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Experimental Study of Ethanol and
Helium Mixture Glow Discharge

S. Perusquía, P. G. Reyes, M. C. González, A. Gómez, H. Martínez , and J. Vergara

Abstract— This paper focuses on the study of a glow discharge
generated from a mixture of ethanol (C2H6O) and helium (He).
Plasma was generated at different concentrations of C2H6O and
He gases maintained at a total pressure of 2 torr. We used optical
emission spectroscopy (OES) to analyze the discharge mixture at
different concentrations of He. The species identified by the OES
technique correspond to O2, CO+, CO, Hβ , Hα , and He. A single
Langmuir probe was used to obtain the electron temperature (Te)
and electron density (ne). Te was found to be below 1.2 eV and
ne in the order of 1010 particles per cm3.

Index Terms— Ethanol, glow discharge, helium, optical
emission spectroscopy (OES), single Langmuir probe.

I. INTRODUCTION

AT THE present time, numerous contaminants are present
in our environment; different forms of removing these

compounds are one of the principal goals of research in several
science areas. An example of those is ethanol (C2H6O) or
ethyl alcohol (C2H5OH), which is a colorless and volatile
chemical compound in the liquid state. It is obtained using
ethylene via sulfuric acid hydrolysis. In its natural form,
it is obtained by fermentation. In industry, C2H6O is used
in antifreeze mixtures and in physiological and pathological
specimens’ preservation; it is used as a surgery antiseptic,
a fuel, and a dissolvent for the synthesis of drugs, plastics,
cosmetics, perfumes, and other products; furthermore, it is
used to obtain acetaldehyde, vinegar, and butadiene [1]–[4].
It is a highly volatile compound and does not cause serious
harm when inhaled in small amounts; however, inhalation of
high concentration produces respiratory tract and eye irritation.

Another risk is that ethanol is flammable, causing explosive
mixtures in closed areas. Therefore, C2H6O is classified as a
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Fig. 1. Experimental setup.

volatile organic compound (VOC); VOCs are contaminants in
the atmosphere and are interesting to study for their decom-
position [5], [6]. Different methods can be employed for VOC
decomposition such as bio-filtration, catalytic decomposition,
thermic oxidation process, and plasma [7]–[9].

Application of plasma technologies to study the decompo-
sition of hydrocarbon has been gradually attracting attention.
At low pressure, C2H6O has been studied by microwave (MW)
plasma [10] and C2H6O–N2 mixtures have been analyzed
by dc plasma [11], whereas at atmospheric pressure plasma,
C2H6O conversion has been studied by a dc atmospheric
pressure discharge with a plasma cathode [12]. Hydrogen
production from C2H6O in a nitrogen mixture has been
investigated by MW plasma at atmospheric pressure [13].

In this paper, a C2H6O and helium (He) mixture plasma
has been studied for film deposition via atmospheric pressure
plasma deposition [14]. The results demonstrate that the treat-
ment of different materials make possible a change in their
hydrophilic properties.

The objective of this paper is to study the C2H6O–He
mixture glow discharge produced at 2 torr by electrical char-
acterization using a single Langmuir probe and by optical
characterization using optical emission spectroscopy (OES).

II. EXPERIMENTAL SETUP

The experimental device is the same from [15], as shown
in Fig. 1, and it consists of the following.

1) Aluminum cylindrical vacuum chamber with a volume
of 1.04 × 103 cm3 (20 cm radius × 33 cm length).

0093-3813 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-0695-3457
https://orcid.org/0000-0002-0695-3457


446 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 47, NO. 1, JANUARY 2019

2) Mechanical pump, which reach a base pressure of 1.0 ×
10−3 torr.

3) Two movable copper electrodes with a diameter of 5 cm,
positioned at the center of the vacuum chamber with
1 cm gap spacing.

4) Two electrical feedthroughs connected to the power
supply (1 kW, Spellman SA4).

5) Pressure meter Pirani (MKS 103170027SH); the total
pressure for the discharges in this paper was 2 torr.

