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ABSTRACT

In this study, UV-VIS-NIR (Ultraviolet Visible Near-Infrared) spectra emitted
from Argon Glow discharge plasma in a low vacuum were recorded with a
high-resolution Czerny-Turner type spectrometer. Argon plasma was produced
at a pressure of 5mTorr and with a voltage of 584 V. Argon plasma was
produced between two parallel stainless steel plates anode and cathode with a
diameter of 15 cm, a thickness of 0.8 cm, and a distance of 13 cm between them.
The radiative and collisional processes of the Argon plasma medium were
modeled by the PrismSPECT atomic physics software (Software). The
distributions of ion densities were calculated using the Saha-Boltzmann
equation. The intensity of the excited energy levels of Ar(l) and Ar (lI) ions
were calculated in the electron temperature range of (0.4-3.5eV) and the mass
density of (104-10"*gr/cm®). The UV-Visible-NIR spectra were simulated and
compared with experimental spectra. The ratios of the intensities of the
Arll/Arl (1s?2s%2pf3s23p*4ft/1522522p®3s23p°4pt) spectral lines were obtained
for different plasma temperatures and densities. The temperature of the argon
plasma was obtained from the spectral line intensity ratios.

Keywords: Argon glow discharge plasma, Saha-Boltzmann equation,
Prismspect atomic physics software.
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PLAZMA ORTAMINDA ARGON DC GLOW DESARJININ
SPEKTROSKOPIK INCELENMESI

0z

Bu ¢alismada, diisiik vakum ortaminda Argon plazmasindan yayilan UV-VIS-
NIR (Morotesi-Gorunlr-Yakin Kizilalty) spektrumlary, yiiksek ¢oziiniirliiklii bir
Czerny-Turner tipi spektrometre ile kaydedilmistir. Argon plazmasi, 5 mTorr
basing ve 584 V voltaj parametreleri kullamlarak elde edilmistir. Argon
plazmast, 15 cm ¢apinda, 0.8 cm kalinlhiginda ve aralarinda 13 cm mesafe
bulunan iki paralel paslanmaz c¢elik levha anot ve katot arasinda tiretilmistir.
Argon Glow discharge plazmasimin 1suumsal ve ¢arpisma stiregleri,
PrismSPECT atomic physics yazilumi ile modellendi. Ar(1) ve Ar(1l) iyonlarinin
uyarimig enerji seviyelerinin yogunluklart, elektron sicaklik araligr (0.4-3.5eV)
ve kiitle yogunluk araliklar: (10%*-10"gr/cm®) secilerek Saha-Boltzmann
denklemi araciligryla hesaplandi. UV-Visible-NIR spektrumlar: PrismSPECT
atomic physics yazilmi ile modellendi ve deneysel spektrumlar ile
karsilastirildi. ArIl/Arl (15°2s*2p®3s?3p*4fl/1s22522p®3s23p°4pt) spektral Gizgi
yvogunluk orani farkli plazma sicakliklart ve yogunluklari icin elde edildi. Argon
plazmasimin sicakligr, PrismSPECT atomic physics yazilimi ile modellenen
spektroskopik ¢izgi yogunluk oranlarindan yaklasik olarak elde edildi.

Anahtar Kelimeler: Argon glow discharge plazma, Saha-Boltzmann
denklemi, PrismSPECT atomic physics yazilima.
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1. INTRODUCTION

