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Abstract. In this study, spatially resolved measurements of the emission intensity of OH (A2Σ → X2Π , 0-0)
and the vibrational temperature of N2 (C) have been performed during a positive pulsed streamer discharge
with a wire-plate electrode configuration at atmospheric pressure. The effects of pulse peak voltage, pulse
repetition rate and the added O2 flow rate on the spatial distributions of the emission intensity of OH
(A2Σ → X2Π , 0-0) and the vibrational temperatures of N2 (C) perpendicular to the wire in the direction
towards the plate (in the radial direction) are investigated. It has been found that the emission intensity
of OH (A2Σ → X2Π , 0-0) increases with increasing pulse peak voltage and pulse repetition rate and
decreases with increasing the distance from the wire electrode. When the different oxygen flows are added
in N2 and H2O mixture gas, the emission intensity of OH (A2Σ → X2Π , 0-0) decreases with increasing the
flow rate of oxygen. The vibrational temperature of N2 (C) is nearly independent of pulsed peak voltage
and pulsed repetition rate, but increases with increasing the added O2 flow rate and keeps almost constant
in the radial direction under the present experimental conditions. This measurement plays a crucial role in
understanding the discharge characters of pulsed streamer discharge and establishing the molecule reaction
dynamics model of pulsed streamer discharge.

PACS. 52.70.Kz Optical (ultraviolet, visible, infrared) measurements – 52.80.Hc Glow; corona – 82.33.Xj
Plasma reactions (including flowing afterglow and electric discharges) – 52.20.Hv Atomic, molecular, ion,
and heavy-particle collisions

1 Introduction

Pulsed streamer discharge is one of a few techniques that
can produce non-thermal plasmas with a low gas tempera-
ture and a high-electron temperature at atmospheric pres-
sure. Short-duration pulsed streamer discharge is more ef-
ficient in energy transfer than other non-thermal plasma
techniques. Electrons obtain more energy compared to gas
heating [1]. The chemically active species (OH, O, H, N,
HO2, N+, N+

2 and O3 etc.) generated by electron collisions
with ambient molecules in the pulsed streamer discharge
are considered important in removal of acid gases from
flue gases, organic compounds removal from water, bacte-
rial decontamination, volatile organic compounds (VOCs)
decomposition and destruction of other toxic compounds
etc. fields [2–12]. Especially, OH radicals play the crucial
role for their strong oxidation in many physicochemical
processes [13–15].

In these physicochemical applications, chemically ac-
tive species play the central role in the processes and
therefore much attention has been devoted to the diag-
nosis investigation of those chemically active species and
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kinetics simulation study on the pulsed streamer discharge
process [16–29]. Sun et al. [16] probed OH, O and H
radicals generated by a pulsed corona discharge in wa-
ter using optical emission spectroscopy. Tang et al. [17]
present the diagnostic results of N+ and N+

2 produced by
high-voltage pulsed corona discharge using a molecular
beam mass spectrometer. Wang et al. [18–21] have ana-
lyzed the emission spectrum of OH, O and H produced
in a needle-plate electrode system and OH in a wire-plate
electrode configuration using positive pulsed corona dis-
charge at atmospheric pressure. They also studied the ra-
dial profiles of high-energy electron density generated by a
pulsed corona discharge in a wire-cylinder reactor using a
pulsed corona discharge. Ono and Oda [22–25] had mea-
sured the density of OH radicals generated by a pulsed
discharge with laser-induced fluorescence. They discussed
the atomic O role in forming OH radicals and explored
the formation and structure of primary and secondary
streamers in the positive pulsed streamer discharge. Nami-
hira et al. [26] determined the propagation velocity of
pulsed streamer discharges in atmospheric air. Veldhuizen
et al. [27] had studied the positive pulsed streamer prop-
agation and branching. Eichwald et al. [28] developed
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Fig. 1. Schematic of the experimental setup.

a chemical kinetic model to analyze the time evolution
of the different main species involved in a flue gas ini-
tially stressed by a pulsed corona discharge and calculate
the electron-molecule reaction coefficients in the flue gas.
Sathiamoorthy et al. [29] developed a kinetic model to
characterize the chemical reactions occurring in a pulsed
streamer corona discharge.

