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Abstract:Translational, rotational, vibrational and electron temperatures of a gliding arc 
discharge in atmospheric pressure air were experimentally investigated using in situ, non-
intrusive optical diagnostic techniques. The gliding arc discharge was driven by a 35 kHz 
alternating current (AC) power source and operated in a glow-type regime. The two-
dimensional distribution of the translational temperature (Tt) of the gliding arc discharge was 
determined using planar laser-induced Rayleigh scattering. The rotational and vibrational 
temperatures were obtained by simulating the experimental spectra. The OH A–X (0, 0) band 
was used to simulate the rotational temperature (Tr) of the gliding arc discharge whereas the 
NO A–X (1, 0) and (0, 1) bands were used to determine its vibrational temperature (Tv). The 
instantaneous reduced electric field strength E/N was obtained by simultaneously measuring 
the instantaneous length of the plasma column, the discharge voltage and the translational 
temperature, from which the electron temperature (Te) of the gliding arc discharge was 
estimated. The uncertainties of the translational, rotational, vibrational and electron 
temperatures were analyzed. The relations of these four different temperatures (Te>Tv>Tr 
>Tt) suggest a high-degree non-equilibrium state of the gliding arc discharge. 
©2017 Optical Society of America 
OCIS codes: (280.5395) Plasma diagnostics; (280.6780) Temperature; (350.5400) Plasmas; (290.5870) Scattering, 
Rayleigh; (300.2140) Emission; (300.6540) Spectroscopy, ultraviolet. 
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1. Introduction 
Gliding arc discharges provide a simple and low-cost method for generating atmospheric 
pressure plasma discharges [1–4]. During the past decades gliding arc discharges have been 
widely used in combustion enhancement [5–7], gas conversion and decomposition [8–11], 
bacterial inactivation [12, 13], surface treatment [14, 15] and pollution control [16–18]. 
Many of these applications rely on the formation of reactive species that can increase 
chemical reaction rates [19, 20]. Reactive species, such as free radicals, excited species and 
free electrons, can be effectively produced in non-thermal plasmas [21], which are 
characterized by different translational, rotational, vibrational and electron temperatures. 
Excessive gas heating is significantly suppressed in non-thermal plasmas, so that energy is 
mostly used for producing reactive species [22]. 

It was reported that gliding arc discharges can be used to create non-thermal plasmas [23, 
24], and the non-thermal properties of gliding arc discharges can be quantified by different 
translational, rotational, vibrational and electron temperatures. Czernichowski and associates 
[25] obtained the vibrational temperature (~3000 K) and the rotational temperature (1000 – 
1500 K) of a non-thermal gliding arc discharge by comparing the measured and fitted 
emission spectra of the N2 (C–B, ∆υ = −2, −1, 0) bands. In addition, its electron temperature 
(~10000 K) was estimated from the measured reduced electric field strength whereas the 
translational temperature was assumed to be close to the rotational temperature in their work. 
Benstaali et al. [26] used the NO A–X (0, 1) and OH A–X (0, 0) bands to determine the 
rotational temperature (2400 – 3600 K) of a gliding arc discharge in humid air. It was found 
that the rotational temperature decreased linearly as the distance of the narrowest gap of the 
electrodes increased. Transition bands from different species may overlap as the translational 
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temperature increases, such as the N2 (C–B, ∆ν = 1) overlap with the OH (A–X, ∆ν = 1) in 
the range of 305-320 nm, and the N2 (C–B, ∆ν = −2, −3) overlap with the N2

+ (B–X, ∆ν = 0) 
in the range 370-395 nm. Zhao and associates [27] extracted individual spectra from these 
overlapping bands so as to simulate the vibrational and rotational temperatures of a kHz 
alternating current (AC) gliding arc discharge. It was found that the rotational and vibrational 
temperatures were dependent on the species that were used in analysis. Fridman et al. [6,28] 
calculated the rotational (~2200-2500 K) and vibrational (~3200-3700 K) temperatures of a 
magnetically stabilized gliding arc discharge by simulating the experimental OH (A–X) and 
N2 (C–B) bands using the SPECAIR program [29]. 

Substantial progress in studying gliding arc discharges has been achieved, including 
transient discharge processes [30, 31], electrical characteristics [32, 33], hypergravity effects 
[34, 35] and species distributions [36–38], as well as the rotational and vibrational 
temperatures of gliding arc discharges [25–28]. However, the translational temperature of the 
gliding arc discharge has not been directly measured yet up to now. The translational 
temperature of the gliding arc discharge is usually obtained from modeling [39–41] or 
estimated to be equal to the rotational temperature based on the assumption of a fast 
rotational-translational relaxation [25]. However, as Bruggeman and associates pointed out 
[42], the rotational-translational equilibrium is not always valid in non-thermal plasmas, and 
determination of the translational temperature from emission spectra should be made with a 
caution. The translational temperature can be directly measured using laser-induced Rayleigh 
scattering technique [43]. This technique is regarded as a useful tool for determination of the 
translational temperature of non-thermal atmospheric pressure plasmas with good accuracy 
[42]. 

