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The homogeneous discharge mode in dielectric barrier discharge (DBD) has
sparked wide interest in recent years. Assessing the dielectric barrier discharge
homogeneity value (DHV) offers value in the industry. The current method of
assessing DHV involves distinguishing between the filamentous and
homogeneous modes of discharge but struggles to qualitatively analyze it. This
study proposes a method for evaluating DHV that involves using the dispersion
normalization and the local temperature difference methods. The values of such
parameters as the voltage, frequency, air gap, and gas flow were tested to verify
the validity and generality of the proposed method. The results of experiments
revealed that the dispersion normalization method uses information on the
luminosity of the discharge image to assess the homogeneity of DBD under
different conditions. The temperature difference in the area of discharge was also
calculated to assess the homogeneity of DBD, and the results showed that it is
useful to this end. Moreover, the dispersion coefficient and the difference in local
temperature were found to be inversely proportional to DHV. The proposed
method can thus be used to identify variations in DHV under different
conditions, and provides a basis for its characterization.
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1 Introduction

DBD is a classical source of nonthermal plasma at atmospheric pressure [1–4]. DBD in
general involves filamentary discharges under normal pressure, but the discharge space
suffers from the uneven distribution of energy density that limits its application to the
industry. Compared with the filamentary discharge, homogeneous dielectric barrier
discharge (HDBD) has the advantages of homogeneity and stability. The relative HDBD
discussed in this paper refers to a relatively homogenous discharge over long time scales
consisting of a large number of microfilaments. Even if the discharge consists of a large
number of filamentary discharges, the homogenous treatment of the material surface is
possible only if the discharge can be homogenously distributed during contact with the
treated surface. HDBD has prospects for use in several industrial applications, such as the
modification of the material surface, environmental engineering, and sterilization and
disinfection [5–14]. Further research into the phenomenon is thus important.
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Current research on the application of HDBD has mainly
focused on the structures of the electrodes, flow rates of the
carrier gas, and electrical parameters [15–22]. In such medical
applications as water decontamination and organic degradation,
HDBD is greatly influenced by the rate of gas flow and the air gap
[23]. Researchers have attempted to change the structures of the
electrode (ball–plate electrode) and used different metallic
conductor (stainless steel or aluminum) to achieve HDBD
[24]. Most researchers have used nanosecond pulses rather
than the typical AC to excite DBD to obtained HDBD at a
large volume [25, 26]. The transition from filamentary
discharge to homogeneous discharge can be achieved by
changing the underlying conditions, but DHV cannot thus be
determined. Some researchers have proposed laws of HDBD over
a short duration of exposure by using high-speed ICCD cameras
to diagnose the homogeneity of DBD, and have analyzed the
microscopic evolution of the relevant information [27]. High-
speed ICCD cameras have been mainly used to examine the DBD
mechanism but this cannot be used to accurately analyze DHV.
With developments in digital image processing technology, some
researchers have taken advantage of images captured by cameras
to analyze the spatial structure of DBD and used this information
to characterize HDBD [28–30]. Although the information
captured by the camera is used to determine HDBD, it cannot
be used to determine the internal electron energy and its
vibrational distribution. This renders it necessary to analyze
the plasma temperature by using spectral diagnostics
technology. Some researchers have calculated the pattern of
DBD through spectral diagnosis through emission
spectroscopy to distinguish filamentary discharges from
homogeneous discharges, and have examined the process of
conversion of Townsend discharge into glow discharge
[31–33]. However, no report to date has quantitatively
analyzed HDBD by using spectral diagnostic techniques.

The diagnostic methods mentioned above are effective but
complicated or expensive. Some of them are based on temporal
characteristics, such as wavelengths and Lissajous figures. Others
focus on spatial characteristics, such as photography, but an overall

method of analysis remains elusive. This study proposes a simple
diagnostic method to quantitatively analyze DHV. The proposed
method can be used to analyze information on the spatial luminosity
of the discharge image and the difference in the temperatures of
plasma in different areas of discharge. This can be used to
quantitatively assess DHV.

