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Abstract. Results of spectroscopic investigations and current-voltage characteristics of back discharge gen-
erated in point-plane electrode geometry with plate covered fly ash layer in a mixture of N2 + CO2 at
atmospheric pressure, for positive and negative polarity of the discharge electrode are presented in this
paper. Point-plane electrode configuration was chosen in these studies in order to simulate the physical
processes occurring in electrostatic precipitator. Three forms of back discharge for both polarities were
investigated: glow, streamers and low-current back-arc. Diatomic reactions and dissociation products of
N2 and CO2 (OH, NO, CN), atoms from fly ash layer (N, Ti, Na), free radicals, molecules or ions, which
have unpaired valence electrons, and other active species, e.g., N2 (in C,B,A-state), N+

2 (B) were identified
in the discharges by the method of optical emission spectroscopy (OES). The measurements shown that
atomic and molecular optical emission spectral lines from back discharge depend on the forms of discharge
and the discharge current. In normal electrical discharges, the emission spectra are dominated by gaseous
components, but in the case of back discharge, atomic lines belonging to chemical compounds of fly ash
were also recorded and identified.

1 Introduction

Electrostatic precipitator is the most frequently used de-
vice for the removal of particles from flue gases from
coal-fired power plants. When the sulphur content in the
burned coal is at a level below 2%, the resistivity of fly ash
deposited on the collection electrode can be higher than
1010 Ω m that can lead to back discharge ignition be-
tween the electrodes. Back discharge occurs as an effect of
accumulation of electric charge on dielectric layer covering
passive electrode. In the case of electrostatic precipitator,
such layer is formed by fly ash particles of high resistiv-
ity deposited on the collection electrode. When electric
charge accumulated on and within the layers reaches a
certain threshold level, the electric breakdown, known as
back discharge, occurs through the layer. During back dis-
charge, additional ionization processes take place within
dielectric layer and close to its surface that provides new
ions flowing through the interelectrode space towards the
discharge electrode. During back-discharge in electrostatic
precipitator, ions of polarity opposite to those emitted by
discharge electrode can be extracted from fly ash layer
and flow towards the discharge electrode. These opposite
ions can be deposited on fly ash particles reducing their
charge and decreasing overall collection efficiency of the
precipitator.
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Carbon dioxide and nitrogen mixture were chosen
for the investigation because they are the main com-
ponents of flue gases from coal or biomass fired boil-
ers, and knowledge of back discharge formation in these
gases is important for electrostatic precipitator operation.
Typical content of nitrogen in flue gases is about 80%,
carbon dioxide ∼15%, oxygen �4%, unburned hydrocar-
bons �0.1%, and nitrogen oxides (NOx) �0.01%. It should
also be mentioned that N2 +CO2 mixture is considered as
an insulator gas, alternative to strong- greenhouse SF6 [1].

In present studies, optical emission spectroscopy has
been used to learn about physical processes occurring in
back discharges in N2 + CO2 gas mixture. In such dis-
charge, high-energy electrons can efficiently dissociate,
excite and ionise N2 and CO2 molecules and produce
chemical reactive radicals (CO, NO2, C, N, CN) or other
active species such as N+, N+

2 having strong chemical ac-
tivity [2]. From the measurements of intensity of spectral
lines, type of discharge and relative concentration (abun-
dance) of ionized and excited gaseous species present in
the discharge and/or volatilized from fly ash layer can be
determined. It should be noted that fast ions bombarding
fly ash layer also cause dust sputtering from it [3].

