discharge medium
of the developed DC plasma jet corresponds to the
kinetic energy of plasma electrons. These electrons are
the main source of molecular and atomic excitations.
Moreover, they influence the plasma reactivity through
the generation of active species in the inelastic collision
processes. These temperatures can be obtained using the
OES technique which is characterised by the energy levels of the excited states. In the spectra obtained from the
plasma discharge by Ar/CO2 gaseous mixture, the sharp
peaks can be observed that are related to the excited
argon species. However, the necessary information on
such states can be found in [39,40].
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Figure 5. Typical Boltzmann plot for calculating the vibrational temperature (with Tv = 0.85 eV) with 90% Ar in
Ar/CO2 mixture at 2 kV DC voltage and 17 lpm flow rate.

Figure 6. Typical Boltzmann plot for the argon electron temperature with 90% Ar in the Ar/CO2 mixture at 2 kV DC
voltage and 17 lpm flow rate.

In addition, to calculate the maximum stepwise ionisation rate, it can be assumed that the electronically
excited neutrals are in quasiequilibrium with plasma
electrons. Moreover, the electronically excited states are
characterised by the Boltzmann distribution with electron temperature Te as follows:

(with degeneracy) can be defined as follows [42–44]:




Eu
hcN0
I λul
−
= ln
ln
,
(36)
Aul gu
4πU (T )
kTexc



gn
εn
,
Nn =
N0 exp −
g0
Te

(34)

where Nn , gn and εn are number densities, statistical weights and energies of the electronically excited
atoms, radicals or molecules; the index n is the principal
quantum number. From statistical thermodynamics, the
statistical weight of an excited particle is expressed as
gn = 2gi n 2 , where gi is the statistical weight of an ion.
N0 and g0 are the concentration and statistical weights of
ground-state particles. The typical energy transfer from
a plasma electron to an electron, sitting in an excited
atomic level, is cTe . This means that excited particles
with energy of about εn = I − Te make major contributions in eq. (34). If In ∼ 1/n 2 , the number of states
with energy about εn = I − Te and ionisation potential of about In = Te has an order of n. Therefore, the
following relation can be derived:

k≈




gi
I
3
n σ ν exp −
.
g0
Te

(35)

Finally, the cross-section σ in eq. (35), corresponding
to an energy transfer of about Te between electrons, can
be estimated as e4 /Te2 (4π ε0 )2 [42].
Here, the Boltzmann plot technique might be used to
obtain the excitation temperature. Hence, the relative
transition probabilities between the two emission lines

where I is the total intensity, λul is the wavelength, Aul
is the transition probability, gu is the upper level degeneracy, E u and k are the excitation energy and Boltzmann
constant, respectively. In this model, it is assumed that
the electron collisions between the excited species play
an important role in the population and depopulation of
the excited atoms. Besides, the excitation temperature
is very close to the electron temperature. Hence, it can
be assumed that they are similar [44].
In order to calculate the excitation temperature in the
discharge medium of the DC plasma jet with Ar/CO2
gaseous mixture, the slope of the linear fit should be
applied by the Boltzmann plot method, which is similar
to the procedure for obtaining the vibrational temperature. In figure 6, ln(I λul /Aul gu ) is plotted in terms of E u
(upper level of electronic energy) for the relative intensities of the chosen Ar I emission lines. The experimental
data are shown as the scattered points in figure 6. Hence,
when the applied current and voltage are respectively 20
mA, 2 kV and Ar/CO2 = 9 : 1, the slope of the linear fit
is −0.734, corresponding to the excitation temperature
Te =1.37 eV. Here, the National Institute of Standards
and Technology (NIST) database is used to achieve the
atomic parameters of Ar I emission lines [43].
Figure 7a shows the variations of OH(A) rotational
temperature as a function of the applied DC current
which is obtained for 90% Ar in Ar/CO2 plasma discharge. As seen, the rotational temperature is increased
at higher electrical currents, as higher electrical powers are fed into the plasma discharge medium of
the jet. Hence, the power loss reflects in the higher
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Figure 7. Evolution of the rotational temperature in terms of (a) electrical current with 90% Ar in the mixture, 2 kV DC
voltage, 16 lpm flow rate, (b) CO2 fraction in the Ar/CO2 mixture at 16 lpm flow rate and 2 kV DC voltage and (c) flow rate at
90% Ar in the mixture and 2 kV DC voltage. All calculated rotational temperatures have been compared with the temperatures
obtained with the thermocouple.