2 Experimental platform andmethod of
characterization of DBD

2.1 Design of experimental platform for DBD

The authors designed a DBD device with an adjustable gap to
study methods for characterizing DHV. The experimental platform
is shown in Figure 1A. The range of the voltage for nanosecond-
pulse power supply was 0–20 kV, the range of frequency was
0–20 kHz, the pulse width was adjustable from 0 to 500 ns, and
all pulse widths were fixed at 200 ns in the experiment, and the rising
edge and falling edge are both 50ns. The voltage and current
waveform diagram of the nanosecond pulse power supply under
load is shown in Figure 1B below. The adjustable gap DBD
experimental device is placed in a glass box, and black cloth is
always used to block light, and ensure that the shading is maintained
at 90%. The DBD structure contained duralumin electrodes, each
with a diameter of 50 mm. The insulating medium consisted of a
quartz glass sheet (Si2O3), with dimensions of 110 mm ×
110 mm×3 mm. The air gaps were set to 1, 2, and 3 mm.

The electrical monitoring system included an oscilloscope, a
high-voltage probe, and a current probe. The range of measurement
of wavelength of the fiber optic spectrometer was 200–850 nm and
the range of its accuracy was ±0.1 nm (full band). Images of the
discharge were captured by a camera. The aperture was set to F =
5.6 to avoid pixel saturation in the discharge images, and the
sensitivity was set to ISO = 3200 after repeated experiments. The
spatial resolution is 40 × 500 pixels. Selecting the pixel of discharge
space of 40 × 500 means that the pixel size of the captured plasma
image is 40 × 500, and the actual discharge space size is selected as

FIGURE 1
Experimental platform for DBD, the schematic diagramof the experimental platform (A), voltage and current waveforms of nanosecond pulse power
supply under load (B).
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the discharge gap×50 mm; The rest of the parameters were all set to
their default values. The experiment was carried out in Ar, N2, and
He, and gas flow was controlled by a mass flowmeter. A
homogeneous airflow controller was designed to enable air to
flow evenly into the discharge gap. The gas pipeline in this paper
is connected with a uniform air flow device, which is attached to the
discharge gap.The range of control of the mass flow controller was
0–10 L/min and its accuracy was 0.1 L/min. The emission spectra of
discharge area is collected by a spectrometer. The time resolution of
the measured value is 50 ms, this paper aims to analyze the
evaluation method of relatively uniform discharge on a long time
scale. Spectral acquisition system is selected by the United States
Bwtek (Bwtek) company’s optical fiber spectrometer, the minimum
integration time is 1 ms, the data transmission rate is 900 spectrum/
second, the measured wavelength range is 200–850 nm, wavelength
accuracy is±0.1 nm (full band).

2.2 Characterization of DHV

2.2.1 Dispersion normalization method based on
digital image processing

Because the visible light image is the statistical result of multiple
discharges under a certain exposure time, the spatiotemporal structure of
the discharge image can reflect the state of the discharge [34]. Therefore,
we used the dispersion normalization method to present the visible light
image in the form of data. This method is used to calculate the degree of
deviation between the grayscale value of a given pixel and the average
grayscale value of pixels of theDBD image. It uses the statistical results of
the dispersion coefficient to characterize the homogeneity of the
discharge image. The specific steps are given below in Figure 2. The
black bar in Figure 2 represents the discharge gap, which refers to the
hollow part between the two electrodes. The high voltage electrode uses a
duralumin electrode with a diameter of 50mm, with a smooth chamfer
(chamfer 2 mm), which has excellent electrical conductivity and low
weight to avoid scratches during the experiment.

First, pixels in a discharge space of 40 × 500 were selected, and
grayscale processing was performed on the discharge image L(x,t)
within the exposure time Δt. The value of the grayscale pixel is xn,
and is calculated as follows:

xn � ∫
Δt

L x, t( )dt (1)

Second, the pixel value xn is divergently normalized to improve
accuracy, and xn* can be obtained by the following formula:

xn* � xn −min xn{ }
max xn{ } −min xn{ } (2)

The average value of the pixel xn* after grayscale processing is
then used to characterize the intensity of discharge. The grayscale
average value (xm) is obtained by:

xm �
∑n
1
xn*

n
(3)

Finally, xn* is normalized to obtain the dispersion coefficient
(xv), which is used to characterize DHV. xv is inversely proportional
to DHV, the smaller xv is, the greater the discharge uniformity is. xv
is obtained by:

xv �

������������∑n�n
n�1

xn* − xm( )2

n

√√
(4)

2.2.2 Local temperature difference method based
on spectral diagnosis

When the discharged particle undergoes a transition in
energy levels, an emission spectrum is formed. Furthermore,
the excitation temperature of the electron (Ta) and the
molecular vibration temperature (Tvib) can be calculated from
the spectral data. However, the discharge causes collisions and