Previously, optical emission spectroscopy has been
used for the analysis of electrical discharge plasma in
various gases by different discharge conditions, and for
various types of discharges: pulsed corona discharge,
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Fig. 1. Experimental setup.

microwave discharge, glow discharge or dielectric barrier
discharge [4–10]. The experimental studies of CO2 and N2

dissociation in RF plasma torch at low pressure was in-
vestigated by Rond et al. [11] and Su et al. [12]. These
authors measured the energy distribution of electrons in
corona discharge and intensity of N2 second positive band.
Spectroscopic measurements in air at atmospheric- pres-
sure discharge were also carried out by Shimizu et al. [13],
who investigated reaction mechanisms in plasma pro-
cess. Manabe and Shimazaki [14] investigated the mech-
anism of surface corona on dielectric plates under neg-
ative pulse voltage. Behaviour of molecular compounds
in flue gases in microwave induced plasma were stud-
ied by optical emission spectroscopy by Timmermans et
al. [7,15]. Czech et al. have investigated back discharge in
air, pure CO2 [5,16–18], and in flue gas simulating mix-
ture [5]. Jasiński et al. [19] presented results of spectro-
scopic measurements of temperature of neutral gas in mi-
crowave torch plasma (MTP) in nitrogen at atmospheric
pressure, in air, and in their mixtures with methane. Ex-
perimental studies of CO2 dissociation in RF plasma torch
were carried out by Rond et al. [11] in order to learn
about the influence of discharge power on plasma charac-
teristics. Electrical discharges, including back-discharge,
in N2/CO2 mixture, the main compounds of flue gases, at
normal pressure and ambient temperature have hitherto
not been studied.

In this paper, current-voltage characteristics of back
discharge, and spectroscopic analysis of ionisation and ex-
citation processes of gaseous molecules in back discharge
are presented. The effect of CO2 and N2 percentage in
CO2 +N2 mixture on back discharges in point-plane elec-
trode geometry has been studied. For the purpose of this
paper the spectroscopic data were taken from the books of
Pearce and Gaydon [20], and Striganov and Sventickij [21].
The main aim of this work is to understand the mecha-
nisms that govern the production of active species in back

discharge. This research will help to better understand the
back-discharge processes occurring in electrostatic precip-
itators, which decrease their collection efficiency.

2 Experimental

A schematic of experimental setup used in these investi-
gations is shown in Figure 1.

The discharge chamber, used also in previous exper-
iments [5,16,17], was made of PMMA, in the form of
cube of inner edge of 160 mm. The discharge was gen-
erated from needle of diameter of 1.5 mm and cone angle
of about 15◦ facing perpendicularly stainless steel plate.
The distance between the tip of needle and the plate
was 20 mm. The needle electrode was at high poten-
tial while the plate was grounded. The plate was covered
with fly ash layer of thickness of 5 mm, collected from an
electrostatic precipitator. The discharge was generated in
nitrogen and carbon dioxide mixture at various propor-
tions, at normal pressure, and at ambient temperature.
Both gases were purchased from Messer-Polska. The rest
gases in this mixture were O2, CO and H2O (at a level
of 100 ppm total). The flow rate of gas flowing through the
discharge chamber was controlled by flow-meter (Metal
Chem, Gliwice). The electrodes were supplied from a high
voltage DC source SL300W/30kV/PN (Spellman) with a
ballast resistor of 5 MΩ connected in series with discharge
electrodes, in order to stabilize the discharge current. The
supply voltage was changed from 5 kV to 30 kV, by keep-
ing other corresponding parameters constant.

The emission spectra were measured by means of spec-
trometer SPM-2 of resolution of about 0.5 nm for the
width of slit of 1÷ 0.5 mm, and a grating of 1300 grooves
per mm. The light from the discharge was transmitted
to the spectrometer via a quartz optical fiber, which
was pointed to the plasma column either on fly ash
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Fig. 2. Current-voltage characteristics of back discharge in
N2+CO2 gas mixtures for different CO2 to N2 raatios, at
atmospheric pressure, for negative polarity of the discharge
electrode.

layer or the tip of needle electrode. Photomultiplier tube
R375 (Hamamatsu) and signal preamplifier unit C7319
(Hamamatsu) were used to detect optical signals from the
spectrometer, and the data were transmitted to PC. A
glass window of diameter 58 mm was mounted to the
chamber wall in order to take photographs of the dis-
charge. The discharge current, was measured with moving
coil ammeter of appropriate range connected between the
needle electrode and supply unit at high voltage side.