The increase in the application of non-thermal plasma in various fields
attracts the attention of researchers. The state of ionized plasma makes it
different from normal gas. Laboratory plasmas are passed through a
discharge tube where an electric current ionizes the gas (Braithwaite, 2000).
The understanding of glowing discharge plasmas of pure or mixed gases is
very important for industrial and medical applications (Stankov, Petkovic,
Markovié¢, Stamenkovi¢ & Jovanovi¢ (2015). Several applications include
the use of chemical energy through active species in the surface treatment
of thin film deposition (Rafatov, Akbar & Bilikmen, 2007),
microelectronics (Jung, Chi, Hwang, Moon, Lee, 1999), sterilization (Park,
Lee and Park, 2003), volumetric treatment of waste separation, pollution
control (Amouroux, Morvan, Morel and Martin, 2004), and biomedical
applications (Florian, Merbahi, Wattieaux and Yousf, 2015). Optical
methods such as emission, absorption, and laser scattering are proven
techniques and methods to probe plasma environments without degrading
the state and composition of the plasma (Bouchikhi, Hamid, 2010). Among
these techniques, optical emission spectroscopy is widely used (Sahu, Jin &
Han, 2017). This technique is based on the measurement of optical radiation
emitted from the plasma, as it gives information about the properties of the
plasma in the immediate environment of atomic, molecular, and ionic
radiators (Bings, Bogaerts & Broekaert, 2008).

In this paper, DC glow Discharge Argon plasma is generated under vacuum
and emission from plasma is studied using high resolution UV-Visible-NIR
spectrometer. Argon plasma media are widely used in thin film coatings. In
this study, using the spectra emitted from the plasma medium occurring
between the anode and cathode which are 15 cm diameter metal with a
distance of 13 cm between them, the temperature of the plasma medium
similar to the thin film coating conditions was obtained with the Collisional
Radiative Model. The spectrum was simulated using a collisional radiative
model and plasma temperature was determined from line intensity ratio
(Goktas, Demir, Kacar, Hegazy, Turan, Oke & Seyhan, 2007).
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2. EXPERIMENTAL AND MODELING DETAILS

The Figurel shows the vacuum plasma system. The vacuum chamber is
made of stainless steel (Nanovak, NVPR500-01) with a diameter and height
of 50 cm. In the center of the chamber, there are two parallel stainless-steel
plates of 15 cm in diameter and 0,8 cm in thickness, with a distance of 13
cm between them. The pressure of the vacuum chamber can be pumped
down to a maximum of 107 Torr base pressure by 15 m/h mechanical
pumps and a 400 L/s turbo molecular pump (Nidec, EN-8T1). The gas is
pumped into the vacuum chamber by a needle valve at a continuous dynamic
gas flow in the range of 1 — 50 sccm. A DC- Glow discharge is set up and
operated by applying an electric potential difference under vacuum between
the electrodes that are, anode (high potential) and a cathode (low potential).

Optical
fiber

s Collimating
optics

Figurel. Vacuum plasma system.

The free electrons are accelerated under applied potential within the neutral
gas to the higher potential that ionizes the neutral gas particles along their
path resulting in release of more electrons. The ions produced are accelerated
towards the lower potential cathode, where they collide with the electrode
acquiring an electron and colliding with the other electrons off the electrode
into the plasma. Argon DC glow discharge plasma was produced in the
vacuum chamber at 5 mTorr pressure, 24.6 — 24.9 sccm gas flow, and 584
V potential difference applied between parallel plates (see Figure 1).
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Radiation arises as a result of the interaction of electrons in the plasma with
atoms or ions. In this case, three electron transitions can take place during these
interactions: bonded-bonded transitions; unlimited passes; and free free passes.
Light emitted from transitions creates line or continuous spectra. Atoms and
ions of the gas and trace impurities emit radiation, which are in narrow spectral
lines, when electron transitions occur between the various energy levels of the
system (Garamoon, Samir, Elakshar, Nosair and Kotp, 2007).

According to the electron interaction process, McWhirter has suggested four
plasma models, namely the local thermal equilibrium (LTE) model, the
steady-state corona model, the time-dependent corona model, and the
collision radiative model (P. McWhirter,1965).

