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Abstract. In this paper, using the optical emission spectroscopy (OES) technique, the optical characteristics of
a radiofrequency (RF) plasma jet are examined. The Ar/O2 mixture is taken as the operational gas and, the Ar
percentage in the Ar/O2 mixture is varied from 70% to 95%. Using the optical emission spectrum analysis of the
RF plasma jet, the excitation temperature is determined based on the Boltzmann plot method. The electron density
in the plasma medium of the RF plasma jet is obtained by the Stark broadening of the hydrogen Balmer Hβ . It is
mostly seen that, the radiation intensity of Ar 4p→4s transitions at higher argon contributions in Ar/O2 mixture is
higher. It is found that, at higher Ar percentages, the emission intensities from atomic oxygen (O) are higher and, the
line intensities from the argon atoms and ions including O atoms linearly increase. It is observed that the quenching
of Ar∗ with O2 results in higher O species with respect to O2 molecules. In addition, at higher percentages of Ar in
the Ar/O2 mixture, while the excitation temperature is decreased, the electron density is increased.
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1. Introduction

In recent years, cold plasmas at atmospheric pressures
have attracted much attention in various fields of sci-
ence and technology [1–9]. The atmospheric pressure
plasma discharges are practically used because of their
simplicity and low cost [10]. To improve the efficiency
of the plasma discharge jet for plasma processing, cold
plasma with various mixtures of atomic and molecu-
lar gases is used. The plasma jet is used for medical
applications such as surgery, blood coagulation, sterili-
sation, removal of bacteria, cancer therapy, dentistry and
oncology [11–14]. In addition to the biomedical appli-
cations, various manufactured plasma jets based on the
Ar/O2 mixture discharges are widely used for oxidis-
ation, formation of passivation layer, or other plasma
technologies that are applicable for the production of
integrated circuits [15,16].

Using optical emission spectroscopy (OES) scheme,
the physical properties of a kHz-driven atmospheric
plasma jet with the Ar/O2 mixture at a low flow
gas were examined by Moravsky et al [11]. Their
plasma jet was used to inactivate Candida albicans

cells which were in suspension in phosphate buffered
saline.

The fundamental plasma characteristics of Ar/O2
mixture gas plasma using the atmospheric pressure
microwave plasma source was experimentally described
by Ono et al [17]. They observed that the electron tem-
perature and electron density are maximised at about
1.2 eV and 2.5 × 1016 cm−3, respectively. Further-
more, a slight reduction in the electron density and
temperature towards the centre of plasma column was
reported.

Wagatsuma and Kichinosuke [18] reported the spec-
troscopic features of the Ar/O2 mixture glow discharge
plasma. They found that, for both pure argon and oxy-
gen and at a pressure of 6.7 × 102 Pa, reduction in the
discharge current at the oxygen plasma at lower applied
voltages is more than that of the argon plasma. Inter-
estingly, their results show that, when a small amount
of oxygen is added, the discharge current and emis-
sion intensity in the argon plasma decrease immediately.
However, at higher percentages of added oxygen, the
threshold applied voltage increases and the emission
intensity reduces.
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Ying et al [19] studied an atmospheric pressure
plasma jet generated by Ar and Ar/O2 mixture as
the background gases. Their plasma jet was specially
designed based on double AC power electrodes at a
frequency of 20–32 kHz and a fixed applied voltage
of 8 kV. The increasing effects of discharge frequency
on the power consumption and excitation temperature
were observed.

Using the OES technique which was combined with
an RF-compensated Langmuir probe, Chung et al inves-
tigated the physical characteristics of an inductively
coupled plasma with argon, oxygen, and Ar/O2 mix-
ture [15]. It was reported that, the electron temperature
decreases at higher input powers and gas pressures.
Besides, it was seen that the electron temperature
decreases with increasing Ar amount.

This study mainly focusses on different physical prop-
erties of the plasma discharge medium of the RF plasma
jet such as temperature and density of the plasma elec-
trons. However, owing to these physical properties and
the mechanisms for creation of the excited energy states
and so on, different types of atomic and molecular elec-
tronic transitions would take place. It must be noted that,
regardless of the RF plasma jet as the radiator, two spec-
tral line sets can be recorded in the plasma formed in the
Ar/O2 mixture. The first spectral line set is related to the
upper energy states populated by direct electronic (high-
energy electrons) collisions with the existing species in
the ground state. The second spectral line set is created
in collisions between low-energy electrons and argon
metastable atoms.