6) Flowmeter (Matheson Tri. GasFM-1050); a continuous
dynamic flow of C2H6O–He (ultrapure gas, PRAXAIR
99.99%) mixture was lit in the system though needle
valves at desired pressures, while maintaining the total
pressure of 2 torr; the concentration of the He gas in the
mixture was done by changing the He partial pressure.

7) Optical emission system.
8) A computer with Ocean Optics software.
9) Single Langmuir probe.
To generate plasma, first, the vacuum chamber is evac-

uated with a mechanical pump; next, it is filled with the
gases (C2H6O–He), and finally, the discharge is made between
the electrodes at 420 V and 20 mA.

The OES consists of an optical fiber (solarization-resistant
UV and fiber diameter size of 400 μm) that was connected to
the entrance aperture of a high-resolution spectrometer (Ocean
Optics, HR4000CG-UV-NIR). The inlet and outlet slits were
5 μm wide. The data were obtained in a single accumula-
tion of 9-s integration time. The wavelength resolution was
of 0.14 nm. The fiber optics assembly was positioned to collect
the emission light appearing on the negative glow on the
C2H6O–He mixture discharge.

The single Langmuir probe is an intrusive method to deter-
mine the plasma electron temperature and the electron density.
It consists of a tungsten electrode with a diameter of 1 mm and
length of 5.5 mm. This probe is connected to both a multimeter
(Fluke 8846 A) and to a dc power supply (GW INSTEK GPR
30H100); the voltage range applied to the probe was between
+300 V and −150 V.

III. RESULTS

A. Electrical Characterization
I–V curve responses of the single Langmuir probe for

different conditions, 100% He, 50% C2H6O + 50% He, and
100% C2H6O, at 2 torr are shown in Fig. 2. The electron
temperature (Te) and electron density (ne) can be evaluated
by the Druyvesteyn method [16]–[18]. The I–V trace is
averaged over 20 sweeps. The ion current was subtracted
from the total measurements current according to the method
described by Gahan et al. [19]. The second derivate of the
derivative of the probe current with respect to the probe
voltage d2 I /dV2 was obtained. The plasma potential ϕp was
obtained from the zero-crossing point of d2 I /dV2. The electron
kinetic energy “ε” shown in (1) is simple equal to ϕp −Vb;
Vb is the probe bias. Then, the electron energy distribution
function (EEDF) f(ε) can be then calculated by the following
expression:

f (E) = 2
√

2me

e3 A

d2 Ip

dV 2 (1)

Fig. 2. Examples of I–V response of the single Langmuir probe for different
mixture plasmas.

where e and me are the electron charge and electron mass,
V and Ip are the applied voltage and current, and A is
the probe area, respectively [20]. Then, the EEDF or F(E),
ne, and Te are given as follows:

F (E) = √
E f (E) (2)

ne =
∫ ∞

0
F (E) d E (3)

Te = 2

3ne

∫ ∞

0
E F (E) d E (4)

where E is the electron energy.
In Fig. 3, the evolution of EEDF for different discharge con-

ditions (100% He, 50% C2H6O + 50% He, and 100% C2H6O)
versus the electron energy is plotted. The EEDF seems to be a
Maxwellian distribution function for the 100% He, whereas at
50% C2H6O + 50% He and 100% C2H6O, the EEDF can
be described as a two-temperature distribution of electrons
with an excessive energy tail, which represents two groups
of electrons with different energies. The first group, with low
energy, affects the local electron densities and the local plasma
conductance; the second group, with high energy, plays the
main role in the local excitation and local ion production.

Furthermore, ne, and Te were evaluated using (3) and (4).
The errors of these values are given by the standard deviation;
in these cases, the results are 10% for both values. The electron
density and electron temperature as a function of He % are
plotted in Fig. 4. The values for Te are in the range from
1.2 to 0.1 eV; this decrease as a function of the He % is
attributed to a large amount of active species that it can
be produced from the reaction of electron and molecules,
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Fig. 3. EEDF for the 100% He, 50% C2H6O + 50% He, and 100% C2H6O
discharges.

