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Optical emission spectroscopy and modeling of DC CO2-N2-He mixture plasma

F. Castillo, H. Mart́ınez, O. Flores and C. Cisneros

Laboratorio de Espectroscopia, Instituto de Ciencias Fı́sicas, Universidad Nacional Autónoma de Ḿexico,
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In this study, a direct current carbon dioxide-helium-nitrogen CO2-N2-He mixture plasma was studied to evaluate its dependence on pressure.
Optical emission spectroscopy (OES), and a Langmuir probe analysis were used to characterize the plasma. The ion number density and
electron temperature were determined by a dual Langmuir probe; both values exhibited a slight dependence on the pressure. The species
observed via OES exhibited a slight dependence on pressure, and the results were in good agreement with the behavior of the electron
temperature and ion density measurements. The N2/N+

2 , N/N2, and N/N+
2 ratios as a function of pressure (obtained via OES measurements)

were quantitatively correlated with the electron impact excitation and dissociation cross sections ratios. The carbon monoxide/oxygen
CO/O2 ratio as a function of pressure (obtained via OES) indicated that more CO than O2 was produced, which corresponded with the
most important process pertaining to CO2 splitting. This paper also presents the calculated electron transport coefficients, rate coefficients,
electron energy distribution functions, and electron temperatures to support the trends observed during the experiment usingBOLSIG+, a
two-term Boltzmann solver. The rate coefficient due to excitation of the CO2, N2, and He obtained byBOLSIG+ are in good agreement
with the present OES observation.
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1. Introduction

Plasmas that are in part composed of CO2 and N2 are ex-
tensively applied in the development of high power lasers;
the fractional ionization in the discharge may become suffi-
ciently large to allow electron-electron and electron-ion col-
lisions to significantly modify the discharge-transport coeffi-
cients. In addition, there are several important applications
[1,2] such as plasma sterilization and damage of cancer cells.
However, many plasma studies have focused on the possibil-
ity of decomposing CO2; CO2 is a byproduct of industrial
and energy plants, and it contributes to high levels of green-
house gas emission [3]. The above mentioned studies have
clearly shown that CO2 can be efficiently decomposed into
CO and O2 by non-thermal plasma [4]. In addition, the ef-
ficiency of the decomposition process can be altered using
mixtures of CO2 with other gases, which allows to gener-
ate additional species of industrial interest [5]. Although the
application of DC discharges in pure molecular gases and
their mixtures has been increasing in recent years, the full
quantitative understanding of the chemistry of such systems

has not yet been attained. Numerous plasma systems have
been applied to CO2 dissociation studies [6-8]. Due to com-
petition from the upstream dissociated CO and O2 plasma
back-reaction, high energy efficiency was only seen at low
conversion rates. Due to this phenomenon, there are strict
requirements on how well the discharge products-primarily
CO from O2-are separated downstream of the plasma. This
lack of understanding is attributed to the absence of reliable
data for many physical-chemical reactions and surface pro-
cesses. In addition, owing to potential technological appli-
cations, the investigation of low-pressure plasma in an N2

glow discharge at pressures of 1-5 Torr for a gas mixture of
CO2-N2-He has been conducted. In previous studies [9-11],
we performed an experimental characterization of DC He-
N2, Ar-CO2, and CO2-He/Ar plasma mixtures using optical
emission spectroscopy (OES) and mass spectrometry (MS).
The objective of this study is to acquire additional knowledge
on the chemical products that are formed in a CO2/N2/He
glow discharge mixture using OES. Both electron tempera-
tures and ion densities were determined with a Langmuir dual
probe to characterize the glow discharge mixture. The mea-
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surements were carried out at the pressure of 1.0-5.0 Torr.
Also, theoretical calculations have revealed that CO2/N2/He
mixture is not available until now. To get better understand-
ing and theoretical insights of the present experiment, we use
the two term Boltzman solver BOLSIG+ to determine elec-
tron transport rate coefficients of the CO2/N2/He discharge
mixture. Electron transport coefficients and rate coefficients
have been discussed from the physical point of view. We ex-
amine the behavior of the mean electron energy as a function
of the pressure.