The OES technique is essentially based on the analysis
of the light emitted by different species such as neutral
or ionised atoms, radicals, or molecules from the plasma
discharge medium. Generally, the emission from the
gaseous atomic and molecular plasma discharges is used
in various optical plasma diagnostic methods. Further-
more, the OES technique is used for the characterisation
of the excited species, determination of the photon flux
as a function of wavelength, actinometry, and as a diag-
nostic for the charged particles beam. In OES method,
the emission from optically allowed states is insensitive
to the beam energy. Moreover, a short lifetime facili-
tates a good temporal response and fewer complications
from quenching. Additionally, in the OES techniques,
the resulted excitation by plasma electrons and radiative
cascades is minimised by a large amount of excitation
energy. Finally, the main advantage of OES technique
is that, when the quenching and photon re-absorption
in plasma discharge medium are not that much strong,
the data interpretation is direct and relatively simple [2–
7]. Thus, in this paper, the OES technique is used as
an emissive spectroscopy technique for diagnostics of
different species formed in a RF plasma jet with Ar/O2

mixture. The percentage of Ar in the Ar/O2 mixture is
varied. The plasma electron density and excitation tem-
perature are obtained by analysing the obtained optical
emission spectra from the discharge media of the RF
plasma jet.

2. Experimental set-up

Generally, in biomedical applications, the damaging
effects of plasma jet on the human body tissues must
be insignificant. Thus, the temperature of the charged
particles of the plasma discharge media should be kept
relatively small. Fortunately, the temperature of the elec-
trons in the discharge medium of the RF plasma jet is
about 1–4 eV. However, the background gas tempera-
ture is almost equal to room temperature. Thus, the RF
plasma jet devices have to loose heat properly. In addi-
tion, the applied power must be reduced [20]. Besides,
based on the specific applications, the optimum opera-
tional gaseous mixture in the designed RF plasma jet is
an important factor. Thus, in this work, the influences
of varying the amount of argon in the Ar/O2 mixture on
the performance of the plasma jet are studied.

So far, for various applications of the plasma jets with
different power sources and active species, many devices
having different power source shapes, geometries, back-
ground gases, etc. are developed. Generally, the working
gas in the plasma jets can be inert gases (He, Ar or Ne)
or mixture of inert gases with molecular oxygen, nitro-
gen, etc. However, as the existing resources for helium
gas are scarce, argon is the preferred gas [21].

The schematic representation of the whole experi-
mental set-up with the typical view of RF plasma jet, gas
mixer and spectrometer is shown in figure 1. As depicted
in figure 1c, for the designed RF plasma jet, both the
central tungsten pin (inner) and aluminum shell (outer)
electrodes are powered with the applied RF voltage. The
inner electrode is made of a tungsten rod having 1.6 mm
diameter and 95 mm length. The outer electrode is made
of an aluminum shell with inner and outer diameter of
12 mm and 20 mm, respectively. Moreover, to provide
cold dielectric barrier discharge (DBD) plasma between
the inner and the outer electrodes, the outer electrode is
covered by a quartz tube. The inner and outer diame-
ters of quartz tube are 4 mm and 6 mm, respectively.
This device operates at atmospheric pressure in various
mixtures of argon and oxygen. Thus, the plasma dis-
charge is formed in a 1.2 mm gap between the inner
electrode and the quartz tube. The length of the gener-
ated plasma is about 20 mm along the inner electrode.
This arrangement for RF plasma jet strongly prevents
arcing between the inner and outer electrodes which is
particularly unwarranted in biomedical applications.
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Figure 1. Schematic of (a) the experimental set-up with typical view of the RF plasma jet, gas mixer and spectrometer,
(b) real view of the RF plasma jet and (c) interior view of the RF plasma jet.

Such a configuration for the RF plasma jet generates a
stable plasma discharge which is produced in the region
of the working gas. The produced plasma transfers the
reactive species to the processing region, without dis-
turbing the plasma stability. The cold DBD plasma is
taken in different fields of technological applications
such as biology, materials processing and medicine.
Specially, the RF plasma discharge has unique features
applications, in plasma medicine such as wound sterili-
sation, surgical applications, blood coagulation end etc.
[22].

In this work, a RFG01BF Basafan power supply with
RF fixed-frequency (13.56 MHz) and variable output
power (1–100 W) is used. At first, both the output RF
power and impedance are varied to reach the most sta-
ble plasma jet for all the mixtures of argon and oxygen.
The impedance matching network works based on a
transmission line matching using the lumped L-type
network. It has to be noted that, the L-type matching
network is lossless or at least the loss can potentially
be made extremely small with the proper component
choices. However, the RF input power depends on the
application and the sizes of the RF plasma jet. The set-
up and the measurement instrumentations are shown in
figure 1a.