temperatures. Moreover, due to the energy exchange
amplification between the high-energy electrons and
heavy particles, the rotational temperature is increased
at higher applied DC currents. It must be noted that, the
mean energy of electrons is increased at higher input
currents. Thus, the kinetic energy is increased, resulting in higher delivery of kinetic energy to the heavy
particles, because such an exchanged energy is stored
as internal energy in the plasma discharge medium of
the plasma jet. Consequently, the energetic electrons
efficiently excite the higher rotational and vibrational
states and, hence, all the associated temperatures will
increase.
Rotational temperature variations vs. the CO2 content in the Ar/CO2 gas mixture are shown in figure 7b.
As shown, the rotational temperature is raised at higher
CO2 concentrations in the Ar/CO2 gas mixture. It must
be noted that, at higher CO2 concentrations in the mixture, higher energies are required to break the molecular
bonds of CO2 . Therefore, the rotational temperature is
increased. Rotational temperature variations as a function of gas flow rate is presented in figure 7c. As seen, it
is decreased at higher gas flow rates owing to the higher
particles speed in the discharge medium. In fact, neutral gas molecules are much less affected by the applied
electric field and the rotational temperature is reduced
at higher gas velocities. On the other hand, both the
rotational temperatures that are obtained using the OES
method and thermocouple are compared in figure 7. As
seen, the rotational temperature which is obtained by
the OES method is higher than the other one. However,
such differences are normally expected because the OES
technique determines the rotational temperature which
is close but not exactly equal to the gas temperature.
It should be mentioned that, in the plasma discharge
formed by Ar/CO2 gaseous mixture at atmospheric

pressure in the developed plasma jet, the asymmetric vibrational mode of CO2 molecule at the ground
state is one. Moreover, the first vibrational level of
nitrogen N2 (X1 g+ ) approaches unity. Hence, it can be
concluded that, at these states, the vibrational temperatures must be mostly similar [20]. Moreover, the collisional reaction of energy exchange by CO2 molecule
ground state and N2 (X1 g+ ) can be defined as follows
[24]:
CO2 (000) + N2 (X1 g+ ,ν = 1) → CO2 (001)
+N2 (X1 g+ ,ν = 0).
Furthermore, in order to excite N2 from X1 g+ state to
the C3 u state at atmospheric pressure, there must be
a certain number of electron with energies greater than
11.18 eV in the DC plasma discharge. However, the
vibrational temperature is increased at higher electrical
currents, as shown in figure 8a. In this work, the excitation or electron temperature is experimentally obtained
vs. DC current in Ar/CO2 gaseous mixture. As shown in
figure 8a, at higher DC currents, the excitation temperature is increased. Besides, at higher DC currents, the
input power into the discharge medium of the plasma
jet increases. This leads to stronger electric fields in the
discharge region. At higher electric fields, the plasma
electron acceleration and, consequently, kinetic energy
(temperature), of all the formed reactive species are
increased.
Figure 8b shows the variations of vibrational and excitation temperatures in terms of the CO2 concentration
in the Ar/CO2 gas mixture. As seen, the vibrational
and excitation temperatures are decreased significantly
at higher CO2 contributions in the Ar/CO2 gas mixture because lower CO2 percentages in the mixture will
result in higher energetic electrons. Hence, the ionising
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Figure 8. Variations of the vibrational and excitation temperatures as a function of (a) electrical current with 90% Ar in the
mixture, 2 kV DC voltage, 16 lpm flow rate, (b) CO2 fraction in the Ar/CO2 mixture at 16 lpm flow rate and 2 kV DC voltage
and (c) flow rate at 90% Ar in the mixture and 2 kV DC voltage.