FIGURE 2
Schematic diagram of dispersion normalization method.
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excitations of electrons that result in molecular vibrations and
energy loss, respectively. Moreover, Ta and Tvib are examined to
analyze not only the energy distribution of electrons during
vibration, but also to study changes in electron energy. We
used the local temperature difference method to calculate the
plasma temperature in different areas of discharge. This method
reflects internal changes in electron energy and the distribution
of the vibrational dynamics of the electrons for the quantitative
evaluation of DHV. In this method, the discharge area is divided
into five parts, and the height of the optical fiber probe is adjusted
by the probe height adjustment device. The emission spectrum of
the five discharge areas is measured successively from top to
bottom with the time interval of 5s. The collected spectral
information is used to calculate the electron excitation
temperature (Ta) and molecular vibration temperature (Tvib)
in different discharge regions, and then the plasma
temperature is standardized to obtain the regional temperature
difference (ΔT), which is used to characterize the discharge
uniformity. 1 is upstream of the discharge area, and 5 is
downstream of the discharge area. A schematic diagram of the
local temperature difference method is shown in Figure 3.

1) Using temperature difference in electron excitation to
characterize homogeneity

The excitation temperature of electrons affects the probability of
excitation and the ionization of gas in the system, and is an
important part of the parameters of plasma. Ta was calculated by
the relative intensity ratio of the Boltzmann slope to examine the
difference in excitation temperature of electrons (ΔTa) in different
discharge regions.

When the plasma was in thermodynamic equilibrium or local
thermodynamic equilibrium, the distribution of atom-bound
electron energy levels followed the Boltzmann distribution:

n1
n2

� g1

g2
exp

E1 − E2

kTa
( ) (5)

In the above formula, n is the density of the particles, k is the
Boltzmann constant, g is the statistical weight of the particle, and E is
particle energy.

In the radiation spectrum of plasma, a pair of spectral lines
belonging to the same atom and its ions were selected, and the
distribution of their intensity can then be expressed as:

I � nAhf (6)
In the formula, h is Planck’s constant, f is the frequency of

emission of the electrons during spontaneous transition, andA is the
probability of transition.

By combining Equations (5) and (6), the ratio of the intensities
of the spectral lines can be obtained as:

I1
I2

� A1g1f1

A2g2f2
exp −E m( ) − E n( )

kta
( ) (7)

Ta � E1 − E2

k ln I1/A1g1λ1
I2/A2g2λ2

∣∣∣∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣∣∣∣ (8)

In the above, λ is the wavelength of the emission spectrum.
In the experiment conducted in the presence of Ar, the emission

spectrum was measured in the range of 680 nm–800 nm, and two
spectral lines belonging to the same level of ionization of the Ar atom, at
763.5 nm and 772.4 nm, were selected to calculate Ta [35, 36].

2) Using differences in molecular vibrations to characterize
homogeneity

The vibration temperature is one of the important parameters of
plasma in DBD. The vibration-induced excitation is mainly caused
by the loss of electron energy, which makes it closely related to the
electron temperature. We used the Boltzmann slope method to
measure the vibration temperature in plasma discharge.

In theory, the band intensity formula in the band emission
spectrum of diatomic molecules is:

Iv′v″ � hcvv′v″Av′v″Nv′ (9)

FIGURE 3
Schematic diagram of the local temperature difference method.
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v’, v’’ is the up and down state vibration quantum number, h is
Planck’s constant, c is the speed of light, Av’,v’’ is the transition
probability, Nv’ is the number of molecules in the upper state.

Under the condition of local heat equilibrium, the upper state
molecular number distribution satisfies the Boltzmann distribution,
namely:

Nv′ � N0e
−Ev′/kTv (10)

The vibration energy at a given level is:

E] � ωe ]′ + 1
2

( ) − ωexe ]′ + 1
2

( )2

+ ωeye ]′ + 1
2

( )2

+/ (11)

Because the vibrational distribution satisfies the Boltzmann
distribution, Tvib can be obtained by the following formula:

In
I]′]″
vA]′]″

( ) � C − Ev

kTvib
(12)

Ev is the vibrational energy and C is a constant. Eq 10 was
linearly fitted to obtain Tvib.