OES is carried out using a Spectrasuite software and
USB2000 Ocean Optic spectrometer. It has a linear CCD
and spectral resolution of 0.35 nm. In addition, it stores
a full spectrum at every millisecond with a wavelength
range sensitivity of 200–1100 nm. Argon is taken as the
main carrier gas and is mixed with different percentages
of molecular oxygen using a gas mixer.

A photograph of the RF plasma jet in operational
conditions in our laboratory is shown in figure 2. This
discharge power for the RF plasma jet is fixed at 55 W.
It appears uniform to the human eye and, its length can
even reach more than 20 mm. The output gas from the
gas mixture is injected to the RF plasma jet at a gas flow
rate of about 15 SLM (standard litres per minute) which
is controlled by a velocity flow controller.

From the practical point of view, the RF plasma jet can
move easily and freely in all directions due to its very
small size and low weight compared with the RF plasma
jets (Babayan et al [23] and Weltman et al [24]). More-
over, its nozzle design focusses the plasma as a needle.
This design is certainly more efficient in localised med-
ical treatments and the surrounding tissues will not get
damaged. These features make this RF plasma jet a reli-
able tool in different fields of medical and industrial
applications.



27 Page 4 of 11 Pramana – J. Phys. (2018) 90:27

Figure 2. Photograph of the argon RF plasma jet in the oper-
ational conditions.

In this work, using the OES techniques, the excita-
tion temperature and electron density in the discharge
medium of the RF plasma jet are estimated. Here, the
experimental relative emission intensities of different
lines originating from the gaseous atomic and molecular
levels are measured. The amount of argon in the Ar/O2
mixture is varied from 70% to 95%. The obtained spectra
from the formed plasma in the RF plasma jet are anal-
ysed by Spectrasuite software. The obtained results from
OES technique are used to calculate the plasma charac-
teristics of RF plasma jet such as electron excitation
temperature and electron density. In order to measure
discharge parameters of the RF plasma jet, the intensity
of atomic emission lines of the plasma discharge can be
used to estimate the population in the electronic levels
of argon atom. To this end, the Boltzmann distribution
for plasma discharge in the partial local thermody-
namic equilibrium (PLTE) conditions must be taken into
account. It must be noted that, the non-equilibrium plas-
mas usually have Te > Tel > Tv > Tr [25,26]. When
one or more of these four temperatures are not the same,
the system will not be considered in equilibrium or in
PLTE conditions. In the experiments performed, the RF
plasma jet was in PLTE conditions, where the Maxwell–
Boltzmann equilibrium was established. The emission
lines from the excited argon species are overabundant
and, they have reliable transition probabilities that are
published in the literature. Assuming that the upper lev-
els of the selected atomic transitions are in the PLTE
conditions, the conventional Boltzmann plot technique
can be used to obtain the excitation temperature in the
plume of the RF plasma jet.

The emission lines from excited argon and oxygen
species are the most abundant, and the reliable tran-
sition probability values of these states are published
in the literature. Assuming that upper levels of the
selected atomic transitions are in the PLTE conditions,
the conventional Boltzmann plot technique can be used
to determine the excitation temperature in the discharge
media of the RF plasma jet. The following relation

Figure 3. Boltzmann plot for argon excitation temperature.

expresses the relative transition probabilities of two dif-
ferent lines [19,27]:

ln

(
Iλki

Aki gk

)
= ln

(
hcN0

4πU (T )

)
− Ek

kTexc
, (1)

where I denotes the total intensity, Aki is the transition
probability, gk is the degeneracy of the upper level, λki
is the wavelength, Ek is the excitation energy and k is
the Boltzmann constant. This model assumes that the
electron collisions between excited atoms are dominant
in the populating and depopulating of the excited atoms.

The well-known Boltzmann plot method is used
to measure the excitation temperature. Generally, this
method is based on the detection of several plasma emis-
sion lines. Thus, the excitation temperature is calculated
from the plot of ln(Iλki/Aki gk) as a function of Ek (the
upper level energy). Hence, using eq. (1), the slope of
the fitted plot, i.e., 1/kTexc gives the excitation temper-
ature [28]. Consequently, a linear fit on the Boltzmann
plot for a large number of excited levels is shown in
figure 3. Additionally, special attentions must be paid
for choosing the levels. If the chosen levels are in PLTE
condition, the obtained excitation temperatures will be
correct. Additionally, the NIST atomic database (table 1)
[29] is used to plot eq. (1).