Whether the plasma is in Local Thermal Equilibrium or not is determined
by the McWhirter criteria (Adrain, 1982). The Mc Whirter Criteria can be
expressed as,

3

ne » 107 <Z>% (ﬁ)g (i) (D

e e m

where n, electron density, T electron temperature, e electron charge AE
energy difference. Accordingly, the electron density has to be greater than
the McWhirter equation. If the electron density satisfies this condition, the
degree of ionization of the plasma and the total ion density is calculated by
the Saha equation. Saha equation can be expressed as,
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n; ion density, h Planck constant, k Boltzmann constant; y; ionation
energy. And the excited level densities of the ions are calculated by the
Boltzmann equation. Boltzmann equation can be expressed as,

N; = Nrg;e kT 3

N; excited level density, N total density, g; statistical weight.
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In the Collisional Radiative Model, ion densities and excited level densities
are calculated by including the collisional and radiative processes between
all levels. It can be calculated in two different ways, time-dependent and
time-independent (Cowan, 1981). lon density and excited level density
change with respect to time can be expressed as,

dn; ) . . . . )
d_tl = n {n'"1S1 + ni* LRI + n RET + REE?
— ni[St+ RL, + n.RL, + RL, |} (4)
dn
d_;n = Z{nk [neCkm + Agm + Bkmu(ﬂ'km)] - nmne(ka
k

+ Bmku(/lkr‘n)} ] )
+ {187 — ;ST + n'* R, + neRer + Rael} (5)

S ionation rate, R, radiative recombination rate, R, collisional radiative
recombination rate, R, dielectronic recombination, C collisional excitation
rate, A spontaneous emission rate, B stimulated emission rate, u energy
density, A wave length. In this study, the densities of the energy levels were
calculated according to the plasma temperature and density using the
Collisional Radiative Model (equations 4-5) in PrismSPECT software.

Coronal Equilibrium Model is used in low-density plasma conditions. In this
model, the radiation processes dominate because the collision processes are
very weak due to the low density of the plasma (Hutchinson, 2002). In
Coronal Equilibrium Model, it is assumed that changes in energy levels
result from radiative processes. Coronal Equilibrium model is valid under
low density and high-temperature plasma conditions. Electron density
condition for Coronal Equilibrium can be expressed as,

1 1,62 x 103(Z + 1)?
ne < 5,6 X 10*(Z + 1)°TZexp T ( ) (6)
e

where Z is atomic number.
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3. RESULTS AND DISCUSSION

The spectrum of the Argon glow discharge plasma produced in the vacuum
is presented in Figure 2. This spectrum was recorded by a high-resolution
Optical Emission Spectrometer. Baki spectrometer is a Czerny-Turner type
emission spectrometer between 200 — 1100 nm, with integration time min.
10 us, resolution 0.5 nm, and trigger inputs and outputs. Since the plasma
medium is continuous medium, measurements were made in 100 ms
without any delay on the spectrometer. The rays emitted from the plasma
were collected with a 1 — inch focal length parabolic mirror (Thorlabs) and
propagated to the spectrometer with a fiber optic cable. The experimental
spectra were simulated using a collisional radiative plasma code
PrismSPECT software. The simulated spectrum of Argon plasma at T, =
2eV and p, = 1 X 10™* gr/cm3 is shown in Figure 3.

14 X103

12 F

Arl:'P-'P

10 F

Arll:'H-%G

Intensity (a.u.)

4

4
fLM'““‘“%“M«*'L‘wMJJ\l)f-..xuJl.d«u&ummuh«ww-hlu.ﬁibﬂbw wLMw A

| P I I I B I I B
200 300 400 500 600 700 800 900

!

u'luu- “u

"

Wavelength (nm)
Figure 2. Optical Emission Spectrum of Argon glow discharge plasma produced
in the laboratory.
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Figure 3. The simulated spectrum of Argon plasmaatT, = 2 eV and p, =
1 X 10™* gr/em?® with the PrismSPECT collisional radiative code.

It is presented in Figure 2 that the second ionization line is at 244.4 nm and
its intensity is 1.76 a.u, the first ionization line is at 852.5 nm and its
intensity is 3.16 a.u. Since the densities of the excited levels of two different
ions are more sensitive to the electron temperature, the excited levels of Arl
and Ar Il ions were chosen for temperature measurement. In experimental
measurements, the signal-to-noise (SNR) ratio (SNR = Py;gnai/Proise)
decreases due to the noise in the CCD of the spectrometer, and Arll ion
densities seem low. Cooling the CCD detector can be beneficial to reduce
noise. In the simulated spectrum of Argon plasma, it is only seen the spectral
lines of the first ionization and the second ionization of argon. Therefore, as
there are different ionizations of argon gas there are more ionization spectral
lines in the experimental spectrum. The experimental intensity ratio of the
spectral line of the second ionization of argon to the spectral line of the first
ionization of argon is Ar,, /Ar, = 1.76/3.16 = 0.556.
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Figure 4. Graph of temperature versus percent ionization at a constant mass
density of p, = 1 X 10™% gr/cm3.