However, little has been done about the spatially
resolved measurements of the active and excited-state
species in the pulsed streamer discharge. As it is well-
known, spatial distribution characteristics of active species
are very important to develop the kinetic model and un-
derstand the mechanism of plasma processing. The vibra-
tional temperature is an important character of the pulsed
streamer discharge and has a close relationship with the
kinetics of the particles in the plasma. In this article, we
present the spatially resolved spectrum diagnostic results
of the emission intensity of OH (A2Σ → X2Π , 0-0) in pos-
itive pulsed streamer plasma with a wire-plate electrode
configuration, which can produce a larger plasma volume
and is closer to industrial application. The effects of pulse
peak voltage, pulse repetition rate and the added O2 flow
rate on the spatial distributions of the emission intensity of
OH (A2Σ → X2Π , 0-0) and the vibrational temperatures
in the radial direction are investigated. This measurement
plays a crucial role in understanding the discharge char-
acters of pulsed streamer discharge and establishing the
molecule reaction dynamics model of pulsed streamer dis-
charge.

2 Experimental setup

The experimental setup is illustrated schematically in Fig-
ure 1. It is composed of a pulsed power supply, a discharge
reactor, an optical detection system and a gas-mixing
chamber. The power supply including charge and dis-
charge circuit is mainly composed of a direct current high
voltage unit, a pulse generator and a rotary spark gap. The

Fig. 2. Typical waveforms of discharge voltage and discharge
current in N2.

pulsed power can supply high voltage pulse with a rising
time of about 20 ns, a pulse width of about 60 ns, and an
adjustable repetition rate in rang of 10–200 Hz. The dis-
charge voltage is measured with an oscilloscope (Tektronix
TDS3052B) and a 1:1000 high-voltage probe (Tektronix
P6015A 1000× 3.0 pF 100 MΩ). The discharge current is
measured with a current probe (Tektronix TCP202). Fig-
ure 2 shows the waveforms of the discharge voltage and
current. The discharge is generated in a stainless-steel re-
actor so that the environmental conditions could be con-
trollable. The discharge reactor is evacuated with a rotary
pump. In order to reduce the interferences of the discharge
to the detection system and other instruments, the high-
voltage pulse power supply is placed in a double shielding
box. Both the pulsed power supply and the reactor are
grounded separately. The wire-plate distance in the reac-
tor is adjustable in the range of 0–30 mm. The wire-plate
electrode is placed in the center of the stainless-steel reac-
tor and the plasma is generated in the space. A stainless
steel plane (56 mm× 56 mm) acts as the grounded elec-
trode. The stainless steel wire, 48 mm long, 0.2 mm in
diameter and 20 mm of wire spacing, is fixed 7 mm apart
from the grounded electrode. The head of optical fiber
is parallelly placed to the wire electrode and can be ad-
justable in the radial direction. The optical emission from
the discharge region goes through a copper pipe (20 mm
in length) with a slit of 1 mm into the optical fiber and
is collected by a MODEL SP-305 grating monochrome-
ter (grating groove is 1200 lines/mm, blazing wavelength
is 350 nm). In order to increase signal-to-noise ratio, the
inner wall of the copper pipe are painted blackly to ab-
sorb stray light and prevent unparallel light in copper pipe
from entering the optical fiber. After the diffraction of the
grating, the spectral light is converted into an electrical
signal by a photo multiplication tube (mode R928). The
signal from photo multiplication tube is transformed into
number signal by the NCL (an interface between grat-
ing monochrometer and computer) and is recorded by a
computer. High purity N2 (99.999%) and high purity O2

(99.999%) are used as discharge gases under the pressure
of 1.013×105 Pa. The N2 bubbles the water to control hu-
midity in discharge reactor. The temperature of the water
is heated at 100 ◦C. When the N2 bubbles through the
water and uniformly diffuses into the discharge space, the
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Fig. 3. Typical emission spectra of OH (A2Σ → X2Π 0-0) and
N2 (C3Πu → B3Πg) generated by a positive pulsed streamer
discharge in N2 and H2O mixture at 30 kV pulse peak voltage
and 48 Hz pulse repetition rate.

gas temperature is about 80 ◦C. The water vapor concen-
tration is about 10% in discharge reactor.