It must be noted that the Stark broadening analysis of
the spectral profile of the Hβ line which is emitted by the
plasma is the most common procedure to measure the
electron density (ne) [25,30,31]. On the other hand, sev-
eral broadening mechanisms such as natural broadening
(this is usually insignificant), Doppler broadening, pres-
sure broadening, and Stark broadening can influence
the emission line shape in plasma discharges. Doppler
broadening leads to a Gaussian profile, with a FWHM
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Table 1. Several spectral parameters of the observed lines for Ar/O2 mixture
(NIST atomic database).

Ion Wavelength (nm) Aki × 107 (s−1) Ei (eV) Ek (eV) Transition g

ArI 696.543 0.63 11.54 13.32 4p-4s 3
706.7217 0.38 11.54 13.30 4p-4s 5
714.7041 0.06 11.54 13.28 4p-4s 3
727.2935 0.18 11.62 13.32 4p-4s 3
738.398 0.84 11.62 13.30 4p-4s 5
750.3868 4.45 11.82 13.47 4p-4s 1
751.4651 4.02 11.62 13.27 4p-4s 1
763.5105 2.45 11.54 13.17 4p-4s 5
772.376 0.51 11.54 13.15 4p-4s 3
794.8176 1.86 11.72 13.28 4p-4s 3
800.6156 0.49 11.62 13.17 4p-4s 5
801.4785 0.92 11.54 13.09 4p-4s 5
810.3692 2.50 11.62 13.15 4p-4s 3
811.5311 3.31 11.54 13.07 4p-4s 7
826.4521 1.53 11.82 13.32 4p-4s 3
840.8209 2.23 11.82 13.30 4p-4s 5
842.4647 2.15 11.62 13.09 4p-4s 5
852.1441 1.39 11.82 13.28 4p-4s 3
912.2967 1.89 11.54 12.90 4p-4s 3

OI 777.4166 3.69 9.14 10.74 3p-3s 5
844.6359 3.22 9.52 10.98 3p-3s 5

[30] as follows:

�λD (nm) = 7.16 × 10−7.λ.

√
T

M
= 3.48 × 10−4

√
Tg (2)

where λ = 4861.33 Å is the central wavelength, M =
1 g/mol is the atomic weight of H, and T is the tem-
perature of H atoms which is generally equal to the gas
temperature Tg (K).

Pressure-broadening phenomenon is due to the per-
turbation of the energy levels of the emitting atoms in
the presence of the surrounding neutral species. Pressure
broadening, which leads to a Lorentzian profile, is sub-
divided into resonance broadening (when emitters and
perturbers are of the same type and either the upper or
the lower state of the observed line is a resonance level)
and van der Waals (vdW) broadening (when emitters
are perturbed by neutrals of a foreign gas). In this work,
however, the density of H atoms was extremely low.
Thus, only van der Waals broadening is taken into the
account. The FWHM of the vdW profile is [32–34]

�λP (nm) = 6.8 × 10−3 · P

T 0.7
g

(3)

where P is the gas pressure (Torr) and Tg is in K.
In plasma discharge, the Stark broadening �λS can

be used to estimate plasma electron density (ne). The

hydrogen Balmer series (Hβ) is commonly used to mea-
sure the plasma electron density without considering
the fine structure of the emission line and ion dynam-
ics [35]. The full-width at half-maximum (FWHM) is
a parameter which is widely employed to characterise
the broadened line profile. Then, the FWHM broaden-
ing values of Stark broadening that may affect the Hβ

line can be calculated. The FWHM of the Stark broad-
ening is related to the electron density via the following
relation:

�λS(nm) = 2 × 10−11[ne]2/3, (4)

where the plasma electron density is in cm−3 [36]. The
Stark broadening of the Hβ emission line (486.13 nm)
gives a reasonable approximation of the plasma electron
density.

The parameters of the Voigt profile is given as [34]

�λG =
√

�λ2
D + �λ2

GI, (5)

�λL = �λP + �λS, (6)

where �λG and �λL are FWHM of the Gaussian and
Lorentzian components, respectively. In addition, �λGI
is the resolution of the experimental apparatus (instru-
mental broadening).