Figure 4 shows the temperature versus the ionization percentage at constant
mass density of p, = 1 X 10™* gr/cm? with the PrismSPECT program. And
Figure 5 shows simulated mass density versus the ionization percentage at
the constant temperature of T, = 2 eV. As seen from Figure 4 while the
temperature-dependent change of the first ionization percentage of argon
decreases towards high temperature, temperature-dependent change in the
second ionization percentage of it increases towards high temperatures. As
illustrated in Figure 5, while in the mass density graph of the ionization
percentage the mass density variation of the first ionization percentage of
argon increases towards high mass density, the second ionization percentage
of argon decreases towards high mass density.
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Figure 5. Graph of mass density versus percent ionization at a constant
temperature of T, = 2 eV.

The Figure 6 shows that a graph of the change of the ratio of the second
ionization to the first ionization of argon versus mass density at a constant
temperature of T, = 2 eV in the simulated with the PrismSPECT program.
And also Figure 7 shows the intensity ratio of the second ionization to the
spectral line of the first ionization of argon versus temperature at a constant
mass density of p, = 1 X 10™* gr/cm3. The atomic data taken from NIST
(atomic-spectra-database) for the lines is shown in Table 1.

TABLE 1. Atomic data of Argon spectral lines.

lon L_Jpper _ Term I__ower _ Term wl(nm) Osc.

configuration configuration Str.
29¢29n62¢22n5

Arl | 1s?2s22p53s23p%4pt p 1s°2s 22133 3p°4 p 852.35 | 0.151
29¢29n62¢22n4

Arll | 1sospeasapit | 2H | ISEESSWH G ag | 2443 ) 01979
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Figure 6. Graph of the change of the ratio of the second ionization to the first
ionization of argon versus mass density at a constant temperature of T, = 2 eV

As seen from Figure 6 and Figure 7, respectively, the intensity ratio of the
spectral lines of argon decreases with respect to mass density, while the ratio
of spectral lines of argon increases with respect to a higher temperature. The
experimental intensity ratio of spectral lines (Ar,/Ar, =
1.76/3.16 = 0.556) obtained from Figure 2 is shown in the graph
simulated by the PrismSPECT program in Figure 7. Accordingly, as seen
from Figure 7 that the electron temperature of the Argon DC glow discharge
plasma generated in a vacuum chamber is approximately 1.66 eV

-29.-



Esra OKUMUS

20 ¢

ArTI(1872572p%3s™3p"4f - 1572572p"35°3p 4d ")
ArT(1572572p°3s3p 4p'- 15725°2p"3s"3p s ")

experimental

Arll/ArI Intensity Ratio
=
T

04 06 08 10 12 14 16 18 20

Plasma Temperature(eV)

Figure 7. Graph of the change of the ratio of the second ionization to the first
ionization of argon versus temperature at a constant mass density of p, =
1% 10™% gr/em3.

5. CONCLUSION

DC glow discharge Ar plasma was created under vacuum, and the photons
emitted from the plasma were analyzed by optical emission spectrometry.
The emitted spectrum of the argon plasma was simulated by the
PrismSPECT program. Plasma temperature was obtained from spectrum
line ratios. By comparing the spectrum of Argon DC glow discharge plasma
taken with an optical emission spectrometer with simulation graphics of
Arll/Arl emission intensity ratio calculated with the PrismSPECT program,
the temperature of the plasma created in the vacuum environment is
approximately shown. In this study, Argon plasma conditions used in thin-
film coating environments were examined spectroscopically and it
contributed to the understanding and interpretation of similar plasma
environments by simulation.