collisions by the argon atoms would be stronger. Moreover, at higher argon content in the Ar/CO2 mixture, the
energy of the electrons in the plasma discharge is mostly
spent for the excitation of argon atoms to the metastable
state. This reflects in the reduction of excitation temperature. In addition, the variations in the vibrational and
excitation temperatures as a function of gas flow rate is
given in figure 8c. At higher gas flow rates, the vibrational and excitation temperatures are reduced. This
might be due to the lower required residence time for
the particles in the discharge medium. Thus, the energy
deposition by the external power supply to the discharge
medium will be reduced.
To study the electron dissociation of molecules in
the formed plasma discharge media of the developed
DC plasma jet, the effects of operating conditions of
the plasma discharge must be taken into account. Stark
broadening analysis of the spectral profile of the Hβ
line emission is the usual procedure to obtain the electron density of the plasma discharge in the experimental
point of view [44,45]. The hydrogen Balmer series is
the base of a method, which is generally applied to
obtain electron density [46]. Besides, the full-width
at half-maximum (FWHM) is an important parameter,
which is usually applied to determine the line shape
broadening. Thus, the Hβ line should be characterised.
Consequently, the Stark broadening in terms of the electron density can be expressed as [47]
λStark = 2 × 10

−11

2/3
(n e ).

(37)

Hence, the measurement of plasma electron density in
cm−3 units can be possible by determining the Stark
broadening [51]. It must be noted that, the Stark broadening is related to the β-series (Hβ ) at 486.1 nm
wavelength. On the other hand, the Stark broadening
depends on the Lorentz and van der Waals broadenings
which are related as follows [48]:

λLorentz = λStark + λvan der Waals .

(38)

Besides, pressure broadening is occurred when the
energy states of the emitting species are disturbed by the
neutral species in the plasma discharge. In addition, this
broadening depends on resonance and van der Waals
broadenings, which have a Lorentzian profile. In this
experiment, the density of hydrogen atoms is significantly small. Hence, the van der Waals broadening is
just considered, the distribution of which is described
as follows [48–50]:
P
λvan der Waals = 3.6 × 0.7 ,
(39)
T
where P is pressure (in atm units) and, here, it is
equal to 1, since the developed DC corona jet operates
at atmosphere pressure. Moreover, the temperature T
(in K units) is determined by the FWHM of Doppler
broadening. Furthermore, the Doppler broadening has a
Gaussian profile and it can be written as follows [37]:

T
λD (nm) = 7.2 × 10−7
λ,
(40)
M
where λ is the wavelength of β hydrogen peak at 486.1
nm, M is the molar weight of hydrogen which is equal
to 1 and T is the plasma temperature in Kelvin units.
Additionally, the Voigt profile is generally considered
as [42]
λG =

λ2D + λ2GI ,

(41)

where λG and λGI are the Gaussian and instrumental broadenings, respectively. The optical component
resolution directly affects the instrumental broadening.
Here, it is considered as 0.103 nm.
It must be noted that, the superposition of the Gaussian and Lorentzian profiles will result in the Voigt
profile that can be used to determine the Lorentz broadening through the fitting with the experimental spectra.
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Figure 9. Comparison of the experimental data and Voigt
profile when λL = 0.124 nm and λG = 0.108 nm.