3 Results

3.1 Current-voltage characteristics

Current-voltage characteristics of back-discharge for neg-
ative polarity of the needle electrode, for various values
of N2 to CO2 ratio are presented in Figure 2. For com-
parison, current-voltage characteristics of the discharge in
air are also shown in this plot. For increasing voltage be-
tween the electrodes, the following discharge modes can
be distinguished from visual observation:

Needle glow
For lower voltages, only bright points (glow) sur-
round the needle tip, indicating ionisation processes
in this region. The current is of the order of tens
of microamps. At normal pressure, the frequency of
electron-molecule collisions increases with increasing
voltage, but the gain of energy of electrons between
collisions is sufficiently high to sustain gas ionization.
Needle glow + surface glow
Electrons and negative ions produced in the ioniza-
tion region close to the needle tip drift in the elec-
tric field and are deposited onto the dielectric surface,
forming a surface charge on it. The magnitude of this
charge becomes sufficiently high to promote gas ion-
ization at certain points at this surface, and surface
glow appears. When the voltage is further increased,

the surface charge increases due to increasing ionic
current from the discharge electrode, and the elec-
tric field through the layer becomes sufficiently high
to cause many breakdown points through the layer,
appearing as bright spots. Bright glow indicates exci-
tation and de-excitation and ionisation/recombination
processes in these points. The vibrational energy lev-
els (bands) of N2 and CO2 can be easily excited due
to electron collisions in this type of discharge, but di-
rect electron excitation of the C3Πu and B3Πg triplet
states appears only near sharp electrode. The mean
electron temperature obtained using zero-dimensional
Boltzmann solver BOLSIG+ [22], for the E/N ratio
as in plasma column, was the maximum for pure N2

and was about Te = 0.2 eV. For other values of CO2

to N2 ratio investigated, the mean electron tempera-
ture was about Te = 0.03 eV, and the main energy
loss fractions was for vibrational CO2 excitation. It
should be noted that unlike normal corona discharge,
the current of back discharge does not increases mono-
tonically with the voltage magnitude increasing. When
ionization processes begin at dielectric layer, the cur-
rent increases steeply, almost two orders of magnitude,
due to charge carriers of positive polarity (opposite to
those from the discharge electrode), are generated in
those bright spots on the layer. This phenomenon is
characteristic of this gas mixture and has not been ob-
served in the discharge in air (cf. Czech et al. [16]).
Streamers
The onset-streamers discharge mode starts at a voltage
of about 20 kV, for these specific experimental condi-
tions. When electric field is sufficiently high, pre-onset
streamers develop from the point electrode and form a
faint unstable filament along the gap, which connects
the tip of needle electrode with dielectric layer. With
supply voltage increasing, one of these onset stream-
ers from the discharge electrode develops into break-
down streamer or spark, expanding from the needle tip
through dielectric layer towards plate electrode. Total
energy dissipated in the discharge increases strongly
with increasing discharge current. The excitation en-
ergy of CO2 and vibrational energy of N2 molecules
can be effectively transferred between them in colli-
sions. The number of streamers in a unit time increases
with the voltage increasing. For negative polarity, each
streamer bridges the entire interelectrode space, and
stretches between the needle tip and a spot formed on
the dielectric layer. The streamers can further develop
into arc discharge when supply voltage and discharge
current reach sufficiently high values.
Back-arc
During arc discharge, the discharge current increases
rapidly to a couple of milliamps (1–8 mA) (Fig. 2),
and its magnitude is only limited by the ballast resis-
tance R. Back arc discharge appears as a bright plasma
column, of a couple of millimetres in diameter, which
permanently connects the discharge electrode (needle)
and one breakdown point (crater) in dielectric layer.
For low-current back-arc discharge, thermal ionisation
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Fig. 3. Current-voltage characteristics of back discharge in
N2 + CO2 gas mixtures for different CO2 to N2 ratio, at
atmospheric pressure, for positive polarity of the discharge
electrode.

takes place in the interelectrode space and in the crater
formed in dielectric layer.