3 Experimental results and discussion

3.1 The emission spectrum emitted
from the high-voltage positive pulsed streamer
discharge

In the positive pulsed steamer discharge at atmospheric
pressure, electrons with high migration rate can be ac-
celerated by the imposed instantaneous electric field and
obtain a high kinetic energy. The non-elastic collisions be-
tween the energetic electrons and the ambient molecules
will produce OH, O, H, N, HO2, N+ and O−

2 etc. chemi-
cally active species. Figure 3 shows a typical emission spec-
trum produced in a positive pulsed streamer discharge of
N2 and H2O mixture at atmospheric pressure with 30 kV
pulse peak voltage and 48 Hz pulse repetition rate. The
N2 flow rate in the reactor is kept at 200 ml/min. The
emission spectrum mainly consists of OH (A2Σ → X2Π ,
0-0) and N2(C3Πu → B3Πg).

From Figure 3, we can see that the emission spectrum
of OH (A2Σ → X2Π , 0-0) is seriously interfered by the
emission spectrum of the ∆v = +1 vibration transition
band of N2 (C3Πu → B3Πg). Therefore, it is necessary
to subtract the emission intensity of the ∆v = +1 vi-
bration transition band of N2 (C3Πu → B3Πg) from the
overlapping spectra to get the emission intensity of OH
(A2Σ → X2Π , 0-0). In our previous work [30], a Gaus-
sian form has been used for the deconvolution of the over-
lapping emission spectrum. The emission intensity of OH
(A2Σ → X2Π , 0-0) can be evaluated with a satisfactory
accuracy.

3.2 Determination of the vibrational temperature
of N2 (C)

The vibrational temperature of N2 (C) can be determined
from the relative vibrational populations of N2 (C). The

Fig. 4. The spatial distributions of the emission intensity of
OH (A2Σ → X2Π , 0-0) in the discharge gap at different pulse
peak voltages and 64 Hz pulse repetition rate.

relative vibrational populations of N2 (C) can be deter-
mined through equation (1):

Sv′v′′ ∝ Nv′(FC)v′v′′R2
e(rv′v′′)v3

v′v′′ (1)

where Sv′v′′ is the integral emission intensity, Nv′ is the
population of the electronic excitation state vibrational
energy level v′, (FC)v′v′′ is the corresponding Frank-
Condon factor (quoted from Ref. [31]), Re(rv′v′′) is elec-
tronic transition moment and Re(rv′v′′) is nearly constant,
vv′v′′ is the corresponding transition frequency. By cal-
culating the integral emission intensity of the ∆v = −3
vibration transition band of N2 (C3Πu → B3Πg), the rel-
ative vibrational populations of N2 (C) can be determined.
The vibrational temperature of N2 (C) can be determined
by the following equation:

N1/N0 = e−∆E/kTv (2)

where N1 and N0 are the relative vibrational populations
of the 1 and 0 vibrational states, respectively. ∆E is the
energy difference between the 1 and 0 vibrational states
and k is the Boltzman’s constant. Tv stands for the vi-
brational temperature. Therefore, the vibrational temper-
ature between the 1 and 0 vibrational states can be de-
termined, and the vibrational temperatures between the 2
and 1, 3 and 2, 4 and 3 vibrational states also can be deter-
mined with the same method. Then the mean vibrational
temperature of N2(C) can be obtained.

3.3 The effects of pulse peak voltage on the spatial
distributions of the emission intensity of OH
(A2Σ → X2Π, 0-0) and the vibrational temperature
of N2 (C)

The spatially resolved measurements of the emission in-
tensity of OH (A2Σ → X2Π , 0-0) at 28, 30 and 32 kV
are presented in Figure 4. The pulse repetition rate is re-
mained at 64 Hz and the N2 flow rate in the reactor is
kept at 200 ml/min for all measurements. It can be seen
that the emission intensity of OH (A2Σ → X2Π , 0-0)
increases with increasing the pulse peak voltage at the
same position and decreases with increasing the distance
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Fig. 5. The spatial distributions of the vibrational temper-
ature of N2 (C) in the discharge gap at different pulse peak
voltages and 64 Hz pulse repetition rate.