Three groups of sequential bands were used to reduce the fitting
error:Δv = -1 (0-1,1-2,2-3), Δv = -2 (0-2,1-3,2-4), andΔv = -3 (0-3,1-
4,2-5).

Because electron collision and excitation will cause molecular
vibration and electron energy loss respectively when DBD occurs,
studying molecular vibration temperature and electron excitation
temperature can not only judge the distribution of electron energy
on vibration dynamics, but also judge the change of electron energy.
The fixed voltage is 20 kV, the frequency is 1 kHz, the air flow is
fixed at 1 L/min, the pulse width in the experiment is fixed at 200 ns,
and the rising edge and falling edge are both 50 ns. In order to study
DBD emission spectra of argon and helium at atmospheric pressure,
spectral measurements were carried out in the range of 300–800 nm,
of which argon atomic spectra were mainly concentrated in the
range of 700–800 nm, the emission spectra of argon, helium and
nitrogen were shown in Figure 4. Since there is no argon ion spectral
line found in the emission spectra, only 480.6 nm argon ion
emission spectral line with relatively low intensity can be
obtained. Therefore, in order to obtain the electron temperature,
it is impossible to use the argon ion spectral line for calculation, and
only the electron excitation temperature can be used to estimate the

electron temperature. Because the DBD discharge produces
electrons and ions, and the electrons are accelerated to form
high-energy electrons, and react with argon atoms. When an
electron with an energy greater than 13 eV collided with an
argon atom, the argon atom obtained a large amount of energy
and transited to an excited state, and the excited state argon atom
then transited to a metastable particle Ar*(3P2,3P0). However, the
first negative band isoline of N2 (391.4 nm) is not observed in the
emission spectrum of argon gas, which shows that the metastable
energy level of argon atom is low, resulting in weak Penning
ionization. However, the first negative band N2 (391.4 nm) was
found in the DBD discharge of atmospheric pressure helium and
argon mixed, and it can be seen that Penning ionization also
occurred in He. Experiments show that Penning ionization
occurs in He, and a homogenous discharge can be obtained. The
reaction is a He atomic line with a wavelength of 706.5 nm.

3 Identifying homogeneity based on
dispersion normalization method

A stable HDBD can be easily generated owing to the low
strength of the average breakdown field in He. We consider a
mixture of He and air as an example to verify the generality of
the dispersion normalization method by using different
parameters.

The specific contents of the experimental method are as follows:
first, a camera is used to shoot DBD images, pixels in the image
discharge space of 40 × 500 are selected, and the image is processed in
gray scale within the exposure time; secondly, the pixel value xn is
normalized by divergence to improve the accuracy. Matlab software is
used to calculate the gray value of the image, and then the average
value of the pixels after gray processing is used to characterize the
intensity of discharge. The average gray value is normalized and the
dispersion coefficient is obtained, which can be used to characterize
the discharge uniformity. For example, when the normalized pixel xn*
is equal to 0.07, 0.12, 0.15, . . ., 0.17, 0.29 . . ., its average value is
calculated, and the obtained average xm is used to characterize the
discharge intensity. The variance of the mean value is obtained, and
the dispersion coefficient xv is obtained, which can be used to
characterize the discharge uniformity.

FIGURE 4
Spectrum Diagram in different gas atmospheres: (A) in Ar, (B) in He, (C) in N2.
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3.1 Influence of electrical parameters on
DHV in He

Changes in the electrical parameters have an impact on DHV.
We thus examined the feasibility of the dispersion normalization
method by considering the effects of voltage and frequency on DHV
in a mixture of He and air. The air gap was 2 mm, the volumetric
flow rate of gas was 1 L/min, and the exposure time was 0.05 s.

3.1.1 Influence of amplitude of voltage on DHV
in He

The discharge images in He at different voltages are shown in
Figure 5, where the frequency was fixed to 1 kHz. The discharge
images show that with the increase in voltage, the brightness of
the images changed from dark purple to purple, but no
prominent discharge filament was observed. Before analyzing
DHV, it was necessary to calculate the intensity of the discharge
image.

Figure 6 shows that xm in He increased almost linearly with the
voltage. The reason for the above phenomenon should be that the
charge transfer in the microdischarge channel continues to
accelerate. Therefore, the increase in voltage resulted in a higher

probability of collision between high-energy electrons and other
particles. Furthermore, the increased voltage led to an electron
avalanche that increased the intensity of discharge and xm. This
suggests that the intensity of discharge was positively correlated with
the voltage. Moreover, the intensity of discharge in the discharge
image could be characterized by xm.