2. Experimental setup

The experimental apparatus and technique to generate the DC
plasma was recently reported [11] [see Fig. 1a)]. A descrip-
tion is given here. The reactor chamber is coupled with a
dual Langmuir probe, and OES diagnostic systems. The re-
actor included two parallel-plate electrodes with a diameter
of 30 mm and a 10 mm separation (d), which were placed in
the center of the chamber. The lower electrode and the dis-
charge chamber were grounded, while a negative DC voltage
was applied to the upper electrode to generate a glow dis-
charge.

Before each series of measurements, the chamber was
evacuated to a base pressure of approximately10−6 Torr us-
ing a turbo molecular pump (TMP) (Varian D5302) to ensure
a high level of reproducibility. After obtaining the base pres-
sure, the TMP was turned off, and the gases (i.e., CO2-N2-He

FIGURE 1. a) Schematic of experimental setup, b) Drawing of dual
Langmuir probe.

in the proportion of5 : 6 : 39 (Praxair 99.99%) were dis-
persed into the discharge chamber through a continuous dy-
namic flow of admixture gas in the system through Matheson
flow meter model FM1000. The flow rate of admixture gas
was 1.8 lmin−1. Next, a gate valve leading to the TMP was
partially opened to create a constant flow environment at a
given total pressure. A constant current of 10 mA was main-
tained using a ballast resistance (R = 200 Ω) by changing
the power supply voltage. The applied voltage was between
755 and 900 V.

A quartz window was installed to facilitate the moni-
toring of the active species generated in the glow discharge
via OES. An optical fiber located perpendicular to the cylin-
drical axis of the discharge was used to collect the emitted
light of the discharge. A spectrometer (Ocean Optics, model
HR2000CG-UV-NIR), which was operated in the spectral
range of 200-1,100 nm with a step of 0.35 nm and an optical
resolution of 1.0-nm full width at half maximum, was used
to obtain the required data. The spectrometer consisted of an
OFLV-200-1100 order-sorting filter, which was installed to
eliminate any second and third diffraction orders, and a Sony
ILX511B linear silicon charge-coupled device (CCD) array
(2,048 individual pixels with a pixel size of14× 200 µm and
a sensitivity of 75 photons/count at 400 nm). The low noise
level (250:1 signal-to-noise ratio at full signal) of the CCD al-
lowed for the use of long integration times (resolution times
of between 1 ms and 20 s), which are suitable for the detec-
tion of extremely low emission intensities, with the spectral
data obtained using a 9 s integration time. The spectral range
of the OES system was calibrated using an Ar calibration
source (Ocean Optics Inc.), while the spectral response was
measured using a reference light source (a deuterium lamp
for ultraviolet light and an Ocean Optics LS-1-CAL for vis-
ible and infrared light). All wavelengths and line intensities
were corrected according to the spectral response of the CCD
spectrometer and calibrated for the entire wavelength range.

A dual Langmuir probe [Fig. 1b)] is generally used when
dealing with an electrode less discharge or when a reference
potential is not well defined. Dual probes are inherently ad-
vantageous compared with single probes in terms of prevent-
ing plasma disturbance since only small currents are drawn
from the plasma [10]; the current is limited by the ion satura-
tion current, which is certain orders of magnitude lower than
the electron saturation current. In this study, the dual-probe
system was electrically floated; therefore, it was less depen-
dent on any potential plasma fluctuations. The dual Langmuir
probe consisted of two tungsten wires (radius = 0.25 mm) in-
serted inside a glass capillary tube with a hole diameter of
7.0 mm; both wires were shielded separately inside the cap-
illary using plastic insulating cylinders. The wire tips were
extended 2.0 mm beyond the glass capillary to form active
probe tips, with a gap of 2.0 mm between them. The in-
side bore of the glass capillary was enlarged at the probe end
to form a cavity to prevent metal deposits from forming on
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the glass, which increased the probe area. The end of the
glass capillary was welded with insulating epoxy while ex-
cluding the wire tips. The probe was aligned perpendicular
to the cylindrical axis of the discharge. The applied voltage
to the probe was scanned manually from+30 to−30 V and
vice versa using a regulated DC power supply. The probe’s
current was monitored using a multi-meter (Agilent 34401A:
0.01% accuracy, maximum resolution of 10 nA). The scan-
ning time for one current-voltage (I-V) curve was 2 min. In
consideration of any sputtering or contamination of the probe
tips, the total measurement time for one probe was restricted
to approximately 5-6 h. The final I-V curves were obtained
from the average of six data scans at each probe voltage.