In this work, in order to perform an accurate decon-
volution and to measure the Stark broadening of the
spectral line, a fitting code is developed. Both the rele-
vant broadening mechanisms and influences of the fine
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structure are implemented in the model. It must be noted
that, in this method, the broadening mechanism found
for the Hβ line as a whole can be extended to the
individual fine-structure components. Hence, the Stark
and Doppler broadenings can be treated independently.
Moreover, the Stark broadening mechanism will not
automatically lead to the pure Lorentzian shapes. It must
be noted that, there are different broadening mechanisms
with a non-negligible contribution to the composed line
profiles such as Doppler broadening, pressure broaden-
ing and Stark broadening. Therefore, a fitting procedure
is needed to do the deconvolution process [37]. The pro-
cedure is divided into four steps:

(1) Corrected instrumental profile. Here, the optical
system which is used to record the spectrum will
cause an extra broadening of spectral lines. This
is called instrumental broadening and, it will not
depend on the plasma properties. As a first step,
the instrumental profile is convoluted with the fine
structures forming the corrected instrumental pro-
file.

(2) Calculated profile. This profile is convoluted with
a variable Voigt curve forming the calculated
complete profile. Thus, in the second step, the
contributions of the other broadening mechanisms
are introduced. These mainly include Stark and
Doppler broadening and, of course, the van der
Waals broadening. A variable Voigt curve is used to
represent the combined effect of all this broadening
mechanisms. Furthermore, in the developed code
for fitting process, the Voigt curve is convoluted
with the corrected instrumental profile. Hence, the
profile is calculated.

(3) Fitting process. The variable Voigt of the calcu-
lated profile is then changed until the best fit is
obtained with the experimentally measured Hβ

line. The calculated profile is now compared with
the measured Hβ line profile. Additionally, using
a least squares fitting procedure, the Gaussian and
Lorentzian widths of the variable Voigt curve are
varied until the best fit is obtained. However, the
calculated profile results in an asymmetrical line.
Since the instrumental profile is symmetric, this
asymmetry is caused by the fine structure.

(4) Stark broadening. Finally, using the fitted Voigt
profile, the Stark broadening is obtained. How-
ever, the contributions of the other mechanisms are
removed. The Voigt curve is obtained from the fit-
ting of experimental data and, only Stark, Doppler
and van der Waals (pressure) broadenings contribu-
tions are included. However, both the instrumental
broadening and fine structure are already consid-
ered in the corrected instrumental profile. Besides,

using eqs (2) and (3), the Lorentz–van der Waals
and Gauss–Doppler contributions are calculated.
Then, the Doppler width is removed from the Gaus-
sian part of the fitted Voigt and the van der Waals
(pressure broadening) width from the Lorentzian
part. The remaining profile is another Voigt curve
representing only the Stark contribution. Thus, the
FWHM for this Voigt curve is used as the Stark
width, �λS. Nevertheless, it is often assumed that
the Stark profiles are purely Lorentzian [37].

Hence, by comparing the Voigt profile and the mea-
sured emission lines, the FWHM of Stark broadening
can be obtained. Besides, the plasma electron density
is obtained when a best fit between the two profiles is
performed [35,36]. The emission intensities of all the
peaks are significantly increased with the amount of Ar
in the Ar/O2 mixture.

3. Results and discussions

In this work, by applying RF power to the manufactured
plasma jet (figure 1), gas breakdown occurs. Conse-
quently, charged particles such as electrons, ions, and
neutral atoms are produced in the plasma discharge
medium of the RF plasma jet. The ionised state in the gas
atoms and molecules builds up until it reaches apprecia-
ble values, and plasma species start to radiate at different
wavelengths. To recognise the discharge species, the
obtained spectra from the OES technique for the RF
plasma jet and with different mixtures of argon and oxy-
gen gases at the atmospheric pressure are used. Owing
to different medical applications of plasma discharges,
the plasma sources generally developed for biomedical
applications are typically designed to generate, at atmo-
spheric pressure and medium density, low-temperature
discharge that is suitable for the direct treatment of ther-
mally liable living substrates [36].

The obtained spectra are normalised with response
and transmission curves of the spectrometer and optical
fibre that is provided by the spectrometer manufacturer.
Generally, in order to truly establish the importance of
the species roles in various processing parameters, the
area under each OES spectrum is integrated [38].

It is worthy to mention that, based on the ionisa-
tion rate for atmospheric plasma discharges, most of
the plasma energy is spent on the production of opti-
cally allowed states, forbidden states (metastable), and
dissociation. Most of the metastable species have long
lifetimes. Thus, the metastable population can grow to
high levels. Strong emissions from the excited neu-
tral atoms are predominant for argon (ArI). The optical
emission comes mainly from depopulation of the 4p lev-
els via the multiple 4p–4s transitions.
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Figure 4. The obtained spectra from the RF plasma jet for
different percentages of Ar in Ar/O2 mixture.