The translational temperature is required to be compared with rotational, vibrational and 
electron temperatures in order to clearly characterize non-thermal properties of the gliding 
arc discharge. The rotational and vibrational temperatures can be deduced from emission 
spectra of the gliding arc discharge. In addition, the electron temperature can be calculated 
using the reduced electric field strength that is dependent on simultaneous measurements of 
both the electric field strength and the translational temperature. In our earlier work, an AC 
gliding arc discharge was generated in atmospheric air, and temporally [37, 44], spatially 
[45] and spectrally [38] resolved characteristics of the gliding arc discharge in atmospheric 
air were experimentally investigated. Glow-type and spark-type discharges can be recognized 
during the evolution of the gliding arc discharge [37, 44]. The glow-type discharges are 
characterized by current peaks of hundreds of milliamperes whereas the spark-type 
discharges are recognized by current spikes of up to tens of amperes [44]. The glow-type 
discharges were found to be effective in surface treatment [14] and toluene removal [18]. 
However, non-thermal properties of the glow-type gliding arc discharge are still unclear 
mainly due to the lack of information about its translational, rotational, vibrational and 
electron temperatures. 

In this study, translational, rotational, vibrational and electron temperatures of glow-type 
gliding arc discharges in atmospheric air were experimentally investigated. First, planar 
laser-induced Rayleigh scattering was conducted to obtain the translational temperature of 
the gliding arc discharge. Second, the rotational and vibrational temperatures were obtained 
by simulating the experimentally measured emission spectra from the OH A–X (0, 0) band 
and the NO A–X (1, 0) and (0, 1) bands. Third, the translational temperature, the length of 
the plasma column, and the voltage over the gliding arc discharge were measured 
simultaneously so as to determine the reduced electric field strength and to estimate the 
electron temperature. 
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2. Methods 
The translational temperature of the gliding arc discharge was measured by planar laser-
induced Rayleigh scattering. The intensity of the Rayleigh scattering signal IR from a gas 
mixture can be expressed as 

 0RI CI Nσ=  (1) 

where C is a constant determined by the collection efficiency and the probe volume of the 
experimental setup, I0 the incident laser intensity, N the number density and σ the Rayleigh 
cross section of the mixture. Substituting the ideal gas law N = P/kT into Eq. (1) gives 

 0
R

CI P
I

kT
σ

=  (2) 

where P is the pressure, T is the translational temperature and k is the Boltzmann constant. 
For determining the translational temperature of a gliding arc discharge, the Rayleigh signal 
scattered from air at the room temperature (298 K) is used to normalize the constant C and 
the incident laser intensity I0. The Rayleigh cross section of the mixture is determined by the 
major constitutes and their relative abundance. It should be noted that species like OH, NO, 
N2* and O3 can be generated by the gliding arc discharge in air. However, since the gliding 
arc discharge is weakly ionized [4, 32], the influence of these minor species on the Rayleigh 
cross section can be neglected. It is thus reasonable to consider only the major species (O2 
and N2 in air) for calculating the Rayleigh cross section. The translational temperature of the 
gliding arc discharge can be written as 

 0
a b

t
g b

I I
T T

I I
−

=
−

 (3) 

where Ia, Ig, Ib, and T0 represent the Rayleigh signal from the air, the Rayleigh signal from the 
gliding arc discharge, the background signal measured with the laser switched off and the air 
temperature (298 K), respectively. It is noted that the measurements of Ia and Ib were 
conducted with the gas flow on and with the gliding arc discharge off. 

The rotational and vibrational temperature can be obtained by simulating the 
experimental emission spectra. The simulated spectra are obtained by use of the SPECAIR 
(version 3.0) [29], which models emission spectra of species that are generated in air 
plasmas, such as N2, O2, NO, N2

+, N, NH, O and OH. Predominant spectral features of NO 
(A–X) and OH (A–X) were experimentally observed in the emission spectra of the gliding 
arc discharge in air at a low flow rate in our previous work [37, 38], and so they are chosen 
to determine the rotational and vibrational temperatures. A slit function, as an important 
input parameter to the SPECAIR, is used to evaluate the instrumental broadening that 
significantly affects the temperature determination [46]. The slit function (FWHM = 0.25 
nm) used in this work was experimentally obtained by using a HeNe laser at 632.8 nm. 