It is impossible to quantitatively analyze DHV by observing the
discharge images, and we used the value of xv to this end. Figure 6
shows that xv decreased as the voltage increased. When the voltage
had been increased to 19 kV, xv increased instead. This can be
mainly attributed to the increase in the voltage. The increased
voltage might have led to increases in the accumulated energy in
the discharge gap as well as the number of micro-discharge
filaments. The increase in voltage also reduced the distance
between the excited particles and eventually filled the discharge
space, which led to a pseudo-homogeneous discharge phenomenon.
As the voltage continued to increase, the discharge space was filled
withmicro-discharge filaments, which contributed to a slight change
in DHV. Overall, this suggests that the variation in voltage
influenced DHV. Furthermore, the dispersion normalization
method could be used to quantitatively analyze DHV at different
voltages.

FIGURE 5
Discharge images in He at different voltages (1 kHz, 1 L/min, air
gap = 2 mm).

FIGURE 6
The values of xm and xv in He at different voltages (1 kHz, 1 L/min,
air gap = 2 mm).

FIGURE 7
Discharge images in He at different frequencies (20 kV, 1 L/min,
air gap = 2 mm).

FIGURE 8
The values of xm and xv in He at different frequencies (20 kV, 1 L/
min, air gap = 2 mm).
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3.1.2 Influence of discharge frequency on DHV
under He

The discharge images in He at different frequencies are shown in
Figure 7 when the voltage was fixed at 20 kV. The brightness of the
discharge images changed with the increase in frequency. In
addition, the discharge space exhibited bright and dark stripes.
This showed that changes in the frequency had a significant
effect on the intensity of discharge.

Figure 8 shows that when the frequency was 3 kHz, xm peaked
and then began to decrease. It could be attributed to an increase in
the number of discharges per unit time, which resulted in more
intense collisions between the charged particles. In addition, the
change in frequency generated more residual positive ions that were
superimposed on the electric field to increase the intensity of
discharge. When the discharge frequency was increased to 3 kHz,
high-frequency discharges led to the accumulation of more charges
on the dielectric layer to form a reverse electric field. This
contributed to a decrease in the strength of discharge. The
experimental results illustrate that when the discharge frequency
was lower than 3 kHz, the increase in frequency increased the
intensity of discharge. As the discharge frequency continued to
increase, the reverse electric field led to a decrease in the intensity of
discharge.

Figure 8 shows that when the frequency was 3 kHz, xv reached its
minimum value and then began to increase. The findings indicate
that the excited particles became more dispersed with the increase in
the number of discharges per unit time. This led to an increase in
DHV.When the frequency was increased to 4 kHz, high-voltage and
high-frequency discharges caused the discharge area to shrink.
Moreover, the increase in frequency not only led to partial
discharge as well as light and dark streaks, but also resulted in a
decrease in DHV. This result suggests that changes in the discharge
frequency had a significant impact on DHV, and that the dispersion
normalization method is suitable for quantitatively analyzing DHV
at different frequencies.

3.2 Influence of air gap on DHV in He

The variation in the air gap changed the electric field
distribution and the initial discharge voltage in the gap. We thus
examined the effect of the air gap on DHV to verify the feasibility of
the dispersion normalization method.

Figure 9 shows the discharge images in He in case of air gaps of
different sizes. The voltage was set to 20 kV and the frequency to
1 kHz. Figure 9 illustrates that the discharge images changed from
pink to dark purple with the increase in the air gap.When the air gap

was increased to 3 mm, the discharge did not fill the entire
gap. Changes in the air gap had a significant impact on the
intensity of discharge.

Figure 10 shows that xm decreased as the air gap increased.
When the air gap was increased from 1 mm to 2 mm, xm decreased
sharply. This can be attributed to the increase in the air gap, which
caused the discharge area to shrink and reduced the rate of electron
drift. Furthermore, the increase in the air gap resulted in a decrease
in the efficiency of ionization and the intensity of discharge. Overall,
the increase in the air gap was not conducive to the occurrence of
discharge, and even brought about a significant decrease in the
intensity of discharge.