For positive polarity (Fig. 3) the following discharge
modes can be observed:

Needle glow
When discharge current is of the order of magnitude
of a few microamperes, initially many faint breakdown
points appear close to the needle tip and on the surface
of layer, similarly to the discharge at negative polarity.
Streamers
Unlike negative corona, for positive polarity, besides
space streamers, also surface streamers are created as
luminous channels at the dielectric layer surface, pre-
sumably because of negative ions supplied from break-
down points at the layer. The space streamers develop
in the form of filaments from some points at dielec-
tric layer, towards discharge electrode. As a result,
space streamers become more luminous and the dis-
charge current is higher and much more unstable than
in negative polarity discharge. A large number of ions
are emitted from many breakdown points occurring on
dielectric layer. The transition of space streamers to
back-arc discharge takes place at higher voltages than
for negative polarity.
Back-arc
Similar to negative polarity, the discharge current in-
creases steeply to 1–8 mA (Fig. 3), and its magnitude
is only limited by the ballast resistance R. Back arc
discharge appears as a bright plasma column, of a cou-
ple of millimetres in diameter, which, unlike negative
polarity, is divided into two parts separated by a dark
space.

3.2 Effect of CO2 and N2 concentration

This section considers the influence of binary (N2 + CO2)
gas mixture composition on current-voltage characteris-
tics of back discharge. For negative polarity of the needle

electrode, even a small amount of CO2 in N2 causes a
sharp decrease in discharge current, for the same supply
voltage, to magnitude close to that in pure carbon diox-
ide. The decrease in discharge current results from CO2 as
electron attaching gas [1] and the presence of CO2 disso-
ciation products (CO, atomic O and molecular O2) which
are also electronegative, which reduces the number and
energy of free electrons by their attachment after colli-
sion. Goldman [23] explained this phenomenon by the for-
mation of negative space charge sheath in the vicinity of
sharp electrode. This space charge increases the electric
field close to the tip of needle (ionization zone), but de-
creases downwards in the interelectrode space (drift zone),
to a value too low for streamers formation.

Higher concentration of CO2 in N2, above a certain
level, does not change the discharge current significantly.
Due to collisions between CO2 with N2 molecules, the ex-
citation energy of CO2 can be easily transferred to N2

and vice versa, because CO2 excitation level is close to
the vibrational level of N2. The voltage of initiation of
back discharge increases with increasing CO2 concentra-
tion, for example, it is 2.5 kV for 0% CO2, 4.5 kV for 15%
CO2, and �5 kV for 100% CO2.

Unlike negative polarity of the discharge electrode,
for positive polarity, the discharge current does not dif-
fer much with varying concentration of CO2 (cf. Fig. 3).
Whereas for negative polarity, the current span over three
orders of magnitude for the same supply voltage with vari-
ations in CO2 concentration, for positive polarity, it re-
mains within an order of magnitude. Additionally, all cur-
rent voltage characteristics are close to that for air. The
only difference is streamer to arc transition at lower volt-
ages, for low CO2 concentration. This can be explained by
the process of relative energy losses by radiation emission
of CO2.

3.3 Fly ash elemental composition

The goal of this section is to investigate the discharge pro-
cesses in N2 + CO2 mixture at atmospheric pressure with
the method of optical emission spectroscopy. Unlike dis-
charges in gases between two clean electrodes, back dis-
charge characteristics and emission spectra depend not
only on gas composition and electrodes geometry but also
on electrical properties of dielectric layer covering passive
electrode, and on elemental and molecular composition of
this layer. For this reason, the elemental composition of
fly ash used in these investigations has been determined
using EDS spectroscopy method.

Elemental analysis of fly ash sample collected from
third stage of electrostatic precipitator in coal fired power
plant supplied with polish bituminous coal is shown in Fig-
ure 4, and summarized in the form of column plot in Fig-
ure 5. The content of each element is expressed in atomic
percent normalized to total number of counts for all el-
ements. As can be expected, silicon is the main element
in fly ash sample, and its content is in the range of 12–
14 at.%. The next most abundant element is aluminium
(11 at.%). Carbon content is about 5 at.%. The most
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Fig. 4. EDS spectrum of fly ash, indicating its elemental
composition. Inset: SEM microphotograph of fly ash particles
(magnification: ×10 000).