The electron temperature can be calculated using BOLSIG + [47]. The BOLSIG + is a 
solver of the Boltzmann equation, which can be used to calculate electron coefficients of 
weakly ionized gas discharges. The calculation mainly relies on various collision cross 
sections of the molecules. In this work, the newest version of the BOLSIG + (Version 
03/2016) was used to calculate the electron temperature of the gliding arc discharge and the 
data sets of the collision cross section were taken from LXCat [48, 49]. In addition, the 
calculation of the electron temperature by means of BOLSIG + depends on the reduced 
electric field strength E/N, which can be expressed as 

 tkVTE
N LP
=  (4) 
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where V is the voltage drop of the plasma column, L is the length of the plasma column, P is 
the atmospheric pressure (1.01 × 105 Pa), k is the Boltzmann constant (1.38 × 10−23 J K−1) 
and Tt is the translational temperature. It should be noted that the voltage V, the length L, and 
the translational temperature Tt need to be measured simultaneously so as to obtain an 
accurate reduced electric field strength. 

3. Experimental setup 
A schematic of the experimental arrangement is shown in Fig. 1(a), in which measurements 
of the translational temperature and the length of the plasma column, as well as the current 
and the voltage can be conducted simultaneously. The gliding arc discharge in atmospheric 
air was driven by a 35 kHz AC power supply (Generator 9030E, SOFTAL Electronic GmbH, 
Germany) with a rated input power of 800 W, and it was generated between two diverging 
electrodes with a minimum distance of 7 mm. The electrodes are made of stainless steel 
tubes with an outer diameter of 3 mm that were cooled internally by water. A similar gliding 
arc discharge system has been described in our previous work [4, 37, 44, 45]. An air flow 
was fed through a 3 mm-diameter circular nozzle between the two electrodes to extend the 
plasma column in an upward direction. The air flow rate was controlled at 17.5 standard liter 
per minute (SLM) by a mass flow controller. At this input power and flow rate, the glow-
type discharge dominates whereas the spark-type discharges can be just identified 
occasionally [37, 44]. In this work, temperatures of the glow-type discharge are measured 
due to the fact that the glow-type discharges can be dominantly observed at 17.5 SLM and 
800 W. In addition, the glow-type discharges are more likely to be captured by a low-
frequency laser (10 Hz) used in the Rayleigh measurements. 

A 10 Hz frequency-doubled Nd:YAG laser (Quantel, Brilliant b) at 532 nm with an 
output energy of about 350 mJ/pulse was used to perform the Rayleigh scattering 
measurements. The laser beam was transmitted through a cylindrical lens (CL, f = −40 mm) 
and a spherical lens (SL, f = 200 mm) to form a laser sheet with a thickness of about 0.1 mm 
and a height of 30 mm, which enables the laser sheet to be located at 67-97 mm above the 
exit of the 3 mm-diameter circular nozzle. The laser sheet was directed through the gliding 
arc discharge to generate the Rayleigh scattering signal. The Rayleigh scattering signal was 
collected by an ICCD camera (ICCD1 in Fig. 1(a), Princeton PI-MAX II) equipped with an 
objective lens (Nikkon f = 105 mm). The exposure time of the ICCD camera for collecting 
both the Rayleigh scattering signal and the plasma column emission signal is set to 2 μs, 
whereas that for recording the pure Rayleigh scattering signal was set to 30 ns so as to 
significantly suppress spontaneous emission from the gliding arc discharge. 

Another ICCD camera (ICCD2 in Fig. 1(a), Princeton PI-MAX II) mounted with an 
objective lens (UV Nikkon f = 105 mm) was operated at a 3 μs exposure time to record 
images of plasma columns. The delay of the camera gate was adjusted to not capture the laser 
beam. A current monitor (Pearson Electronics, model 6585) and a voltage probe (Tektronix 
P6015A) were used for measuring the current and the voltage. Both the current and the 
voltage signal were simultaneously recorded by use of a four-channel oscilloscope (PS, 
PicoScope 4424). 

The Rayleigh signal, the image of the plasma column, as well as the current and the 
voltage waveforms were obtained simultaneously by the precisely timed external triggering. 
A pulse generator (1st PG, BNC 575) generates a seed trigger pulse, externally triggering the 
power supply and another pulse generator (2nd PG, DG 535). Two channels of the second 
pulse generator externally trigger the flash lamp and the Q-switch of the Nd:YAG laser, 
respectively. The Q-switch of the laser is used to trigger the two ICCD cameras. The gate 
monitor signal of the second ICCD camera is employed to trigger the third pulse generator 
(BNC 555) that is used to trigger the PicoScope (PS). The timing for experimental 
measurements is illustrated in Fig. 1(b). The experimental measurements were carried out 
about 10 ms after the gliding arc was ignited, which ensures that the gliding arc can be 
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extended to the probe volume by the air flow. A fine adjustment of the delay time was 
conducted by the ICCD cameras to precisely capture the same peak of the sinusoidal AC 
driving signal in every set of measurements. 