3. Results

In this study, the following plasma conditions were used:
voltage = 755-900 V, electrode gap(d) = 10 mm, and pres-
sure = 1.0-5.0 Torr. Considering the pressure range of the
present work, 1.0 Torr to 5.0 Torr, it was calculated a neu-
tral gas density (N) between2.41×1016 cm−3 (1.0 Torr) and
1.20 × 1017 cm−3 (5.0 Torr) assuming a gas temperature of
Tg = 300 K. Taking into account the ion densityni of ap-
proximately9.27×1010 cm−3 obtained from the probe mea-
surements (Sec. 3.1), an ionization degree(ni/N ) of 10−6

was estimated. Given that the ionization degree was< 10−4,
electron-electron interactions may be neglected [13]. Also,
the Debye length(λD) for the plasma can be determined us-
ing the probe measurements(Te andni), being estimated be-
tween 0.049 and 0.052 mm; this value was small compared
with the probe radius of 0.25 mm (i.e., rp/λD = 5), consid-
ering the Langmuir probe data reported in Ref. [14] in which
the authors stated that the limit of a thin sheath is not reached
at rp/λD ≤ 50. So, in the present experiment there is a col-
lision during a sheath transit. In addition, based on the good
agreement observed in our previous study [9-11], it can be
stated that the reported values were a good approximation of
the transition sheath region [15-16].

3.1. Electron temperature and ion density measurement

In this study,rp > λD, the mean free distance(λni) of the
ion-neutral collisions varied from 0.056 to 0.060 mm (con-
sidering N2 as neutral), and the sheath thickness was in the
range of 0.049-0.052 mm, which is lower than the mean free
path. Therefore, the influence of the ion-neutral collision can
be neglected. In this case, the probe current (I) as a function
of voltage (V) is given by [15-16]

I = I∞ tanh
(

eV

2kTe

)
. (1)

The saturation current(I∞) is dependent on ion den-
sity (ni), electron temperature (Te) and probe area (A =
3.93× 10−3 cm2) as follows:

I∞ = Aeni

(
kTe

2πni

)1/2

. (2)

FIGURE 2. Characteristic I-V curve of the double Langmuir probe
at 3.0 Torr. (P = pressure).

FIGURE 3. Electron temperature and ion density as a function of
pressure.¥ Te; • ni.

Figure 2 shows an example of the characteristic I-V
curves of the dual Langmuir probe at 3.0 Torr. The theo-
retical curve (solid line) fitted sufficiently well with the mea-
sured data, with a correlation coefficient of 0.985. The dif-
ferent behavior in the saturation region of the characteristic
I-V curve may have been due to the sheath expansion effect,
or a finite probe used in this study, which could affect the
collection of plasma particles. Also, it may be attributed to
imperfect probe measurement method and system used in the
experiment.

Theni values were determined from the characteristic I-
V curves [10,16] in the ion saturation region using Eq. (1),
and the respectiveTe were calculated using Eq. (2). The
estimated errors of the electron temperature and ion density
measurements were 7% and 6%, respectively. (see Fig. 3).
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Here, Te is constant between experimental errors as a
function of pressure studied in the present work, while the
ni remained largely constant in the evaluated pressure range.
Possibly, this was because the constant behavior of the ion-
ization, recombination, charge exchange, momentum transfer
and elastic collision processes in the present pressure range,
as can be seen in Sec. 4.

The behaviors ofTe and ni were qualitatively in good
agreement with those reported in Ref. [17], that used almost
the same ratio (CO2-N2-He) (1 : 1 : 8) within the pressure
range used in this study.

3.2. Optical emission measurements

Figure 4 shows the typical OES results for the CO2-N2-He
glow discharge plasma in the spectral emission range of 200-
1,100 nm at 3.0 Torr. Only the most intense spectral lines
and bands of the plasma in the 200-1,100 range are quoted
[18]. A zoom on region 200-500 nm from Fig. 4 is displayed
in Fig. 5. Figures 4 to 6 represent the results of five OES
measurements and the overall variations in the intensity and
ratios was found to be 10%, 10% and 12%, respectively.