Fig. 5. Atomic concentration of elements in fly ash.

abundant is oxygen, about 60 at.%, which forms silicone
and aluminium oxides. Calcium, sodium, potassium and
titanium were also recorded in the EDS spectrum (Fig. 4).
The inset in Figure 4 shows SEM micrograph of fly ash
particles, which are mainly spherical of diameter smaller
than 5 μm.

3.4 Light emission spectra

In order to examine the influence of carbon dioxide con-
centration on the emission intensity of selected spectral
lines in back discharge plasma, the pressure in the cham-
ber was fixed to 1 bar, and supply voltage was set to 30 kV.
The gas composition varied from pure nitrogen (0% CO2)
to pure carbon dioxide CO2 (100%). The intensity of spec-
tral lines was measured after the discharge had reached a
stable condition.

It is well know that in pure N2, the spectrum of dis-
charge is dominated by the second positive system of N2,
and weaker first negative system of N+

2 [5,6,11,12,24,25].
Non-thermal plasma generated by electrical discharge at
atmospheric pressure produces electrons and ions, which
can be accelerated in electric field to high kinetic en-
ergy. Non-elastic collisions between energetic electrons and

gaseous molecules will produce chemically active species.
In electric discharge in CO2 at atmospheric pressure,
the spectrum is more complex because many overlapping
bands of CO2, CO and C2 systems are generated due
to non elastic collisions between energetic electrons and
CO2 molecules [5,6,17]. Although the emission of CO2

molecules cannot be observed in the investigated spec-
tral range (because main emission lines are in the infrared
range), the existence of CO2 may be detected indirectly,
e.g. via detecting the emission of its dissociation products:
CO or C2.

In N2 and CO2 mixture, besides the lines characteristic
of CO2 and N2 pure gases, there can also be observed
spectral lines of the reaction products of these gases.

In the case of back discharge, additional emission lines
characteristic of elements and compounds volatilized from
dielectric layer can be found in the emitted spectrum. In
Figures 6–11 the emission spectra of electrical discharges
in N2 + CO2 gas mixture for different CO2 concentra-
tions are presented. The amount of CO2 varied from 0%
(pure nitrogen), by 5% and 15% of CO2 in N2 to 100%
(pure CO2). Results for air have also been presented for
comparison.

The primary dissociation, excitation and ionization
processes of the discharge occur in the needle zone.
In pure nitrogen, only vibration sequences Δυ =
−4,−3,−2,−1, 0, of the N2 second positive system (SPS)
were observed in the spectrum. In pure CO2 the following
reactions can occur:

Vibration excitation dissociation:

CO2(ν∗) + e− → CO + O + e− (Eth = 3.9 eV) [18],

Electron-impact ionization

CO2 + e− → CO+
2 + e− + e− (Eth = 13.8 eV) [26].

Direct electron collision dissociation:

CO2 + e− → CO +
1
2
O2 + e− (Eth = 2.9 eV) [27],

CO∗
2 + e− → CO + O + e− (Eth = 5.45 eV) [28].

Figures 6 and 7 present the emission spectra of back dis-
charge in pure CO2 and pure N2 taken from the layer
zone for negative and positive polarity of the discharge
electrode, respectively. In pure nitrogen, the SPS is in-
complete. From five most intense line observed usually in
the discharge, only three 313.6, 315.9, 357.69 nm of them
appear. Faint CN violet system radiation with the maxi-
mum peak at 388.5 nm in pure nitrogen resulted probably
from chemical reactions between N2 and carbon present in
fly ash layer, following the process given by the equation:
A + B + X → AB∗ + X.