Emission spectra of the gliding arc discharge are captured to simulate the rotational and 
vibrational temperatures. Figure 1(c) displays a schematic of the experimental arrangement 
for spectrometric measurements. The emission was collected and focused into the slit of a 
spectrometer with a spectral resolution of 0.18 nm (Shamrock 750i, Andor, 300 grooves/mm 
grating) mounted with an ICCD camera (iStar, Andor) by use of two spherical lenses (f = 150 
mm and f = 200 mm). The ICCD camera for the spectroscopic measurements was set to an 
exposure time of 100 μs and was synchronized to the driving signal of the gliding arc 
discharge. The delay time between the ICCD camera and the driving signal of the gliding arc 
discharge was adjusted by a pulse generator (DG535). An appropriate delay time (10 ms) 
was used to more frequently capture the emission of the plasma column. 200 data 
acquirisitions for each case were accumulated by the ICCD-based imaging spectrometer. The 
slit of the spectrometer was vertically oriented, allowing the ICCD camera to observe a 
spatially resolved height range of 4 cm (7-11 cm above the exit of the 3 mm-diameter 
circular nozzle). The spectral response of the spectrometer was calibrated by means of a 
mercury lamp. 

 

Fig. 1. (a) Experimental setup for simultaneous measurements of translational temperature, 
the current, the voltage, and the length of the plasma column. HV: high voltage power supply; 
PS: 4-channel PicoScope; PG: pulse generator; (b) Timing for measurements shown in (a); (c) 
Experimental setup for spectrometric measurements. 

4. Results and discussion 
The translational, rotational, vibrational and electron temperatures of the gliding arc 
discharge in atmospheric air were obtained using planar laser-induced Rayleigh scattering, 
emission spectra and BOLSIG + simulation, respectively. 

4.1 Translational temperature 

Both the plasma emission and the Rayleigh scattering signals can be simultaneously recorded 
using an ICCD camera with a 2 μs acquisition time. Figures 2(a1) – 2(c1) display three single-
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shot images in which both the plasma emission and the Rayleigh scattering signals can be 
seen. The emission of the plasma column takes the form of string-like channels, and the 
plasma emission in the string-like channels dominates. In the vicinity of the plasma column, 
the pure Rayleigh scattering signal was collected. The Rayleigh scattering signals are 
distributed unevenly around the plasma channel. The intensity of the Rayleigh scattering 
signal around the plasma channel is relatively weak, indicating that the hot gases are located 
at this region. The intensity of the Rayleigh signal is dependent on the Rayleigh cross section 
which is determined by the gas composition in the probe volume. The major scattering 
species is air with or without the gliding arc plasma present since the electron density of the 
plasma is rather low. Further, it should be emphasized that the laser sheet with a two-
dimensional structure is fixed at the focal plane of the ICCD camera whereas the plasma 
column of the gliding arc discharge with a transient three-dimensional character moves into 
the field of view of the ICCD camera. Thus, adequate translational temperature images can 
be acquired when the gliding arc crosses the laser sheet, as shown in Figs. 2(a1) – 2(c1). 

The Rayleigh scattering signal can be used to calculate the translational temperature 
according to Eq. (3). Figures 2(a2) – 2(c2) shows two-dimensional temperature distributions 
in the vicinity of the plasma column, which are calculated by use of the Rayleigh scattering 
signals shown in Figs. 2(a1) – 2(c1), respectively. The colorbar here represents the values of 
the translational temperature in the vicinity of the plasma column. It should be noted that the 
temperature in the plasma channel is inaccurate due to the strong plasma emission that 
interferes with the Rayleigh scattering. The hot region is distributed in the vicinity of the 
plasma column. The typical size of the hot region (> 500 K) is labeled in these figures. The 
size of the hot region is estimated to be about 4 – 11 times greater than the width of the 
plasma column (less than 1 mm). The plasma column is heated by the current, and the 
generated heat is transported from the hot plasma column to its neighboring region due to 
turbulent convection. In other words, the plasma column can heat the surrounding gas and so 
the Rayleigh scattering probes a much wider hot region area than the exact plasma column 
detected by the plasma emission. 