Figure 10 shows the values of xv inHe with air gaps of different sizes.
When the air gap was 1 mm, xv was mainly distributed around 0.4. As
the air gap was increased, xv decreased to 0.25 because thememory effect
was significant under high-frequency pulse discharge. It generated a large
number of seed electrons in the discharge gap that overlapped with one
another to cause the discharge space to become dispersed. The memory
effect decreased in case of a large air gap because the electron avalanche
weakened [37–40]. The memory effect refers to the small time interval
between adjacent pulses at high frequencies, and when the next pulse
arrives, the residual positive ions in space remain in the gap due to their
large mass. The discharge no longer filled the gap in this case, and bright
and dark streaks appeared. The result indicates that the dispersion
normalization method can be used to quantitatively analyze DHV in air
gaps of different sizes.

3.3 Influence of flow rate on DHV in He

The variation in the flow rate influenced the charge distribution
and the intensity of discharge. Its effect on DHV varied in the
presence of different gases.

Figure 11 shows the discharge images in He at different flow
rates of the gas. The vent was located in the right side of the figure.

FIGURE 9
Discharge images in He with air gaps of different sizes (20 kV,
1 kHz, 1 L/min).

FIGURE 10
The values of xm and xv in He with air gaps of different sizes
(20 kV, 1 kHz, 1 L/min).
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The figure shows that when the volumetric flow of the carrier gas
was less than 2 L/min, discharge occurred upstream and the
discharge images were blue-violet. As the flow rate increased, the
discharge area gradually moved from upstream to downstream of
the flow of gas. When the flow rate was 4 L/min, the discharge
images were all pink.

Figure 12 shows that xm was positively correlated with the flow
rate of gas. With the increase in the flow rate, the probability of
collision between the excited electrons of He and N2 increased. The
increase in the flow rate also led to a longer lifespan of He in the next
pulse discharge. He atoms provided a large number of seed electrons
to increase intensity of discharge. He began to diffuse along the
direction of the vent after leaving it. When the volumetric flow of the
carrier gas increased, He could travel farther at the same degree of
diffusion. Consequently, the concentration of He downstream of
flow rose, causing xm to rise. Increasing the flow rate thus led to an
increase in the concentration of He in the discharge gap as well as the

intensity of discharge. It shows that xv increased to 0.8 at 2 L/min
and then decreased to 0.1 at 5 L/min. The variation in xv occurred
because high-energy He atoms with a long lifetime could easily
generate Penning ionization with the impure gas to form HDBD. As
the flow rate increased, the content of impurities in the air gap
decreased and the lifetime of the atoms increased [41].

The increase in the flow rate of the gas reduced its pressure in the
gap, which led to an increase in the concentration of helium atoms
that developed from upstream to downstream. The increase in the
flow rate generated more excited He* and increased Penning
ionization in the air gap [42]. Overall, the results suggest that
DHV at different flow rates can be quantitatively analyzed by the
dispersion normalization method.

4 Identifying homogeneity based on
local temperature difference method

The dispersion normalization method can be used for the
quantitative analysis of DHV by analyzing the spatial luminosity
of the discharge images. However, it cannot be used to analyze the
internal energy of the electrons and their vibrational distribution.
We used the temperature difference method to analyze the plasma
temperature in different regions of discharge to more accurately
analyze DHV. This can be used to determine the distribution of
internal electrons during vibration. We conducted experiments to
assess the effects of the amplitude and frequency of the voltage as
well as the flow rate of gas on DHV. This was also used to verify the
feasibility of the local temperature difference method.

Because variations in voltage and the frequency affect the
internal electron energy, we used Ar as an example to study their
effects on Ta to verify the local temperature difference method.
Figure 13A shows the values of Ta in different regions of discharge.
The voltage was set to 17 kV and the frequency to 1 kHz. It shows
that Ta was mainly distributed in the range 1500 K–1650 K, and the
value of ΔTa was small. The minimum Ta of the second discharge
region was 1552 K and the maximum Ta of the fourth discharge
region was 1638 K. The electron energy in the discharge area was
homogeneous overall.

Experiments were carried out in an atmosphere consisting of air
mixed with Ar, N2, and He. The emission spectrum of the second
positive band system of molecules in N2 (C3Πu→B3Πg) was
analyzed, and the difference in the molecular vibrational
temperature under different gases was obtained. Figure 13B
shows the temperatures of molecular vibrations in different
regions of discharge in He. The voltage was 17 kV and the
frequency was 1 kHz. The difference in temperature ΔTvib

between areas of discharge was small and electrons in the
discharge area were evenly distributed.