In pure CO2 at positive polarity of the discharge elec-
trode, the emission lines of CO, which is a dissociation
product of CO2, have been observed in the discharge.
Triplet band transition d3Δ → a3Π (420–598 nm) and
Herzberg system transition C1Σ → A1Π (368–570 nm)
have been recorded in the range of wavelengths investi-
gated. Systems of positive and negative ions: CO+

2 -Fox,
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Fig. 6. Emission spectra of back discharge in pure CO2 and
pure N2 taken from the layer zone for negative polarity of dis-
charge electrode. Supply voltage –30 kV.

Fig. 7. Emission spectra of back discharge in pure CO2 and
pure N2 taken from the layer zone for positive polarity of dis-
charge electrode. Supply voltage 30 kV.

Duffendack and Barker’s system, transition A2Π → X2Π
(287–416 nm) and CO+, the Ångström system, transition
B1Σ → A1Π (412–581 nm), as products of gas ionization,
have also been recorded. The typical green C2 emission
line does not appear in the discharge of positive polarity
at the needle electrode but only CO emission systems are
more intense.

In pure CO2, for negative polarity of the discharge
electrode, there lack light emission in the visible spectrum
due to electronegativity of this gas, which attaches elec-
trons, quenching by this way the discharge processes. Only
weak CO emission can be recorded at the noise level and
a strong Na line at 589.5 nm. Sodium is probably ionized
directly in fly ash layer due to electron and negative CO2

ions bombardment. The CO2 dissociation is mainly due to
the vibrational excitation caused by electron impact. The
analysis of our experimental spectra confirm that CO2 dis-
sociations generates, directly or indirectly, the formation
of CO and O in excited or ground states.

Fig. 8. Emission spectra of back discharge in 95% N2 + 5%
CO2 mixture at the needle zone and crater (layer) zone, for
negative polarity of the discharge electrode. Supply voltage –
30 kV. Thickness of fly ash layer-5 mm.

Because of fly ash elemental composition, the spec-
tral lines characteristic of fly ash compounds appear also
in these gases (cf. Figs. 4 and 5). For example, C2 band
appears in pure nitrogen due to excitation of the carbon
molecules, which are volatilized from fly ash layer (car-
bon concentration in fly ash about 5 at.%). Strong sodium
line both in CO2 and N2 (cf. Figs. 7 and 8; Na concentra-
tion ∼1 at.%) can also be noticed.

Electric discharge in a mixture of N2 + CO2 results
in many additional spectral lines as an effect of plasma
chemical reactions between molecules of these gases and
additionally with elements and compounds from fly ash
layer. Only a small admixture of carbon dioxide to nitro-
gen was enough to change the emission spectra. Besides
formerly discussed lines, the CN violet (B2Σ+ → X2Σ+)
and red (A2Π → X2Σ+) systems appear in the emission
spectra of back discharge plasma generated in N2 + CO2

gas mixture. The CN radicals are formed from CO2 after
its dissociation and reaction of C2 with N2.

In the spectrum of back discharge in 95%N2 +5%CO2

mixture at atmospheric pressure the nitrogen SPS is still
dominant in the needle zone but this emission is sup-
pressed in the crater zone, whereas molecular bands of
CO, C2 (C2-Swan system transition A3Πg → X

′3Πu
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Fig. 9. Emission spectra of back discharge in 95% N2 + 5%
CO2 mixture at the needle and crater (layer) zone, for positive
polarity of the discharge electrode. Supply voltage +30 kV.
Thickness of fly ash layer-5 mm.

(436–600 nm)) and CN are higher in this zone for both
polarities (cf. Figs. 8 and 9). The emission intensity of
CO, which is dissociation product of CO2, was weaker in
N2 + CO2 mixture than in pure carbon dioxide. When
a small amount of CO2 was added to nitrogen, a strong
emission bands from C2 radicals were observed in the dis-
charge. The correlation between carbon monoxide emis-
sion intensity and C2 emission had not been noticed. It
was also noticed that for discharge in pure carbon dioxide,
the emission of C2 was below noise level, but in N2 +CO2

mixture strong emission bands from C2 radical were ob-
served. Also the oxygen emission lines, as a possible prod-
uct of CO2 dissociation is absent in the spectra.