FIGURE 4. Details of Fig. 5 at short wavelength.

FIGURE 5. Zoom of OES spectra of Fig. 4.

FIGURE 6. Normalized intensity of principal peaks of the mix-
ture as a function of the pressure for:¥ N∗(1358.13 nm);
• N+∗(406.70 nm); N He∗(501.21 nm); H N+∗

2 (390.87 nm);
¨ CO∗2(517.12 nm); J N∗2(687.91 nm); I CO∗(570.99 nm).

The intensity of the O∗2, CN∗2, O∗, CN∗, C∗ and N∗

species remained almost constant in the adopted pressure
range of 1.0-5.0 Torr (not shown in Fig. 4 for clarity).

He∗, N∗2, and CO∗2 matched the strongest lines and bands,
whereas C∗, N∗, O∗, and O∗2 matched the weakest lines and
bands. The examination of the discharge’s negative glow re-
gion was made possible by this observation. The observed
species, namely O∗2, N+∗

2 , He∗, CO∗2, CO∗, N∗2, O∗, CN∗,
C∗, C+∗, O+∗, N∗, and N+∗, were expected since the pri-
mary collision processes were ionization and electron impact
excitation. The threshold energies for the ionization and ex-
citation of He were 24.59 and 19.8 eV, respectively; for CO2,
the thresholds were significantly lower at 13.77 eV for ion-
ization, 6.23 eV for electronic excitation, 5.52 eV for dissoci-
ation, and only 0.08 eV for vibrational excitation to the low-
est vibrational energy. Similarly, for N2, the thresholds were
15.57 eV for ionization, 6.3 eV for electronic excitation, and
9.77 eV for dissociation. These findings provided an explana-
tion for the behavior that was seen in Fig. 4. In particular, the
evolution of each component was analyzed as a function of
pressure using the normalized intensities(Ix/ΣIx) to ascer-
tain the impact of the intensity variation of particular species
as a function of pressure. The peak value of each speciex is
indicated by the line intensity(Ix).

Figure 6 shows the pressure dependence of the normal-
ized intensities of the N+∗2 (390.87 nm), He∗ (686.70 nm),
CO∗2 (517.12 nm), CO∗ (570.99 nm), and N∗2 (638.54 nm)
emission lines and bands. Here, the intensity of the CO∗

species was the strongest (5.52 eV for dissociation) com-
pared with N2 and He due to the dissociation energy of CO
(5.52 eV), which was lower than the excitation energies of
N2 (6.3 eV) and He (19.8 eV).

Table I displays the normalized intensity of CO∗, N∗2,
N+∗

2 and He∗ as a function of pressure.
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OPTICAL EMISSION SPECTROSCOPY AND MODELING OF DC CO2-N2-HE MIXTURE PLASMA 5

TABLE I. Normalized intensity of CO∗, N∗2, N+∗
2 and He∗ as a

function of pressure.

Pressure

(Torr) CO∗2 N∗2 N+∗
2 CO∗2 He∗

1.0 0.40 0.12 0.07 0.16 0.04

2.0 0.44 0.12 0.08 0.16 0.04

3.0 0.41 0.12 0.08 0.17 0.04

4.0 0.37 0.13 0.08 0.18 0.04

5.0 0.40 0.13 0.08 0.18 0.04

The three principal processes observed by OES
were [19-22]:

e− + CO2 −→ e− + CO(1Σ+) + (1S) −→

CO∗(a3Π) + O(1S), σ1 ∼ 2.00 Å
2
, (3)

e− + CO(1Σ+) −→ CO∗(a3Π) + O(1S) + e−

σ1 ∼ 2.00Å2, (4)

e− + N2(XΣ+
g ) −→ N2(B3Πg) + e−

σ2 ∼ 0.30Å2, (5)

e− + N2(XΣ+
g ) −→ N+∗

2 (BΣ+
u ) + 2e−

σ3 ∼ 0.24Å2. (6)

The behavior observed in Fig. 6 and Table I are qualita-
tively correlated with the cross sections of these reaction, that
is, σ1 > σ2 > σ3 [19-21].