Fig. 4. Te and ne as a function of He %.

resulting in the decomposition of C2H6O. Among them,
the fast reactions

C2H6O + O → C2H5O + OH (5)

C2H6O + OH → C2H5O + H2O. (6)

Other reactions occurring between C2H6O molecules and
electrons directly mainly include

C2H6O + e → CH3 + CH2OH + e (7)

C2H6O + e → C2H5 + OH + e (8)

C2H6O + e → C2H5OH+ + 2e. (9)

The reduction of He influences the dissociation of C2H6O
production, producing a reduction in the mean free path (λ)
and an increase in the frequency of collision (υ), and gener-
ating a reduction of the electron temperature (Te).

On the other hand, the values for ne are between 8.3 ×
1010 and 3.3 × 1010 particles per cm3. The decrease of ne

as a function of He % (see Fig. 4) is due to the decrease of
C2H6O content in the mixture; the electron impact dissociation
of ground state C2H6O molecules increases the number of free
electrons; then the C2H6O discharge has more electron density
than the mixture discharges.

Fig. 5. OES of ethanol and He mixture glow discharge.

The measurements of the electron temperature Te in the
range of 0.18–1.16 eV and an ion density of ni between
(0.33–8.36) × 1016 m−3 imply that the Debye length λD for
these plasmas is between 0.021 and 0.054 mm, which is small
compared to the probe radius of 0.5 mm, a condition that is
called the transition sheath region [21], so for probe operation
the present plasma is collisionless.

B. OES Measurements

Fig. 5 shows the optical emission spectra of all the glow
discharges studied in this paper. The species observed and
identified [22] were at 391.4 nm for O2 (A2� − X2�)
Comet–Tail system; at 427.73 nm for CO+ (B3�−

u − X3�−
g )

Schumann–Runge system; at 483.53, 518.85, 561.02, and
606.99 nm for CO (B1� − A1�) Angstrom system; at
486.13 nm for Hβ ; at 656.27 nm for Hα; and at 501.56, 587.59,
667.96, 706.57, and 728.13 nm for He.

A well-known method for electron temperature estimation
consists in using the spectroscopy diagnostic method, which
is based on determining the relative intensities of the two
spectral lines of the same atom. This method assumes that
the velocity distributions of the electrons are Maxwellian, and
the population of the emitting levels follows the Boltzmann
distribution. Explicitly, the formula is

Te = E2 − E1

k

(
ln

[
I1λ1g2 A2

I2λ2g1 A1

])−1

. (10)

The index “1” refers to the first spectral line, “2” to the
second spectral line, k is the Boltzmann’s constant, Ii the
intensity of the lines measure by OES, λi is the wavelength
of the emitted line, Ei the energy of the excited state, gi its
statistical weight, and Ai is the Einstein transition probability
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Fig. 6. Te as a function of He %.

for spontaneous emission. In these cases, the values for
the energy, the degeneracy, and the values for the Einstein
transition probability are taken of the NIST Atomic Spectra
Database Lines Form [23]. The lines used to evaluate the
electron temperature were He 667.96 and He 706.57 nm
in the C2H6O–He mixture discharges; and, Hα 656.27 and
Hβ 486.13 nm for 100% C2H6O discharge. The errors for
this calculate are obtained from the standard deviation (10%).
Fig. 6 shows the variation of the Te as a function of %He
at 2 torr pressure and compared with the values obtained
by single Langmuir probe. The graph shows that Te in both
methods decreases with the increase in %He in the mixture.
It is worth noting that Te measured by the single Langmuir
probe is greater than the Te measured by OES, but both
have similar trends. This fact may be explained in terms of
contamination of the probe [24] and bi-Maxwellian nature
of the plasma; under such conditions, the Langmuir probe
and OES results do not match [25]. Moreover, the difference
between the two temperatures may be explained because
the probe measurements are localized, whereas OES yields
average results.