Moreover, using the Origin software, the fitting procedure is performed and, the FWHM of the Lorentzian
broadening is distinguished. Thus, the Stark broadening and, consequently, the plasma electron density can
be calculated from both the Lorentz and van der Waals
broadenings.
As shown in figure 9, through the fitting of the
experimental spectrum to Voigt profile, the Lorentz
broadening is obtained (λLorentz = 0.124 nm). The
applied DC current and voltage are 40 mA and 2 kV,
respectively, with the ratio of Ar/CO2 = 9:1. Hence,
when the gas pressure and background temperature are
1 atm and 420 K, the van der Waals broadening is computed as λvan der Waals = 0.065 nm. Thus, the Stark
broadening and, consequently, the plasma electron density will be about 0.059 nm and 1.69 × 1014 cm−3 ,
respectively.
The variations of electron density in terms of DC
electrical current are shown in figure 10a. As shown,
at higher input DC currents, with 90% Ar in Ar/CO2
mixture and 2 kV applied voltage, the electron density
increases because at the higher input DC currents, the
input power into the electrical discharge media of the
plasma jet increases. In addition, the higher electrical
currents will directly affect the charged particles and
their collisions in the plasma discharge medium of the
plasma jet. Hence, owing to the enhancement of ionisation rate of neutral Ar atoms and CO2 molecules,
plasma density increases.
The variations of electron number density with the
CO2 content in the Ar/CO2 gas mixture are presented
in figure 10b. As shown, the electron number density is decreased at higher CO2 contributions because
higher charge exchange process between Ar atoms and
CO2 molecules will result in larger binary collisions
and, hence, the electron number density will increase.
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However, at higher gas flow rates, the influence of ionising collisions on the neutral particles will significantly
decrease, as shown in figure 10c.
Direct spectral methods to determine particle concentrations in non-equilibrium plasmas such as the resonant
optical absorption [3] are often difficult to implement
because of the complicated discharge geometry or the
small density of the different species formed in the
plasma discharge medium of the developed plasma jet.
However, the methods that are exclusively based on
the plasma emission techniques are certainly helpful.
The OES primarily provides the information on the different excited species formed in the plasma discharge
medium. Moreover, neglecting the excited state population in plasma discharge medium of the plasma jet will
reflect in fact that, the total density of the species formed
is almost equal to the ground-state density. However, this
parameter plays an important role in a majority of the
plasma processes and their technological applications
[3]. On the other hand, in the existing plasma discharge
models [4], the concentrations of the excited and ground
states are directly related. The actinometry procedures,
that use the information from the spectroscopic analysis,
are based on adding a small amount of gas (actinometer)
to obtain the needed information on the unknown density
of species [4]. Here, a chemically inert gas acts as an actinometer with operational characteristics such as emission spectrum, electron excitation cross-section, coefficients of collisional and radiative quenching of excited
states and so on. If the emitting states of this actinometer
and the radical (or atom) have similar excitation energies and, they are capable of being excited by the direct
electron impact from the ground states, then, the excitation rate coefficients for such emitting states depend on
the discharge parameters. Moreover, their ratio is mostly
equivalent to the ratio between their electron excitation
cross-sections. However, this process involves a difficult
analysis, because different mechanisms are necessary
to understand creation and destruction of the emitting
excited states [5]. Besides, for the corona discharge
models [5], the emission intensity of an excited state
X ∗ with a transition X i∗ → X ∗j can be written as
∗

X
Iem
=

C · hν i j · Aij · keX · n e
j<i

Aij

[X ],

(42)

where C is a constant which is related to the sensitivity
of the detection system, hν i j is the energy of the emitted
photon, Ai j is the Einstein coefficient for spontaneous
emission,
Aij is the sum corresponding to all the
radiative de-excitation processes, keX is the emission rate
coefficient and [X] is the concentration of the species X.
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Figure 10. Variations of the electron number density with (a) electrical current with 90% Ar in the mixture, 2 kV DC voltage,
16 lpm flow rate, (b) CO2 fraction in the Ar/CO2 mixture at 16 lpm flow rate and 2 kV DC voltage and (c) flow rate at 90%
Ar in the mixture and 2 kV DC voltage.

Figure 11. Variation of CO2 decomposition to CO, O2 and O as a function of (a) electrical current with 90% Ar in the mixture,
2 kV DC voltage, 16 lpm flow rate, (b) CO2 fraction in the Ar/CO2 mixture at 16 lpm flow rate and 2 kV DC voltage and (c)
flow rate at 90% Ar in the mixture and 2 kV DC voltage.