In emission spectra shown in Figures 10 and 11, in-
tense emission of TiO (Orange-system: 559 nm, 562 nm,
566 nm), FeO lines (positive polarity) and Na (negative
polarity) originating from fly ash layer can also be ob-
served. Light emission by particles from fly ash layer is
weaker than the intensity of emission by molecular gases.
Emission of other elements and compounds in the layer
zone, like Al (452 nm, 317 nm), Si2 (458 nm, 462 nm), Na2

(336 nm, 331 nm), Si2O (448 nm), MgO (Green-system:
499 nm, 500 nm, 494 nm), Ca (559.8 nm, 393.4 nm) have

Fig. 10. Comparison of back discharge emission spectra in
15% CO2+85% N2 and in air for negative polarity of discharge
electrode, taken from in the layer zone. Supply voltage –30 kV.

Fig. 11. Comparison of back discharge emission spectra in
15% CO2 +85% N2 and in air for positive polarity of discharge
electrode, taken from in the layer zone. Supply voltage +30 kV.

been also recorded for positive polarity of discharge elec-
trode. The emission lines from TiO transitions at 567 nm,
Na at 591 nm, and FeO at 546 nm, which appear in the
layer zone depend on polarity of the discharge electrode.
The emission intensity of Ca, TiO, Si2, MgO, Na2 is nearly
zero at the needle electrode. The observed molecular tran-
sitions and their wavelength ranges are listed in Table 1.

When the amount of CO2 increases, back discharge
starts to differ significantly from that at low CO2 content.
The emission spectra in 15% CO2 + 85% N2 gas mixture
for negative and positive polarity of the discharge elec-
trode are shown in Figures 10 and 11, respectively. The
intensity of SPS bands depends on CO2 concentration,
and decreases when the concentration of CO2 increases. It
indicates that vibrationally excited N2 molecules partici-
pate in the dissociation and ionization reactions. For neg-
ative polarity, CO2 quenches totally the N2 SPS emission.

http://www.epj.org
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Table 1. Spectral lines observed in N2 + CO2 gas mixture during back discharge (these molecular bands are marked in the
spectra shown in Figs. 8 and 9).

Species System name Transition
Wavelength

Pos. Neg.
range [nm]

N2 Secound Positive System C3Πu → B3Πg 290–466 + +
CN Violet System B2Σ → A2Π 335–360 + +
CO Fourth Positive System A1Π → X1Σ 209–290 + –
CO+

2 Fox, Duffenduck and Barker’s system, A2Π → X2Π 313–416 – +

C2 Swan System A3Πg → X
′3Πu 437–558 + –

FeO Orange System c1Φ → a1Δ 558–590 + –
TiO Orange system-β c1Φ → a1Δ 584–595 + –
N+

2 1-st Negative B2Σ+
u → X2Σ+

g 293–586 + +
OH+ 3565 Å system A3Π → X3Σ− 333–398 + –
Na Sodium doublet 3p → 3s 589.0 – +

(a)

(b)

Fig. 12. Photographs of back arc discharge between the electrodes as a function of carbon dioxide concentration in nitrogen.
Supply voltage ±30 kV, (a) negative polarity of needle electrode, (b) positive polarity of needle electrode. Exposure beneath
each photograph.

Because O as electronegative gas (product of CO2 disso-
ciation) reduces the number and energy of free electrons
by their attachment after collision, the deficit of electrons
in the ionization zone prevents N2 ionization. For positive
polarity, N2 SPS is probably generated due to nitrogen
thermal ionization in the craters. These results have been
compared with those obtained in air [29]. In that work,
for both polarities of the discharge electrode, the SPS has
been recorded, although for positive, the emission of CO
and compounds volatilized from the layer are much intense
than SPS.

Photographs of back arc discharges between the elec-
trodes for various carbon dioxide concentration in nitro-
gen and for air are shown in Figure 12. These photographs
indicate qualitatively that N2 SPS is dominant for posi-

tive polarity because of violet glow of the discharge, while
for negative, except pure CO2, yellow glow indicates the
emission of sodium from fly ash layer. For pure CO2, faint
while glow indicates CO emission.