Fig. 6. The spatial distributions of the emission intensity of
OH (A2Σ → X2Π , 0-0) in the discharge gap at different pulse
repetition rates and 30 kV pulse peak voltage.

from the wire electrode. Increasing the pulse peak volt-
age can lead to an increase of the high-energy electron
density and the electron mean energy. More OH (A2Σ)
molecules can be produced. Therefore, the emission inten-
sity of OH (A2Σ → X2Π , 0-0) increases with increasing
the pulse peak voltage. The high-energy electron density
and the electron mean energy decreases with increasing
the distance from the wire electrode. Then, the emission
intensity of OH (A2Σ → X2Π , 0-0) decreases with the
increasing of the distance from the wire electrode.

Figure 5 shows the spatial distributions of the vibra-
tional temperatures of N2 (C). As can be seen, the vibra-
tional temperatures of N2 (C) are nearly independent of
the pulse peak voltage and keep almost constant in the ra-
dial direction under the present experimental conditions.
Due to the good thermal conductivity in streamer of the
discharge, the vibrational temperatures of N2 (C) keep
almost constant in the radial direction.

3.4 The effects of pulse repetition rate on the spatial
distributions of the emission intensity of OH
(A2Σ → X2Π, 0-0) and the vibrational temperature
of N2 (C)

Figure 6 shows the spatial distributions of the emission in-
tensity of OH (A2Σ → X2Π , 0-0) at 40, 56 and 72 Hz. The
pulse peak voltage is kept at 30 kV and the N2 flow rate

Fig. 7. The spatial distributions of the vibrational tempera-
ture of N2 (C) in the discharge gap at different pulse repetition
rates and 30 kV pulse peak voltage.

in the reactor is kept at 200 ml/min for all measurements.
It shows that the emission intensity of OH (A2Σ → X2Π ,
0-0) increases with increasing the pulse repetition rate at
the same position and decreases with increasing the dis-
tance from the wire electrode. Increasing the pulse rep-
etition rate can lead to an increase in high-energy elec-
tron density proportionally, and then more OH (A2Σ)
molecules can be produced. Therefore, the emission inten-
sity of OH (A2Σ → X2Π , 0-0) increases with increasing
the pulse repetition rate. The high-energy electron density
and the electron mean energy decrease with increasing the
distance from the wire electrode. Therefore, the emission
intensity of OH (A2Σ → X2Π , 0-0) decreases with in-
creasing the distance from the wire electrode.

Figure 7 shows the spatial distributions of the vibra-
tional temperatures of N2 (C). It can be seen that the
vibrational temperatures of N2 (C) are nearly indepen-
dent of the pulse repetition rate and keep almost constant
in the radial direction under the present experimental con-
ditions. Due to the good thermal conductivity in streamer
of the discharge, the vibrational temperatures of N2 (C)
keep almost constant in the radial direction.

3.5 The effects of O2 addition on the spatial
distributions of the emission intensity of OH
(A2Σ → X2Π, 0-0) and the vibrational temperature
of N2 (C)

In order to investigate the effects of oxygen on the emission
intensity of OH (A2Σ → X2Π , 0-0) and the vibrational
temperature of N2 (C), oxygen is added into the N2 and
H2O mixture in the positive pulsed streamer discharge.
When oxygen is added, the added O2 capture a lot of free
electrons and form O−

2 ions and the humidity enhances the
attachment of electrons to O2, thus the added O2 decrease
greatly the density of free electrons and the electron mean
energy in the discharge gap [20,21,32]

e + O2 → O−
2 (3)

e + O2 + M → O−
2 + M (4)

where M maybe N2, O2, and H2O molecule.
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Fig. 8. The spatial distributions of the emission intensity of
OH (A2Σ → X2Π , 0-0) in the discharge gap at different oxygen
flow rates, 30 kV pulse peak voltage, and 48 Hz pulse repetition
rate.

Fig. 9. The normalized emission spectra of a part of the ∆v =
−3 vibration transition band of N2 (C3Πu → B3Πg) (0-3, 1-
4, 2-5) at 0 mm distance from the wire electrode at different
oxygen flow rates, 30 kV pulse peak voltage, and 48 Hz pulse
repetition rate.