The electron density was estimated using the Stark broad-
ened spectral line profile, since it depends on the local
charge density. The Balmer-alpha line Hα has been measured
in the present experiment. The Hα line profiles have been
fit by a Voigt profile. A deconvolution procedure has been
used to determine the full width at half-maximum of the
Gaussian (
λG) and Lorentzian (
λL) components. Stark and
van der Waals effects contribute to the Lorentzian broadening
under the present conditions. To estimate the van der Waals
broadening, we adopted the expression presented in [26],
along with the measured gas temperature Tg. The calculated
van der Waals broadening values (0.11–0.13 Å) have been
deconvoluted from the Lorentzian full width at half-maximum
to obtain the Stark broadening. ne has been evaluated, making
a fit of the widths provided by Gigosos et al. [27] for a
reduced mass of 0.8, which corresponds to the pair emitter-
perturbed condition, i.e., the pair H–He.

Fig. 7 displays ne as a function of %He and compares it
with the values obtained by a single Langmuir probe. It can be
observed that ne in both methods decreases with the increase
in %He in the mixture. ne measured by the single Langmuir

Fig. 7. ne as a function of He %.

Fig. 8. Intensity of the most intense lines and bands observed in the mixture
glow discharge as a function of He %.

probe is greater than the ne measured by OES, but both have
similar trends. This fact may be explained in the same form
given before by the Te.

Furthermore, the changes of the intensity of the most intense
peaks as a function of He % are plotted in Fig. 8. The introduc-
tion of C2H6O vapor (even a small amount) into the He plasma
significantly changes the character of the emission spectrum of
the generated plasma. It can be noted that hydrogen is the main
product obtained from C2H6O decomposition. The hydrogen
production is almost 50% of the fragment products. The bands
of O2 (391.4 nm), CO+ (427.73 nm), and CO (561.02 nm), and
the line Hα (656.27 nm) decrease with increasing He content,
whereas the He lines (667.96 nm) increase. The difference in
population of this species may be due to their different excita-
tions and ionization energies and the increase of He metastable
states He I (501.56, 587.59, 667.96, 706.57, and 728.13 nm)
in the discharge.

Fig. 3 shows the calculated EEDFs for C2H6O, He, and
He–C2H6O mixture. It is shown that the EEDF (5–30 eV)
is defined by excitation and ionization of He atoms, and the
excitation, ionization, and dissociation of C2H6O molecules
by electron collision, generating the following atomic and
molecular reactions in the C2H6O–He mixture:

e− + He → He∗ + e (11)

e− + He → He+ + 2e (12)
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e− + C2H5OH → C2H6 + O + e (13)

e− + C2H5OH → C2H4 + H2O + e (14)

e− + C2H5OH → C2H5 + OH + e (15)

e− + OH → O + H + e (16)

e− + C2H5OH → CH3 + CH2 + OH + e (17)

e− + CH2 → C + H2 + e. (18)

Equation (11) corresponds to He excitation, (12) corre-
sponds to He ionization, and (13)–(18) correspond to the
several dissociation processes. These reactions produced the
species observed by OES (Fig. 5). Also, the EEDF calculated
involved electron energies to produce higher He metastable
states, as can be seen from OES measurements, which con-
tributes to the decomposition of the C2H6O by the inelas-
tic collisions of Helium metastable atoms through penning
reactions by [28], [29]

C2H6O + He∗ → C2H5O + H + He (19)

C2H6O + He∗ → C2H5 + OH + He (20)

which produces the products H and OH observed by OES
measurements.

The changes of the intensity of the most intense peaks as
a function of %He (Fig. 8) can be explained by the behavior
observed in the EEDF calculation. The processes involving
He atoms most strongly affect the EEDF, as can be seen
in Fig. 3. The presence of He in the mixture EEDF describes
two temperature distributions of electrons with an excessive
energy tail.

IV. CONCLUSION

Decomposition of the C2H6O molecule was achieved and
the lines and bands observed by OES were O2 (A2�−X2�),
CO+ (B3�−

u − X3�−
g ), CO (B1� − A1�), Hβ , Hα, and He.

The formation of the hydrogen atoms Hα and CO+ and CO
molecules can be attributed to the electron impact dissociation
of C2H6O.

The electron density and the electron temperature were
evaluated using a single Langmuir probe datum. Te was found
in the range of 1.2–0.1 eV and in the order of 1010 particles
per cm3. To dissociate different gases, including the VOC,
the glow discharge is an efficient method because the plasma
generated has a higher chemical reactivity.
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