Relative emission intensity for various molecules vs.
carbon dioxide concentration in gas mixture is shown
in Figure 13. The addition of small amount of CO2 (5
and 15%) leads to a significant increase in the intensity of
ionized gaseous molecules. For example:

– The emission intensity of nitrogen N2-SPS (C3Πu →
B3Πg transition) increases, due to an increase in the
number of electrons ionizing the gaseous molecules.
With the concentration of nitrogen in gas mixture de-
creasing, the emission intensity also decreases.

http://www.epj.org
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(a) (b)

(c) (d)

Fig. 13. Relative emission intensity of various gas compounds (a) N2, (b) CN, (c) NO, and (d) CO, as function of CO2

concentration at atmospheric pressure for positive polarity of the discharge electrode. Supply voltage 30 kV.

– The emission intensity of NOβ initially increases, as
an effect of decomposition of CO2, and reaction with
nitrogen present in the gas mixture. The maximum
intensity occurred at the nitrogen concentration of
about 5%. In air and flue gases, an increase of NOβ

also results from the presence of oxygen in the gas [5].
– The maximum intensity of CN emission was observed

when the concentrations of nitrogen was relatively
high, and the concentration of carbon dioxide are equal
and lower than 15% (Fig. 13). This indicates that two
mechanisms of the production of CN are possible: ni-
trogen can react with carbon volatilized from fly ash,
and nitrogen can react with products of dissociation
of CO2.

– Carbon oxide lines, as the product of dissociation of
CO2 have also been observed. The measured CO lines
intensities were increased as the CO2 concentration
increased.

4 Conclusions

Back discharge plasma in the presence of fly ash on pas-
sive electrode has been studied with respect to optical

emission spectra. The plasma column created by electri-
cal discharge was studied in two characteristic zones: the
needle-tip zone (in the vicinity of the needle electrode tip),
and the crater zone (close to the crater in dielectric layer).
Back discharge plasma at atmospheric pressure has been
investigated in order to analyze the influence of carbon
dioxide concentration on plasma in N2 + CO2 gas mix-
ture, two main components of flue gases in coal fired power
plants.

The addition of a small amount of CO2 to N2 had re-
sulted in significant quenching of back-arc discharge. By
studying the intensities of emission lines during back dis-
charge, information has been obtained on ionization and
excitation processes. It can be concluded that in the crater
zone, the thermal excitation processes are dominating.

A careful spectroscopic analysis in the optical ranges
revealed the CN, N2 and C2 molecular emission systems.
Adding CO2 to nitrogen reduced the intensity of ionized-
nitrogen lines. The emission lines and bands of CN
molecules also appeared and increased with increas-
ing CO2 concentration up to 85% (Fig. 13b). The CN
molecules appeared due to dissociation of CO2 in the elec-
trically generated plasma, and reaction of carbon with
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nitrogen. The presence of FeO and TiO lines in the spec-
trum indicates that these species present in fly ash layer
were volatilized during the back-arc discharge. The inten-
sity of emission lines of Na (one of the fly ash compounds)
is higher for negative polarity than for positive.
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354, 16 (2008)

12. P.-H. Su, Z. Yi-Min, Y. Shu, J. Electrostatics 66, 193
(2008)

13. Kazuo Shimizu, Shusuke Saeki, Go Yamada, Tetsuuji Oda,
Sci. Technol. Adv. Mater. 2, 577 (2001)

14. Y. Manabe, T. Shimazaki, Trans. Dielectr. Electr. Insul.
11, 631 (2004)

15. A.H. Timmermans, J. Jonkers, A.J. Thomas, A. Rodero,
M.C. Quintero, A. Sola, A. Gamero, A.M. van der Mullen,
Spectrochemica Acta Part B 1553 (1998)

16. T. Czech, A.T. Sobczyk, A. Jaworek, Eur. Phys. J. D 65,
459 (2011)

17. T. Czech, A.T. Sobczyk, A. Jaworek, A. Krupa, E. Rajch,
Eur. Phys. J. D 67, 1 (2013)
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