Figure 7 shows the [N∗2/N+∗
2 ], [CO∗/N∗2], and

[CO∗/N+∗
2 ] ratios as a function of pressure. Here, the three

ratios obtained via OES measurements were approximately
1.55, 3.33, and 5.00, respectively, which only qualitatively
correlated with the ratio of effective cross sections of the
reaction 4, 5 and 6 and implies that in the adopted pressure
range, the three processes made the same contribution to the
discharge.

Other processes may be contributed to the species in-
tensities observed in Fig. 6. For example, Penning ioniza-
tion reaction. Nevertheless, the Penning reaction contribution
could be estimated from the rate coefficients [23]. The reac-
tion rate for N+

2 from the Penning ionization coming from
He∗−CO2 and He∗−N2, which could have been mainly in
the N+

2 (B) state, was approximately1.0 × 10−10 cm3s−1

[23,24], while the charge transfer (CT) reaction rates
(He++N2 −→N+

2 +He and He++CO+
2 −→CO+

2 +He) [25-
27] were approximately1.3 × 10−9 cm3s−1. Given that, as
noted, the CT rate coefficient was one order of magnitude
higher than the Penning ionization rate coefficient, the CT
reaction was mainly responsible for N+∗

2 with a reaction rate
of approximately1.0×10−9 cm3s−1. Similarly, the CT reac-
tion was the main reaction that led to N∗ and N+, with a rate
of 0.6× 10−9 cm3s−1, resulting in a rate coefficient ratio for

FIGURE 7. [N∗2/N+∗
2 ], [CO∗/N+∗

2 ], and [CO∗/N∗2] ratios as a func-
tion of the pressure.

N+
2 /(N++N) of 1.7, which was higher than our experimental

ratio of 1.07. The differences in the experimental and model
data may have been because the model data were obtained
at atmospheric pressure and a considerably higher discharge
power [25].

As Fig. 7 shows, the N∗/N+∗
2 ratio was approximately

0.7, while the same ratio was estimated to be approximately
0.13 via the theoretical model. Here, it can be assumed that
the model [23] did not consider all the possible reaction chan-
nels that lead to the production of N∗. Additionally, it was
also observed that N+∗/N+∗

2 had a value of approximately
0.3, while the theoretical model [23] returned a considerably
lower value of 0.13. Here, a similar argument to that applied
for N/N2 could be used to explain the difference. That is in
good agreement with Ref. [28] that states that the Penning
ionization is likely to be the excitation source of N∗ at low
N2 partial pressure.

Some processes have been mentioned, but there is a pro-
cess that does not necessary lead to dissociation and chemical
decomposition, that is quenching. Direct electron impact ion-
ization of CO2 and N2 dominates ion production, two-step
ionization of N2 may be important in some circumstances.
This additional source of electrons will most likely involve
the metastable N2 (A3Σ+

u ) state which is efficiently excited
by direct electron impact and by cascading from higher-lying
N2 electronic levels [29]. This state has a 1.36-sec spon-
taneous lifetime [30] and, interestingly, is not quenched by
collisions with He, N2, or CO2 [31,32]. However, several
species produced in the discharge including CO, O, and NOx

are very effective to quenching the N2 (A3Σ+
u ) state [31,32].

Also, the ionization cross section for the metastable state is
one hundred times that of the ground state [33]. So, two-step
ionization of N2 may contribute significantly to the over-all
ionization rate of the discharge if the mixture residence time
is 10−2 sec or less. In the same way, He substantially de-
creases the relaxation time (by more than a factor of five),
probably through a nonradiative CO2-He collision process
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[34]. Therefore, in the present experiment the quenching pro-
cess could be neglected, despite the pressure change from 1.0
to 5.0 Torr.

Overall, the constant behaviors of the lines and bands ob-
served via OES (Figs. 6 and 7) were consistent with theTe

andni results, which exhibited a constant values as a function
of pressure.