Figure 4 shows the main emission peaks correspond-
ing to several transition lines of atomic oxygen and
argon. The emission lines with highest intensities in
the discharge medium of the plasma jet are related to
argon (ArI, 4p→4s, 690–912 nm), N2 emission bands
(C3�u → B3�g, 300–440 nm) and atomic oxygen (OI,
777.4 and 844 nm).

In the argon plasma discharge, the highest emission
intensities of the neutral argon atom (ArI) have been
recorded in the wavelength range of 750–850 nm. The
mechanism for exciting the 4p0 level of Ar is the one-
step electron impact excitation from the ground state.
Additionally, in most of the measured lines, maximum
values of the radiation intensity of Ar 4p→4s transi-
tions at higher percentages of argon in Ar/O2 mixture
will increase. This is owing to direct effects of electron
density on the excitation rate of Ar atoms to the 4s state.
This is again due to the higher ionisation rate at higher
percentages of argon in Ar/O2 mixture and its direct
influence on the electron excitation temperature in the
RF plasma jet. Since the number density of the excited
Ar atoms at the higher percentages of argon in Ar/O2

mixture is higher, the emission intensities from argon
ion increase with the amount of Ar in the mixture.

Furthermore, in the oxygen plasma discharges, many
peaks associated with the optical transitions of the
atomic oxygen (O) are observed. As observed in fig-
ure 4 for radiation emission intensity, the corresponding
atomic oxygen peaks mainly occur at 777.4 nm (3p2 →
3s2) and 844.6 nm (3p2 → 3s1). The highest intensity
corresponds to the 777.4 nm emission line. Based on
the Ar* reaction with molecular oxygen, Ar∗ + O2 →
Ar + O + O, the quenching reaction of the metastable
argon (Ar∗) with O2 results in an increase in atomic
oxygen (O) with respect to O2 molecules. The lifetimes
of electrons in resonant, metastable, allowed and for-
bidden excited energy states are determined by many
factors which could be quite different from the theoret-
ical approaches. However, in plasma discharge media,
the microscopic processes are governed by the collective
interactions [20].

It must be noted that, due to the open air existence in
the discharge medium of the plasma jet, the quenching
mechanisms for the excited species are quite different
[39]. Although air molecules can diffuse into the nozzle,
which is indicated by the N2 bands, the air concentration
was considered to be very low and would not play an
important role in the quenching processes of the excited
and metastable Ar atoms inside the nozzle.

To determine the excitation temperature, Texc, from
eq. (1) under the Boltzmann approximation, the neu-
tral argon and oxygen emission lines are obtained from
NIST and listed in table 1 [29], where Ek and Ei are the
energies of the upper and lower levels of the radiative
transitions, respectively.

Generally, to understand the cross-linkage among
plasma discharge species, an energy diagram of the
spectral emission must be produced. Furthermore, the
lifetimes of electrons in the metastable energy levels
are much shorter than in the ordinary excited energy
levels and, they are many orders of magnitude shorter
than the lifetime of electrons at metastable energy lev-
els. Plasma charged particle kinetics at the atmospheric
pressure could be impacted by quenching among the
argon metastables. The main mechanism of excitation or
de-excitation of argon 4s energy states is the direct elec-
tron excitation from the ground level and deactivation
of the Ar(4p) state. The Ar(4p) states only get relaxed
into Ar(4s) states by radiative emission. Deactivation
of Ar(4p) to the ground state is improbable and does
not occur appreciably [40]. There is a direct relation
between the production of excited oxygen atoms and
the plasma discharge density. Two main oxygen spectral
emissions (i.e., 777.4 nm, 844.6 nm) would occur. The
upper energy levels for both emission lines can be pop-
ulated by the direct electron impact (excitation process)
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Figure 5. (a, b and c) Neutral argon atom spectra peaks and (d) neutral oxygen atom spectra peaks vs. Ar percentage in the
Ar/O2 mixture.

from the ground state of OI. Moreover, at higher argon
gas flow rates, the concentration of molecular oxygen
and oxygen radicals drastically decreases. Additionally,
the creation of O777 and O844 is significantly influ-
enced by the argon metastable atoms.

Influences of argon percentage in the Ar/O2 mixture
on the spectral intensity (ArI and OI) of the RF plasma
jet is shown in figure 5. As seen, increase in the Ar
percentage causes the emission intensity from O atoms
to be slightly increased. In addition, by increasing the
argon percentages, the line intensities from Ar atoms
and O atoms almost linearly increase presumably due
to the enhancement of excitation frequency which is
increased by the energetic electrons in the plasma dis-
charge medium. The spectroscopic features of RF and
DC plasma discharges with the Ar/O2 mixture at 50 Pa
gas pressure were studied by Pavlik et al [41]. Their find-
ings show that, at the higher flow rates of O2, the spectral
intensities for RF discharge will increase. Furthermore,
Lock et al [42] showed that, at higher O2 concentra-
tion in Ar/O2 mixture, while the intensity of the emitted
spectra from oxygen increases, the emitted spectra from
argon would decrease.