The strong plasma emission can interfere with an accurate determination of the 
translational temperature. Fortunately, the plasma emission can be rejected effectively by use 
of the ICCD camera with an acquisition time of 30 ns. It is a conventional method to use an 
ICCD camera with an extremely short exposure time to capture exactly pulsed signals (i.e., 
the Rayleigh scattering signals) and to suppress a continuous background (i.e., the plasma 
emissions). The two-dimensional distribution of the translational temperature of a typical 
gliding arc discharge is shown in Fig. 3(a) together with the plasma column and the electrical 
parameters. Figure 3(a1) shows the translational temperature distribution of a typical gliding 
arc discharge. The plasma channel is invisible here due to significant suppression of the 
plasma emission by the 30 ns acquisition time. Lines of constant temperature are labeled in 
the hot region of the plasma. The temperature contour lines separate the hot regions with 
different temperatures, and the number on each contour line shows the temperature, such as 
500, 700 and 900 K. Figure 3(a2) shows the axial (the height axis) temperature profile 
whereas Fig. 3(a3) shows the radial temperature profile. The temperature peaks at about 1500 
K and then it decreases to about 500 K at a distance of 9 mm in the axial direction and of 11 
mm in the radial direction. The image of the plasma column is simultaneously recorded by a 
second ICCD camera, as shown in Fig. 3(a4). The field of view for recording the Rayleigh 
scattering signal is marked by a rectangle in this figure. The current and the voltage of the 
gliding arc discharge are also measured simultaneously. Figure 3(a5) shows that the current 
of the plasma column is about 0.2 A and its voltage is approximately 4950 V, suggesting that 
the gliding arc discharge is operated in a glow mode. 

Figure 3(b) exhibits a second example of the experimental results regarding the 
distribution of the translational temperature, the image of the plasma column, as well as the 
electrical parameters. As shown in Fig. 3(b1), the predominantly hot regions are distributed in 
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two separated areas, corresponding to two parts of the plasma column shown in Fig. 3(b4). 
The axial temperature profile and the radial temperature profile are displayed in Figs. 3(b2) 
and 3(b3), respectively, the largest temperature being about 1200 K. Figure 3(b5) shows that 
the current and the voltage for the plasma column are about 0.18 A and 6850 V, respectively. 
It should be noted that there exits a significant voltage drop across the sheath region of the 
glow-type discharge. The voltage drop of a low-current gliding arc discharge operated at a 
glow-type regime was reported to be about 300 V [31, 33]. In this work, a voltage drop of 
300 V is taken into consideration when calculating the reduced electric field strength using 
Eq. (4). 

 

Fig. 2. (a1) – (c1): Two-dimensional distribution of the Rayleigh scattering signal and the 
plasma emission; (a2) – (c2): Two-dimensional distribution of the translational temperatures 
that are calculated by use of the Rayleigh scattering signal shown in Figs. 2(a1) – 2(c1), 
respectively. The colorbar in Figs. 2(a1) – 2(c1) shows the intensity (arb. units) of the plasma 
emission signal (in the plasma column) and the Rayleigh scattering signal (in the vicinity of 
the plasma column) whereas that in Figs. 2(a2) – 2(c2) indicates the translational temperature 
(K) in the vicinity of the plasma column. For this specific experimental setting (an acquisition 
time of 2 μs), the translational temperature in the plasma column cannot be accurately shown 
due to interference from strong plasam emission. Typical sizes of the hot regions around the 
plasma columns are labeled. The acquisition time of the ICCD camera is set to 2 μs in order to 
collect both the Rayleigh scattering signal and the plasma emission signal. 

The translational temperature obtained from the Rayleigh scattering measurements are 
compared with other Rayleigh measurements. Yalin and associates [50] conducted 
translational temperature measurements in a low-pressure (~50 Torr) and weakly ionized 
glow discharge by using Rayleigh scattering techniques. In their work, a maximum 
translational temperature of about 800 K was recognized for the low-pressure glow discharge 
with a current of 30 mA. In our case, the maximum temperature measured by Rayleigh 
scattering is about 1500 K. This difference seems reasonable since our glow-type discharge 
has a larger current of 200 mA. 

4.2 Rotational and vibrational temperatures 

The rotational and vibrational temperatures of the gliding arc discharge can be obtained by 
stimulating the experimental emission spectra. The emission spectra of the OH A–X (0, 0) 
band are proper for simulating the rotational temperature [29, 46]. The simulated OH A–X 
(0, 0) bands at different rotational temperatures by means of SPECAIR are shown in the Fig. 
4(a). The emission intensity is normalized by the peak at about 309 nm. It can be seen that 
the OH (A–X) (0, 0) band is sensitive to the rotational temperature and that the R branch and 
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the P branch are peaked at about 307 and 309 nm, and the ratio (P/R) of the peak intensities 
of the P and R branches have strong dependence on the rotational temperature, as shown in 
Fig. 4. The ratio of the P/R branch peak intensity of the experimental OH spectrum is marked 
by a square. The experimental ratio corresponds to a rotational temperature of about 4300 K. 
The simulated spectra at 4300 K rotational temperature were obtained by employing the 
SPECAIR. Both the experimental and modeled spectra of the OH (A–X) (0, 0) band are 
displayed in Fig. 4(b). It is found that a simulated spectrum for a rotational temperature of 
4300 K agrees well with the experimental spectrum. 