Figure 14A shows the variations in ΔTa at different voltages.
When the discharge frequency was 2 kHz, ΔTewas distributed in the
range 100–300 K as the voltage was increased. Ar undergoes
Penning ionization and generates seed electrons for ionization
[43, 44], which in turn leads to the simultaneous rise of electron
energy and Te in the five discharge regions, thus causing the
difference in ΔTa. The experimental results show that the
variation in voltage influenced the homogeneity of discharge. To
accurately analyze DHV, the results of the local temperature

FIGURE 11
Discharge images in He at different flow rates (20 kV, 1 kHz, air
gap = 2 mm).

FIGURE 12
The values of xm and xv in He at different flow rates (20 kV, 1 kHz,
air gap = 2 mm).
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difference method were compared with those of the dispersion
normalization method and were found to be consistent.

Figure 14B shows the variation in ΔTa at different frequencies at
a voltage of 18 kV ΔTa was positively correlated with the frequency
of discharge. Moreover, the randomness of each position of
discharge resulted in an uneven distribution of electron energy.
By comparing the xv and ΔTa in He at different voltages, it is found
that the ΔTa obtained by the area temperature difference method
decreases with the increase of voltage, and its value decreases from
207 to 38. However, adopting the method of dispersion
normalization, xv also decreases as the voltage increases, and its
value decreases from 0.45 to 0.17. Hence, it can be seen that the
results are consistent. Therefore, ΔTa can be used to quantitatively
analyze DHV.

Figure 15A shows the differences in the temperatures of
molecular vibrations at different voltages. As the voltage was
increased, ΔTvib decreased linearly, where N2 recorded the
sharpest drop. Values of ΔTvib in Ar and He were much smaller
than in N2. The variation in ΔTvib can be attributed to the increase in

the frequency of electron collision with the increase in voltage. In
addition, the increase in voltage results in stronger collisional
relaxation of molecules at vibrational excitation levels in N2 [45].
The higher electron energies are existed in Ar and He, which excite
electrons with high vibrational dynamics easily. The increase in
voltage led to a decrease in the molecular vibrational energy in
different discharge regions, and the reduction in range remained the
same. Therefore, the variation in voltage had a significant effect on
ΔTvib in only N2 and He with a low DHV, and had little effect on
ΔTvib in Ar with a high DHV. These results are roughly the same as
those of the dispersion normalization method under different gases.

Figure 15B shows that changes in the flow rate had a significant
effect on ΔTvib in N2 and He but had little effect on ΔTvib in Ar. The
change in ΔTvib was caused by the different intensities of Penning
ionization in different gases. Therefore, different gases contributed
to the velocity of flow in different gases to varying degrees. These
results are consistent with the effects of flow velocity on the
dispersion coefficient xv. This shows that changing the velocity of
flow did not change the electron energy and the distribution of

FIGURE 13
Temperature difference between discharge regions in Ar (17 kV, 1 kHz): the values of Ta (A), the values of Tvib (B).

FIGURE 14
The values of ΔTa at different voltages and frequencies: at different voltages (A), at different frequencies (B).
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electron vibrations in Ar. A comparison of the values of xv and ΔT
between the methods of characterization shows a certain deviation
but their overall trend was the same. Thus, the local temperature
difference method can also be used to quantitatively assess the
homogeneity of discharge.

5 Conclusion

This study proposed a method for quantitatively analyzing DHV
based on the dispersion normalization and the local temperature
difference methods. Its stability and universality in different voltages
and frequencies as well as air gaps of different sizes were verified.
The following conclusions can be drawn:

(1) We used the dispersion normalizationmethod to analyze the spatial
luminosity of the discharge images under different values of voltage,
frequency, air gap, velocity of flow, and exposure time as well as in
different gases. The dispersion coefficient was used to characterize
DHV. The results showed that that the proposed method is suitable
for the quantitatively analysis of DHV at different conditions.

(2) Discharge experiments were conducted at different voltages,
frequencies, and flow rates to verify the local temperature
difference method. The regional differences between the
excitation temperature of the electrons and molecular vibrational
temperature in different discharge regions were calculated. The
results proved that the proposed method is suitable for the
quantitative evaluation of the DHV in different conditions.

(3) Two methods of characterization were used to assess DHV.
Information from images was used to analyze the state of the
discharge, and the internal distribution of the plasma
temperature was obtained to accurately assess DHV.
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