-30 -



Spectroscopic Investigation of Argon DC Glow Discharge in Plasma
Medium

ACKNOWLEDGMENT
This research is founded by TUBITAK UME Project No: G2ED-E1-02-1.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

-31-



Esra OKUMUS

REFERENCES

Adrain, R. S. (1982). Some industrial uses of laser induced plasmas. In
Koebner, H., Industrial Applications of Lasers, Wiley, New York.

Bings, N. H., Bogaerts, A., Broekaert, J. A. C. (2008). “Atomic
Spectroscopy”, Analytical Chemistry, 80, 4317-4347.

Bouchikhi, A., Hamid, A. (2010). “2D DC Subnormal Glow Discharge in
Argon”. Plasma Science and Technology, 12, 1.

Cowan, R. D. (1981). The Theory of Atomic Structure an Spectra, Univ. of
California Press, Berkeley.

Florian, J., Merbahi, N., Wattieaux, G., Plewa, J. M., and Yousfi, M. (2004).
“Comparative Studies of Double Dielectric Barrier Discharge and
Microwave Argon Plasma Jets at Atmospheric Pressure for Biomedical
Applications”. IEEE Transactions on Plasma Science, 43,3332-3338.

Goktas, H., Demir, A., Kacar, E., Hegazy, H., Turan, R., Oke, G., Seyhan,
A. (2007). “Spectroscopic Measurements of Electron Temperature and
Electron Density in Electron Beam Plasma Generator Based on Collisional
Radiative Model”. Spectroscopy Letters, 40, 183-192.

Hutchinson, 1. H., 2002. Principles of Plasma Diagnostics, 2nd Ed.,
Cambridge University Press.

Jung, C. O., Chi, K. K., Hwang, B. G., Moon, J. T., Lee, M. Y., Lee, J. G.
(1999). “Advanced plasma technology in microelectronics”. Thin Solid
Films, 341,112-119.

McWhirter, R. W. P. (1965). Plasma Diagnostics Techniques, New York:
Academic Press.

N. St. J., Braithwaite. (2000). “Introduction to gas discharges”. J. Plasma
Sources Sci. Technol, 9, 517-527.

-32-



Spectroscopic Investigation of Argon DC Glow Discharge in Plasma
Medium

NIST: Atomic Spectra Database. (September 2021).
https://www.nist.gov/pml/atomic-spectra-database.

Park, B. J., Lee, D. H., Park, J. C. (2003). “Sterilization using a microwave-
induced argon plasma system at atmospheric pressure”. Physics of Plasmas,
10, 4539-4544.

PrismSPECT software. (September 2021).
https://www.prism-cs.com/Software/PrismSPECT/overview.html.

Rafatov, I. R., Akbar, D. & Bilikmen, S. (2007). “Modelling of non-uniform
DC driven glow discharge in argon gas”. Plasma Science and Technology,
A367,114-119.

Sahu, B. B., Jin, S. B., Han, J. G. G. (2017). “Development and
characterization of a multi-electrode cold atmospheric pressure DBD
plasma jet aiming plasma application”. Journal of Analytical Atomic
Spectrometry, 32, 782-795.

Stankov M. N., Petkovi¢ M. D., Markovi¢ V. Lj., Stamenkovi¢ S. N.,
Jovanovi¢ A. P. (2015). “The Applicability of Fluid Model to Electrical
Breakdown and Glow Discharge Modeling in Argon”. Chinese Physics
Letters, 32, 025101.

-33-



	SPECTROSCOPIC INVESTIGATION OF ARGON DC GLOW DISCHARGE IN PLASMA MEDIUM
	ABSTRACT
	PLAZMA ORTAMINDA ARGON DC GLOW DEŞARJININ SPEKTROSKOPİK İNCELENMESİ
	ÖZ
	1. INTRODUCTION
	2. EXPERIMENTAL AND MODELING DETAILS
	3. RESULTS AND DISCUSSION
	5. CONCLUSION
	REFERENCES