 

Fig. 3. Two examples of experimental results of a gliding arc discharge regarding the 
distribution of the translational temperature, the image of the plasma column, as well as 
waveforms of the current and voltage. (a1), (b1): Two-dimensional distribution of the 
translational temperature imaging; (a2), (b2): Axial temperature profile; (a3), (b3): Radial 
temperature profile; (a4), (b4): Image of the plasma column; (a5), (b5): the waveform of the 
voltage and the current. The temperature contour lines are shown in Figs. 3(a1) and 3(b1), and 
the number on each contour line shows the temperature (500, 700 and 900 K). A rectangle 
marked in Figs. 3(a4) and 3(b4) indicates the field of view for recording the Rayleigh 
scattering signal. The acquisition time of the ICCD camera for recording the pure Rayleigh 
scattering signal is 30 ns in order to significantly suppress the emission of the plasma column. 
The acquisition time for obtaining the image of the plasma column is 3 μs. A positive square 
marked in Figs. 3(a5) and 3(b5) represents the 3 μs acquisition time for recording the image of 
the plasma column. The simultaneous multi-parameter measurements (SMM) of the 
translational temperature, the voltage and the length of the plasma column allows for accurate 
determinations of the reduced electric field strength. 

The experimental results show that the rotational temperature measured by optical 
emission spectroscopy (OES) is up to 3000 K larger than the translational temperature 
measured by Rayleigh scattering techniques. The large difference between the translational 
temperature and the rotational temperature indicates that the rotational-translational 
equilibrium is not established in our gliding arc discharge. Tu and associates [51] also found 
that their gliding arc discharge is not in the rotational-translational equilibrium as the 
rotational temperature of the gliding arc discharge was about 3000 K higher than its 
translational temperature. Whether the rotational-translational equilibrium exists, depends on 
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the relations between the effective lifetime of the excited state of interest and the rotational 
relaxation time [42, 51]. If the effective lifetime of the excited state is much smaller than the 
rotational relaxation time, the gliding arc discharge is not in the rotational-translational 
equilibrium. It should be noted that the Rayleigh scattering technique measured the spatially-
resolved translational temperature distributions when the gliding arc discharge crosses the 
laser sheet in the focal plane of the ICCD camera. The emission spectroscopy technique 
acquired the line-of-sight rotational temperature of the gliding arc discharge. The thickness 
of the plasma column of the gliding arc discharge is quite small (less than 1 mm) and so the 
line-of-sight effects are not significant. 

The NO A–X transition at a wavelength range of 211 – 239 nm is chosen to determine the 
vibrational temperature of the gliding arc discharge. The simulated and normalized NO 
emission spectra at different vibrational temperatures are shown in the Fig. 5(a). Three 
distinct peaks are observed in the NO emission spectra. The relative intensity of the NO A –
X (1, 0) band at about 214.7 nm and the NO A–X (0, 1) band at about 236 nm is found to be 
sensitive to the vibrational temperature. Figure 5 exhibits the dependence of the vibrational 
temperature on the ratio of the two peak intensities of the (1, 0) and (0, 1) bands. The ratio of 
the two peak intensities of the experimental spectrum is shown as a square, indicating a 
vibrational temperature of approximately 5900 K. The experimental NO spectrum is shown 
in the Fig. 5(b) together with a corresponding simulated NO spectrum. The simulated 
spectrum was obtained at a vibrational temperature of 5900 K. 

 

Fig. 4. Dependence of the rotational temperature on the peak ratio of the P and R branches of 
OH A–X (0, 0) bands. The circles show the simulated ratios at different rotational 
temperatures. The square represents the P/R branch peak ratio of the experimental OH A–X 
(0, 0) band, yielding an estimate of the rotational temperature of 4300 K. Figure 4(a) shows 
the simulated OH A–X (0, 0) bands at different rotational temperatures. Figure 4(b) shows the 
experimental OH spectrum of the gliding arc discharge and the simulated spectrum that was 
modeled at 4300 K rotational temperature. 
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Fig. 5. Dependence of the vibrational temperature on the ratio of the peak intensities of the 
NO A–X (1, 0) and (0, 1) bands. The circles show the ratios simulated at different rotational 
temperatures whereas the square represents the one obtained by experiments. A vibrational 
temperature of 5900 K can be determined by comparing the ratios obtained from experiments 
and simulations. Figure 5(a) shows the simulated emission spectra of NO A–X at different 
vibrational temperatures. Figure 5(b) shows the experimental NO A–X spectrum of the 
gliding arc discharge is shown as an insert, as well as the simulated spectrum that was 
modeled at 5900 K vibrational temperature. 