To explain the obtained OES, it is necessary to consider
the possible kinetics for the generation and destruction of the
active species (e.g., CO2, O2, CO, O, N2, N, C, and He);
this encompasses the processes of electron impact excitation,
ionization, and dissociation as well as chemical and decom-
position reactions. In fact, the principal processes involved in
the CO2−N2−He plasma discharge were the electron impact
excitation of CO2, N2, and He and the electron impact ion-
ization of N2 and CO2 into the upper states, which decayed
by emitting photons of different wavelengths. In this study,
these processes were recorded and analyzed using the OES
technique to identify the different reactive species produced.
Electron attachment and electron-ion recombination involv-
ing negative ions are also important, and these processes are
discussed in Refs. [35] and [36]. Therefore, as observed in
the present study, these reactions result in the production of
CO∗2, O∗2, CO∗, O∗, and He∗.

It was observed (Fig. 4) that the intensity of the O∗ specie
that potentially correlated with the CO molecule via electron
impact dissociation(e− + CO2 −→ CO + O∗ + e−) was
higher than that of the O∗2 species, which was in line with the
essential process pertaining to CO2 splitting [37-39].

4. Reaction rates simulation

For a better understanding on the electron impact reac-
tions rate (excitation, vibrational, dissociation and ioniza-
tion) in the present investigation, plasma kinetics calculation
was done using the numerical Boltzmann equation solver,
BOLSIG+ [40]. The electron reactions rate depends on the
reduced electric field(E/N), whereE = V/d is the elec-
tric field andN is the gas particle number density. For the
electron and CO2 collision cross section, 13 reactions from
the Morgan database were used [41], involving electron at-
tachment, excitation, and ionization. For the electron and He
collision cross section [42], effective (momentum), excita-
tion, and ionization reactions were used. Finally, for N2, 25
reactions were considered [43,44], including electron impact
elastic, excitation, and ionization cross sections.

Considering the present experimental condition,i.e.,
E/N = 690 − 850 Td (1Td = 10−17 Vcm2), the trans-
port coefficient obtained viaBOLSIG+ was divided by the
total gas densityN to obtain reduced coefficients that were
independent ofN .

Figure 8 presents the total collision, the effective momen-
tum transfer in the electron-neutral collision, the electron-ion
collision, the total ionization, and the total attachment fre-
quencies. The effective momentum transfer in the electron-
neutral and total collision frequencies were the most impor-

FIGURE 8 Total collision, momentum, electron-ion momentum, to-
tal ionization, and total attachment frequencies in relation to the
pressure.

FIGURE 9. Energy power loss rate of the elastic, inelastic, and
electron-ion collisions as a function of pressure.

tant and were one order of magnitude larger than the total ion-
ization frequency and six and four orders of magnitude larger
than the total attachment and electron-ion momentum fre-
quencies, respectively. The momentum, total collision, and
ionization frequencies exhibited a slightly increasing trend as
a function of the PressureP (or decreasing reduced electric
field E/N ), while the total attachment and electron-ion fre-
quencies exhibited a slightly decreasing trend. The slightly
increasing behavior in the total collision frequency provided
less time for the electrons to gain energy from the electric
field, resulting in a constant value ofTe, as a function of the
pressure studied in present work, which agreed with the cor-
responding experimental results (Fig. 3).

The energy power loss rates due to elastic, electron-ion,
and inelastic collisions are presented in Fig. 9, where all of
the factors demonstrate almost constant behavior. The most
important contribution was the energy loss due to inelastic
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OPTICAL EMISSION SPECTROSCOPY AND MODELING OF DC CO2-N2-HE MIXTURE PLASMA 7

FIGURE 10. Rate coefficients due to the elastic, attachment, effec-
tive momentum, and ionization of the N2, CO2, andHe species as
a function of pressure.

FIGURE 11. Rate coefficients due to the excitation of the N2, CO2,
and He species as a function of pressure.

collisions, which agreed with the corresponding experimen-
tal data and indicated the presence of species formed due to
excitation, ionization, and dissociation of the gas phase via
electron impact collisions. The contribution of the elastic and
electron-ion collisions were less important because it was al-
most three and nine orders of magnitude less than the total
energy loss rate due to the inelastic collisions, respectively,
which agree with the present experimental results where the
three principal processes were the inelastic reactions (3-5).