The specific spectral line of Hβ that is emitted spon-
taneously from the plasma is employed to estimate the
electron density by analysing the full-width at half-
maximum (FWHM) in the Stark broadening (�λS).

However, owing to the fast collisions among the plasma
discharge particles in the atmospheric pressure, sev-
eral broadening mechanisms could be appeared. They
mainly include the Stark (caused by collisions among
charged particles), Van der Waals (due to the colli-
sions of neutral particles), Doppler (effect of the thermal
motion of emitting atoms) and natural broadenings.
Each broadening mechanism would cause an energy
level shifting of the emitting atoms and the relative
importance of these broadenings is determined by the
plasma conditions. Thus, in comparison with the other
broadening mechanisms, the resonance and natural
broadening can be ignored in the atmospheric pres-
sure plasma discharges. On the other hand, the Doppler
broadening, �λD, is normally caused by the random
thermal motion of the emitting atoms and, it depends
on the gas temperature, Tg. The approximate formula
for FWHM is given by eq. (2). Moreover, the Doppler
broadening has a Gaussian shape which can be obtained
from eq. (5). In addition, as the excited atoms interact
with the neutral ground-state atoms of other species,
the Van der Waals broadening, �λvdW, is an important
broadening mechanism in high pressure plasmas and,
thus, FWHM can be calculated using eq. (3). Besides,
the Stark broadening has a Lorentz profile which can be
obtained from eq. (6). However, the convolution of the
Gaussian and Lorentz profiles gives a Voigt profile. It
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Figure 6. (a) Experimental data of the Hβ line fitted to a Voigt profile and (b) comparison of Stark-broadened profile and a
low pressure discharge lamp.

Table 2. Typical broadening values for different electron densities.

Ar percentage in the
Ar/O2 mixture �λL (nm) �λvdW (nm) �λS (nm)

Electron density
(× 1014 cm−3)

70 0.0567 0.0927 0.0567 1.51
75 0.0711 0.0934 0.0711 2.12
80 0.0949 0.0936 0.0949 3.27
85 0.1319 0.0938 0.1319 5.36
90 0.1630 0.0940 0.1630 7.36
95 0.1794 0.0942 0.1794 8.50

must be noted that, FWHM of the Stark broadening is
related to the electron density via eq. (4) [43]. A com-
parison between the performed experiments and Voigt
profile is presented in figure 6a.

Figure 6b shows the profiles corresponding to the
normalised obtained intensity and a low pressure dis-
charge lamp vs. the wavelength (normalised). Moreover,
a Lorentzian fit is performed on the obtained experimen-
tal data. It must be noted that, for the low pressure lamps,
the emission lines are limited to a Doppler-broadened
profile with a very narrow FWHM [35].

Lorentz broadening (�λL), van der Waals broadening
(�λvdW) and Stark broadening (�λS) at the atmospheric
pressure for different typical electron densities are pre-
sented in table 2.

Based on eqs (1) and (4), the excitation temperature
and electron density for each spectrum in Ar/O2 mixture
are calculated and presented in table 3. As the amounts of
Ar is lower in the Ar/O2 mixture, the number density of
the excited atomic OI increases. However, when argon in
the Ar/O2 mixture increases, the Penning excitation and
Penning dissociation of argon will increase the number
density of the excited states of O, O2 and O+

2 .
Variations of the excitation temperature and electron

density of the plasma discharge in the RF plasma jet
in terms of argon percentage in the Ar/O2 mixture
are shown in figure 7. As seen in figure 7a, increase

Table 3. Excitation temperature and electron density of
various percentages of Ar in the Ar/O2 mixture.