Figure 8 shows the spatial distributions of the emission
intensity of OH (A2Σ → X2Π , 0-0) at oxygen flow rates of
0, 10 (4.3% O2 (V/V)) and 20 (8.3% O2 (V/V)) ml/min at
30 kV pulse peak voltage and 48 Hz pulse repetition rate.
The N2 flow rate in the reactor is kept at 200 ml/min for
all measurements. It can be seen that the emission inten-
sity of OH (A2Σ → X2Π , 0-0) decreases with increasing
the oxygen flow rate at the same position and decreases
with the distance from the wire electrode. Increasing the
flow rate of oxygen can lead to a decrease of the high-
energy electron density and the electron mean energy, and
then fewer OH (A2Σ) molecules can be produced. There-
fore, the emission intensity of OH (A2Σ → X2Π , 0-0) de-
creases with increasing the oxygen flow rate. Because the
high-energy electron density and the electron mean energy
decreases with increasing of the distance from the wire
electrode, the emission intensity of OH (A2Σ → X2Π ,
0-0) decreases with increasing the distance from the wire
electrode.

Figure 9 shows a part of normalized emission spec-
tra of the ∆v = −3 vibration transition band of N2

(C3Πu → B3Πg) (0-3, 1-4, 2-5) at oxygen flow rates of
0, 10 (4.3% O2 (V/V)) and 20 (8.3% O2 (V/V)) ml/min
respectively at 0 mm distance from the wire electrode. It

Fig. 10. The spatial distributions of the vibrational temper-
ature of N2 (C) in the discharge gap at different oxygen flow
rates, 30 kV pulse peak voltage, and 48 Hz pulse repetition
rate.

can be observed that an increase with oxygen flow rate
results in characteristic changes in the emission spectrum
of N2 (C3Πu → B3Πg). Brandenburg et al. [33] have
found that the vibrational distribution of N2 (C) is in
contrast to the corresponding Franck-Condon factors in
pure nitrogen and the added oxygen in nitrogen can result
in characteristic changes in the emission spectrum of N2

(C3Πu → B3Πg). And they point out that these phenom-
ena suggest indirect mechanisms (e.g. via N2-metastable
states) are dominating the excitation process in pure ni-
trogen. The structure of the emission spectrum of N2

(C3Πu → B3Πg) for higher oxygen flow rate is in better
agreement with the Franck-Condon factors, thus referring
to direct electronic excitation. In our present experiment,
we have also observed same results.

Figure 10 shows the spatial distributions of the vibra-
tional temperatures of N2 (C) in the radial direction. As
can be seen, the vibrational temperatures of N2 (C) in-
crease with increasing the oxygen flow rate at the same
position and keep almost constant in the radial direction
under the present experimental conditions. Because in-
creasing the oxygen flow rate can result in characteristic
changes in the emission spectrum of N2 (C3Πu → B3Πg),
the vibrational temperatures of N2 (C) increase with in-
creasing the oxygen flow rate at the same position. More-
over, due to the good thermal conductivity in the streamer
of the discharge, the vibrational temperatures of N2 (C)
keep almost constant in the radial direction.

4 Conclusions

In this paper, we have successfully recorded the emis-
sion spectrum of OH (A2Σ → X2Π , 0-0) in the high-
voltage positive pulsed streamer discharge with a wire-
plate electrode configuration at atmospheric pressure. The
severe electromagnetic interference caused by the pulsed
streamer discharge itself has been overcome by double
shielding and specially designed multiple grounded. The
effects of pulse peak voltage, pulse repetition rate, and
the flow rate of oxygen on the spatial distributions of
the emission intensity of OH (A2Σ → X2Π , 0-0) have
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been obtained. It has been found that the emission in-
tensity of OH (A2Σ → X2Π , 0-0) increases with increas-
ing the pulse peak voltage and the pulse repetition rate
and decreases with increasing the distance from the wire
electrode. When the different oxygen flows are added in
N2 and H2O mixture gas, the emission intensity of OH
(A2Σ → X2Π , 0-0) decreases with increasing the oxygen
flow rate. The vibrational temperature of N2 (C) is nearly
independent of pulsed peak voltage and pulsed repetition
rate, but increases with increasing O2 concentration and
keeps almost constant in the radial direction under the
present experimental conditions.
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