The degree of molecular dissociation is an important parameter in the molecular plasma discharges, as
it indicates the decomposition rate of the molecules.
Generally, the OES method can be used to estimate the
atomic and molecular dissociations in the plasma discharge, if a noble gas like argon or hydrogen is added to
the molecular plasma discharge. Here, the actinometer
is argon atom, and CO (458.5 nm), O2 (358.3 nm), O
(777.1 nm) and argon (750 nm) spectral emission lines
are selected for the optical emission actinometry. Hence,
the dissociation fraction can be written as follows
[42]:
i(Ar)

C Ar hν iArj A j keAr
[Co]
=
i(CO) CO
[CO2 ]
C CO hν iCO
ke
j Aj

i(CO)

CO
[Ar] Iem
Ar
i(Ar)
A
[CO2 ] Iem

Aj

j

(43)
[O2 ]
=
[CO2 ]

i(Ar)
C Ar hν iArj A j keAr
i(O )
C O2 hv iOj2 A j 2 keO2

i(O )
O2
A j 2 [Ar] Iem
Ar
i(Ar)
A j [CO2 ] Iem

(44)

i(Ar)

i(O)

O
A j [Ar] Iem
C Ar hν iArj A j keAr
[O]
=
,
Ar
i(O)
i(Ar)
[CO2 ]
A j [CO2 ] Iem
C O hv iOj A j keO

(45)

where C, hνi j , Ai j ,
Aij , keX , [X ] are a constant,
emitted photon energy, Einstein spontaneous emission
coefficient, all the emitting de-excitation processes,
coefficient of emission rate and X species concentration, respectively [42]. Moreover, as shown in the above
CO /I Ar , I O2 /I Ar and I O /I Ar are proporrelations, Iem
em em em
em em
tional to the CO, O2 and O concentrations, which is
used to determine the dissociation rate of CO2 .
Figure 11a shows the variations of CO2 decomposition rate into CO, O2 and atomic oxygen (O) as a
function of the input electrical current. As seen, at higher
input electrical currents, owing to the effect of electron
collisions on free electron generation in the plasma discharge medium of the plasma jet, these dissociation rates
are increased. Moreover, the formation of CO, O2 and O
species is directly resulted from the dissociation of CO2 .
Hence, the collision frequency between the plasma electrons and atoms/molecules increases and, thus, various
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species will be formed. Figure 11b shows the variations
of CO2 decomposition rate into CO, O2 and O as a function of CO2 content in the Ar/CO2 gaseous mixture.
As seen, all the concentrations are increased when CO2
gas concentration in the discharge medium is enhanced.
Moreover, the generation rate of CO, O2 and O vs. the
gas flow rate are shown in figure 11c. At higher gas
velocities in the discharge medium of the plasma jet,
the influence of the electric field on the neutral particles is decreased. Therefore, the CO2 decomposition is
reduced at higher flow rates and, hence the production
rate of CO, O2 and O is decreased.
4. Conclusions
In this experimental work, the CO2 discharge plasma
which is produced in a developed DC jet working based
on the positive corona discharge configuration in the
presence of Ar as an additional atomic gas was examined. The experiments were performed with a DC power
supply and, the electron density, rotational, vibrational
and excitation temperatures were determined. The CO2
excitation and ionisation from the X2 g → A2 u
electronic transitions were proved. Moreover, the OH
emission band corresponding to A2  → X2  transitions were used to determine the rotational temperature.
The performed experiments showed that, at higher electrical currents, the emission intensities from the formed
species are higher. It was also observed that, at higher
applied DC currents, all the temperatures and the electron density will increase. Moreover, the performed
actinometry computations showed that, at higher electrical currents, the dissociation of CO2 to CO, O2 and O
is increased. Hence, the developed DC plasma jet with
Ar/CO2 is found to be suitable for biomedical applications due to the high production of reactive species.
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