Ar percentage
in the Ar/O2
mixture

Excitation
temperature

(eV)

Electron
density

(× 1014 cm−3)

70 1.92 ± 0.12 1.51
75 1.84 ± 0.02 2.12
80 1.73 ± 0.13 3.27
85 1.46 ± 0.08 5.36
90 1.11 ± 0.04 7.36
95 0.86 ± 0.07 8.50

in the argon percentage in the mixture resulted in the
decrease of the excitation temperature. This must be due
to the decrease in energy loss by the electrons during
ionising collision with O2 molecules as the ionisation
cross-section for O2 is smaller than that of argon [11].
Furthermore, as seen in figure 7b, at higher argon per-
centages in the Ar/O2 mixture, the electron density is
increased. Besides, owing to the enhancement of elec-
tron attachment in the mixture, the plasma electron
density reduces at higher oxygen contributions (lower
argon contributions) in the mixture. Hence, increase in
electron density in the plasma discharge medium will
reduce their mean free path. This reflects in the reduction
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Figure 7. Variation of the (a) excitation temperature and (b) density of plasma electron vs. the Ar percentage in Ar/O2.

in acceleration of the electrons inside the plasma dis-
charge medium of the RF plasma jet. Thus, their kinetic
energy (electron temperature) would be decreased. This
is in agreement with the experimental findings by Chung
et al [15] for 40 mTorr and 500 W. Furthermore, in an
experimental study by Khalaf et al [16] on the evolu-
tion of temperature in a DC plasma jet for 0.14 mbar
and a 1400 V DC power supply it was shown that the
temperature increases with increasing O2 percentage in
the mixture. Hence, the plasma jet could be suitable
for medical and surgical applications. Plasma generated
from argon and oxygen mixture is in agreement with the
experimental findings by Pan et al [44]. In their work,
the premixed argon and oxygen (98% Ar and 2% O2
per volume) was used as a working gas to evaluate the
treated tooth biofilms.

As the ion species formed from argon atoms have
lower ionisation potential, their mixture with oxygen
results in an increase in electron density at higher
volumetric ratios of the argon ion species. Besides,
when argon is mixed with the oxygen plasma, the
temperature of the electron would be lower and the
degree of oxygen dissociation increases. The obtained
wavelength-resolved optical emission profiles for the
emission of spectral lines of argon show that the both the
free electrons and argon metastable atoms have impor-
tant influences on the overall spectral emission.

For the Ar/O2 mixture plasma under 50 mTorr pres-
sure, Lock et al [42] obtained the optical emission
spectrum in the wavelength range of 600 nm–950 nm.
The maximum intensities of the spectra in 70% and 90%
of argon in Ar/O2 mixture were reported to be 400
and 350 in arbitrary units (a.u.), respectively. It must
be noted that, the experimental findings presented in
this work for the optical emission spectrum are in the
wavelength range of 290 nm–950 nm. Moreover, the
maximum intensities of the spectra in 70% and 90% of
argon in Ar/O2 mixture are 13000 and 15000 in a.u.,

respectively. However, the observed difference between
our findings and the obtained results of Lock et al [42]
for the wavelength range of 290 nm–950 nm might be
due to the operational pressure, as the gas pressure in the
performed experiment in this work is kept at 760 Torr.
Additionally, as shown in figure 4, the detected UV
emission spectrum from the RF plasma jet is clearly vis-
ible. The UV spectrum ranges from 290 nm to 400 nm,
which does not affect the human body DNA. In addition,
UV impact on human skin is particularly studied in der-
matology [23,45]. There are several effects of UV light
on the skin, both indirect effects from the formation of
free radicals and direct cellular injury.

Finally, as the obtained spectrum intensity at higher
percentages of argon in the mixture is increased, the
number of reactive plasma species are higher. Thus,
this device can be used for sterilisation and for can-
cer therapy applications. On the other hand, at lower
argon percentages in the Ar/O2 mixture, the excitation
temperature is higher. It can be concluded that, in such
an operational condition, the plasma jet is suitable in
surgical applications.

4. Conclusions

In this work, the optical emission spectra obtained from
the excited atomic Ar are analysed. To this end, the per-
centage of Ar in the Ar/O2 mixture in the RF DBD
plasma jet is varied from 70% to 95%. The excitation
temperature and electron density of the designed RF
plasma jet are obtained. In the operational working con-
dition of the RF plasma jet with only argon, the highest
emission intensities of the neutral argon atom (ArI) were
recorded in the wavelength range of 750–850 nm. It
was observed that, at most of the measured lines, the
radiation intensity of Ar 4p→4s transitions is higher
when the amount of Ar in Ar/O2 mixture is higher. On
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the other hand, increasing the Ar percentage results in
higher emission intensities from O atoms and, there is
a linear increase in the line intensities from Ar atoms
and Ar ions including O atoms. Moreover, for the opti-
cal transitions of O atom, the highest intensity occurs at
the 777.4 nm emission line. It was seen that the quench-
ing of Ar∗ with O2 causes the atomic oxygen to increase
with respect to O2 molecules. Finally, higher percentage
of Ar in the mixture causes a decrease in the excitation
temperature and increase in the electron density.
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