4.3 Electron temperature 

The electron temperature can be estimated from the translational temperature and the reduced 
electric field strength using BOLSIG + (version 03/2016). An average translational 
temperature within the region of the plasma column is used to calculate the reduced electric 
field strength. The average temperature is obtained by averaging the temperature values in 
the hottest circle region with a diameter equal to the width of the plasma column. As shown 
in Fig. 6, the cross-sectional profile of intensity distributions of the emission intensity of the 
plasma columns are fitted by Gaussian functions. The full width at half maximum (FWHM) 
of the fitted curve is used to represent the width of the plasma column. It is found that the 
FWHM values of the two plasma columns are 0.70 and 0.88 mm, respectively. The images 
indicating the temperature distribution of the two plasma columns are shown as inserts in 
Fig. 6, and the hottest regions with a diameter equal to the width of the plasma column are 
marked in these images by circles. The average translational temperature within the marked 
region is found to be 1100 and 1050 K, respectively. 

Determination of the electron temperature by use of BOLSIG + also relies on the input 
parameter of reduced electric field strength E/N. As shown in Eq. (4), it is possible to 
calculate the reduced electric field strength from the translational temperature, the voltage 
and the length of the plasma column. Since temporal and spatial variations are observed in 
the dynamic evolution of the gliding arc discharge, these three parameters should be 
determined using simultaneous multi-parameter measurements (SMM) so as to accurately 
determine the reduced electric field strength, as shown in Fig. 3. The length of the plasma 
column can be calculated by analyzing the images of the plasma columns. The boundary 
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pixels of the plasma column that forms a closed region are obtained. The number of 
boundary pixels of this closed region is summed, and the number of pixels divided by a 
factor of two was used as an estimate of the length in pixels. A grid image with known scales 
was recorded by the same camera and the number of pixels was converted to the real length. 
It is found that the lengths of the two plasma columns are 12.4 and 15.3 cm, respectively. 
Since the translational temperature, the voltage and the length of the plasma column are 
simultaneously obtained, the reduced electric field strength can be calculated by use of Eq. 
(4). The reduced electric field strength for the two plasma columns is calculated to be 5.6 and 
6.1 Td, resulting in an estimate of the electron temperature of 8900 and 9300 K, respectively. 

In the work published by Gangoli et. al. [32], the reduced electric field strength of a low-
current gliding arc discharge was estimated to be 5-25 Td. The reduced electric field strength 
measured in this work is within this range. It should be noted that the reduced electric field 
strength can be underestimated if the size of the core plasma column (the electron channel) is 
smaller than the width of the plasma column measured from the plasma emission. The core 
plasma column has a much higher temperature than the surrounding region around it, and 
thus an overestimation of the size of the plasma column could underestimate the translational 
temperature of the plasma column and its reduced electric field strength. Korolev and 
associates [31] found that the reduced electric field strength of a low-current gliding arc 
discharge was about 30 Td with a gas temperature of about 4100 K in the plasma column. 

 

Fig. 6. Cross-sectional intensity distribution of the emission intensity of the plasma columns. 
The images of the two plasma columns are shown in Figs. 3 (a4) and 3(b4), respectively. The 
FWHM values (0.7 and 0.88 mm, respectively) of the fitted curves are used to represent the 
width of the plasma columns. The temperature distribution of the two plasma columns is 
inserted, and the hottest regions with a diameter equal to the width of the plasma column are 
marked in these images by circles. The average translational temperatures within the marked 
region are 1100 and 1050 K, respectively. 

4.4 Uncertainty Analysis 

The uncertainty of the translational temperature is mainly determined by some variables 
shown in Eq. (3), the Rayleigh signal of the air Ia, the Rayleigh signal of the gliding arc 
discharge Ig and the background signal Ib. The derivative of the translational temperature Tt 
with respect to these three variables can be obtained. The relative uncertainty of the 
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translational temperature Tt can be given by its derivative divided by the translational 
temperature Tt. The total uncertainty of the translational temperature δTt is the root-sum-
square value of all the three uncertainty sources and δTt can be given by 

2 2 2( ) ( ) ( )
t a a g g b bT I I I I I Iδ θ δ θ δ θ δ= + + (5) 

where θ and δ represent a sensitivity coefficient and a relative uncertainty of the 
corresponding signals mentioned above, respectively. According to Eq. (5), it can be 
estimated that the uncertainty of the translational temperature is approximately 24%. 