The rate coefficients due to the ionization, excitation,
elastic, attachment, and effective momentum of the N2, CO2,
and He species are shown in Figs. 10 and 11. The rate co-
efficients exhibited almost the same trend except for that of
He+∗ and CO∗2, which exhibited only a slightly increasing
trend. The most important contributions were from CO2 ex-
citation (0.083-10.50 eV), CO2 ionization (13.30eV ), N2 ex-
citation (0.02-13.00 eV), and N2 ionization (15.60 eV); this
represented an order of magnitude higher than He ionization

(24.58 eV) and excitation (19.80) and two orders of magni-
tude higher than He effective momentum, N2 elastic, CO2
elastic, and six orders with CO2 attachment processes. These
theoretical results are in good agreement with the present
experimental observations displayed in Fig. 6 and Table I,
where it is shown that the contribution of the species follow
the trend CO∗ > N∗2 > N2+∗ > CO∗2 > He∗.

Also, Fig. 11 displays the present experimental results ob-
tained by OES to compare with the theoretical calculation.
The experimental data were normalized to 1 Torr with the
results obtained byBOLSIG+ for comparison. As can be
seen from Fig. 11, the rate coefficient due to excitation of
the CO2, N2, and He obtained byBOLSIG+ are in good
agreement with the present OES observation (Fig. 6).

The electron energy distribution functions (EEDFs)f(ε)
was calculated usingBOLSIG+ software and are presented
in Fig. 12 as a function of the electron energy(ε) at differ-
ent pressures. Here, the calculated EEDFs present a non-
Maxwellian distribution (EEDFs is not a straight line in the
logarithmic plot of Fig. 12) for all theP (or E/N ) values,
and a substantial change is observed between 1.0 and 5.0 Torr
(1333.0 − 746.9 Td). This change likely emerged because
the energy loss coefficient for N2 excitation remained con-
stant while the other energy loss coefficients demonstrated
an increasing trend,i.e., the CO2 excitation and ionization
processes became more important than the N2 excitation and
ionization processes.

As P was increased (orE/N decreased), the EEDF
shifted to a lower energy. The reduction in EEDF could
be attributed to the reduced energy exchange between the
molecules and electrons. The increase inP (or decreased
in E/N ) led to a reduction in molecule-electron energy ex-
change, thereby reducing the energy range.Te can be calcu-
lated as a mean electron temperature from the EEDF curves
as

Te =
∫ 30

0

ε(3/2)f(ε)dε. (7)

FIGURE 12. Calculated EEDF curves of CO2−N2-He plasma mix-
ture as a function of electron energy (ε) at several pressures.
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FIGURE 13. Calculated and measured electron temperature of
CO2−N2-He plasma mixture as a function of pressure.

Figure 13 compares the measured and calculatedTe val-
ues, which clearly followed the same trend and shows good
agreement between the measured and calculated values. The
difference between calculated and experimentalTe values
may be attributed to imperfect probe measurement method
and system used in the experiment.

5. Conclusions

In this study, a comprehensive electrical and optical char-
acterization of a DC CO2-N2-He plasma mixture was con-
ducted. Theni andTe values were determined to be approx-
imately 9.25 × 1010 cm−3 and 4.30 eV, respectively, with
both remaining almost constant as a function of pressure and

in qualitatively good agreement with the findings reported in
previous studies. Furthermore, the OES results were consis-
tent. The species observed via OES were C, C+, O, O+, N,
N+, CO, CO2, CN, N2, N+

2 , and He, and their behaviors as a
function of pressure were consistent with theTe andni mea-
surements in the same pressure range.

The OES measurements indicated that more CO species
were produced than O2 species, which agreed with the most
important process pertaining to CO2 splitting.

The rate coefficients, electron energy distribution func-
tion, andTe were calculated for the CO2-N2-He plasma to
evaluate the effect of pressure (orE/N ) during discharge,
while the behavior of the transport parameters on the pres-
sure (orE/N ) on the discharge was also clarified. The cal-
culated results agreed with the corresponding experimental
results, which indicated that the model provided an accurate
representation of the fundamental chemistry involved in the
discharge.

The rate coefficient due to excitation of the CO2, N2,
and He obtained byBOLSIG+ are in good agreement with
the present OES observation. We hope that our experimen-
tal findings will inspire some theoretical calculation results,
which visualized the fundamental chemistry involved in the
discharge.
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