The uncertainty of the electron temperature is mainly from the reduced electric field 
strength E/N since the electron temperature is dependent on the E/N. The total uncertainty of 
the reduced electric field strength δE/N can be calculated, yielding 

2 2
/ ( ) ( )

t tE N T T L Lδ θ δ θ δ= + (6) 

It should be noted that the term of the voltage in Eq. (4) is neglected in the uncertainty 
analysis since it can be accurately measured by the high-voltage probe. The uncertainty of 
the translational temperature δTt was estimated to be 24% from above-mentioned 
calculations, whereas the length is, on average, underestimated by about 13% due to a 3D 
effect [45]. Thus, the uncertainty of reduced electric field strength 

δE/N is approximately 27%. It can be obtained that the E/N of the gliding arc discharge is 
5.6 ± 1.5 Td, which can be used to determine the uncertainty of the electron temperature 
through BOLSIG + . It is found that the electron temperature of the gliding arc discharge can 
be expressed as 

7500 9900eK T K≤ ≤ (7) 
The uncertainty of the rotational and vibrational temperatures can be analyzed directly 

using SPECAIR. The method for determination of the rotational and vibrational temperatures 
is sensitive to the ratio of the two corresponding peaks. The rotational and vibrational 
temperatures of the gliding arc discharge measured in the experiments are estimated to be 
4300 ± 400 K and 5900 ± 400 K, giving a relative uncertainty of 9% and 7%, respectively. 

Table 1. Parameters of the gliding arc discharge and methods used for corresponding 
measurements. 

Parameters Gliding arc discharge Methods 
Translational temperature Tt 1100 ± 260 K Rayleigh 

Rotational temperature Tr 4300 ± 400 K OES 
Vibrational temperature Tv 5900 ± 400 K OES 

Reduced electric field strength E/N 5.6 ± 1.5 Td SMM 
Electron temperature Te 8700 ± 1200 K BOLSIG + 

Parameters of the gliding arc discharge and methods used for the corresponding 
measurements are summarized in Table 1. The relatively large uncertainties of these 
temperatures are mainly due to the turbulence and unsteadiness of the gliding arc discharge. 
The gliding arc discharge takes a different form in every image even though the operating 
parameters and the timing are kept the same. In addition, other factors also contribute to the 
temperature uncertainties in the measurements. The uncertainty of the translational 
temperature is due to the shot-to-shot fluctuation of the laser energy, interference from Mie 
scattering and from other stray light. The use of filtered Rayleigh scattering [50] and 
structured illumination [52] is promising to reduce the uncertainty of the translational 
temperature. The dominant uncertainty sources of the rotational and vibrational temperature 
measurements are most likely the self-absorption, interference of overlapping emission lines 
and relatively insensitive dependence of the peak ratio on the temperature at a high 
temperature range. The uncertainty of the electron temperature primarily comes from the 
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indirect determination by use of the reduced electric field strength that is affected by the 
translational temperature and the length of the plasma column. Direct measurements of the 
electron temperature through Thomson scattering could possibly reduce the temperature 
uncertainty. However, the weak ionization and highly dynamic motion of the gliding arc 
discharge might lead to very low Thomson scattering signal levels. 

5. Conclusions
Temperature measurements of a 35 kHz AC gliding arc discharge operated in a glow-type 
regime in atmospheric pressure air, including translational, rotational, vibrational and 
electron temperatures, were carried out using non-intrusive and in situ optical diagnostics. 

The two-dimensional distribution of the translational temperature was measured by planar 
laser-induced Rayleigh scattering, indicating that the size of the hot region is about 4 – 11 
times greater than the width of the plasma column. The peak translational temperature is 
about 1200 – 1500 K whereas the average translational temperature of the hottest region with 
a diameter equal to the width of the plasma column is about 1100 ± 260 K. The rotational and 
vibrational temperatures were determined by simulating the experimental spectra using the 
SPECAIR. The peak ratio of the P and R branches of the OH A–X (0, 0) band was used to 
determine the rotational temperature (4300 ± 400 K) of the gliding arc discharge, whereas the 
ratio of the peak intensities of the NO A–X (1, 0) and (0, 1) bands was employed to 
determine its vibrational temperature (5900 ± 400 K). The electron temperature (8700 ± 1200 
K) was obtained using the BOLSIG + with simultaneously measured input parameters,
including the translational temperature and the electric field strength.

The relations of these four different temperatures (Te >Tv >Tr > Tt) suggest a high-degree 
non-equilibrium state of the gliding arc discharge operated in a glow-type regime. Especially, 
the rotational temperature of the gliding arc discharge used in our experiments is 
significantly larger than its translational temperature, showing that the translational and 
rotational degrees of freedom are far from equilibrium in this gliding arc discharge. 

Funding
Swedish Energy Agency; the Swedish Research Council; the Knut & Alice Wallenberg 
Foundation; the European Research Council; and the National Natural Science Foundation of 
China (No. 51606217). 

Vol. 25, No. 17 | 21 Aug 2017 | OPTICS EXPRESS 20257 


