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1. Introduction

The optical spectral diagnosis is widely used nowadays in plasma
characterization' ), quality inspection!’®"?!, medical sci-
ence!’*'*, and many other fields"'”"*!, The plasma diagnosis
method based on the emission spectrum can be used for exper-
imental research on the plasma characteristics of plasma syn-
thetic jet actuators, such as electron temperature and electron
density!" ),

Narayanaswamy et al.'?! studied the performance of a pulsed
plasma synthetic jet in supersonic flow control, measured the
temperature using optical emission spectroscopy, and revealed
that there is a considerable imbalance between rotation and
vibration modes. Belinger et al.'*) studied the discharge charac-
teristics of a plasma synthetic jet actuator powered by capaci-
tance power supply. The temperature, volume, and duration
of discharge were determined by optical measurement [optical
emission spectrum and intensified charge coupled device
(ICCD) photos]. Min et al.l?”! studied the aerodynamic excita-
tion characteristics of a nanosecond pulsed plasma synthetic jet,
carried out an emission spectrum test in conventional atmos-
pheric environment, and obtained the rotation temperature
and vibration temperature. Wei et al.'*!! studied the emission
spectrum characteristics of a nanosecond pulsed synthetic jet
plasma, calculated the electron temperature under various con-
ditions by fitting the spectral lines, and obtained the variation
law of electron temperature during discharge.
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In this paper, a new optical analysis method for plasma characterization is proposed. Plasma characteristics are obtained
directly by measuring the plasma luminous color, rather than the complex spectral diagnosis method, which is difficult to
obtain at high speed. By using the light transmittance curve of the human cornea, the RGB coordinates are calculated from
the measured plasma spectrum data. Plasma characteristics are diagnosed using the Boltzmann plot method and the Stark
broadening method. The corresponding relationship of the electron temperature, electron density data points, and luminous
color is established and analyzed. Our research results indicate that this optical analysis method is feasible and promising

Keywords: optical analysis method: plasma characteristics; spectral diagnosis; high-speed miniaturized actuator.

The above studies are based on the measured spectral data to
calculate the plasma characteristic parameters such as plasma
density and temperature, which is also a conventional method
for spectral diagnosis of plasma. However, one disadvantage
of this method is that it is difficult to realize high-speed measure-
ment because the spectrum contains a large amount of informa-
tion. To solve this problem, we propose a new optical analysis
method for plasma characterization, which creatively connects
the luminous color with the plasma characteristics, establishes
the corresponding relationship between them, and obtains the
plasma characteristics by measuring the luminous color of the
plasma. Now, there are already many advanced spectrometers,
such as SpectraPro HRS with the aid of ICCD and PI-MAX,
which have a nanosecond time resolution. However, most of
these spectrometers have a very high cost, which is at least
¥400,000. Moreover, some fast plasma experiments especially
in some emergency situations should be carried out to get the
plasma characteristics. A simple and auxiliary function method
should be proposed to measure discharge, which can take the
place of the advanced imaging spectrometers sometimes. Our
method is a fast and simple method to characterize the electron
temperature and electron density based on the luminous color.
There are two major advantages for our method in certain
conditions. First, we have a fast process for obtaining the char-
acteristic results from the luminous image color. One can get the
first-hand data quickly, especially in emergency situations.
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Second, one can quickly make a rough estimation by our method ~ plasma characterization proposed by us is to first obtain the
if he is familiar with the luminous characteristics of plasma,  color and plasma characteristics by spectral calculation, repeat
which is easy for a researcher in plasma. Moreover, our method  this step under different working conditions, and obtain a data-
is very convenient, timely, and rapid for the application of  base of color and plasma characteristics corresponding to work-
plasma engineering. Our method provides a plasma character-  ing conditions. After the database is established, it is no longer
istic analyzing method based on luminous color with a fast im- ~ necessary to measure the spectra. Instead, the color information
aging record. Only three chromatic sensors are needed to record  is obtained directly by taking photos, and then the plasma char-
the chromatic intensities in our method. Spectral measurement  acteristics corresponding to the colors are directly queried in the
uses a spectrometer to disperse incident light into a spectrum  previously established database. Because the spectrum contains
through some lenses and gratings, wherein the spectrum shines  a large amount of information, it is a dot matrix containing
on the sensor of a linear array or area array. Usually, 2048 array =~ many data points, and the color is only a three-channel data
sensors are used to record the light intensities to obtain 2048 pix- ~ point, so the color acquisition speed will be much higher than
els amplitudes. So, our method can greatly save many hardware ~ the spectrum acquisition speed, which is easier to realize
resources, which improves the hardware running speed to  high-speed measurement. Building the database is our next step

increase the measurement speed. for working plan. In this paper, we only demonstrate the feasibil-
The article is arranged as follows: the second part introduces ity of this method. Next, the method of calculating luminous
the experimental instrument, the third part introduces the opti- ~ color and plasma characteristics by the spectrum is introduced.

cal analysis method for plasma characterization, the fourth part

is the experimental and calculation results and analysis, and the . .
fifth part summarizes the full text. 3.1. Luminous color calculation method

We use MATLAB programming to calculate the luminous color

of plasma from the spectral data. The International Commission
2. Experimental Instruments on Ilumination (CIE) XYZ trichromatic system is generally
used to characterize the color, where the color is decomposed
into three primary colors: X, Y, and Z. The color can be uniquely
determined by the coordinates of the three basic vectors X, Y,
and Z. This color is the linear superposition of the three com-
ponents X, Y, and Z. To calculate the coordinates of the XYZ
system, we need to use the “light transmittance curve of human
cornea,” namely color matching functions (CMFs). This is the
intensity portion of the unit luminous intensity received by
the X, Y, and Z human eye sensors under different spectral wave-
lengths; that is, three curves with the wavelength as the abscissa
axis, as shown in Fig. 2. Here, we use the CMF under CIE 1931
specification and use the interpolation function to obtain the
CMF values at the wavelength points of the measured spectral
. . data. We multiply the normalized spectral values by the CMF
3. Optical Analysis Method for Plasma values of X, Y, and Z, respectively, and integrate them in the
Characterization whole wavelength range to obtain the X, Y, and Z values. We

The discharge form in the cavity of the actuator is arc discharge
in the gap between the electrodes'*?). The plasma synthetic jet
actuator used for plasma characterization is shown in Fig. 1.
The FX2000 optical fiber spectrometer of Shanghai Fuxiang
Company was used in the diagnosis. The spectral range of
FX2000 is 200-1100 nm. The highest optical resolution is
0.24 nm (FWHM). The discharge power is changed by changing
the capacitance. The different working conditions selected for
diagnosis are the capacitances of 0.16 pF, 0.32 pF, and
0.48 pF and the electrode spacings of 1.9 mm, 3 mm,
and 4.5 mm.

According to the measured spectra, we can calculate the color of
light and the plasma characteristics such as electron temperature 2
and electron density. The new optical analysis method for
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Fig. 1. Structure of the plasma synthetic jet actuator. Fig. 2. Light transmittance curve of the human cornea.
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divide these three values by X + Y + Z to obtain the normalized x,
¥, and z values. RGB is a common color system for displaying
colors, so we also need to transform the coordinates of the
XYZ color system to the RGB coordinates system by coordinate
transformation. Finally, the normalized RGB coordinates for
display are obtained, and the luminous color map is made.

3.2. Diagnostic method for plasma characterization

Plasma electron temperature is diagnosed using the Boltzmann
plot method!**!.

If local thermodynamic equilibrium (LTE) is reached in the
plasma, according to Boltzmann’s law, the intensity I,,,, of the
spectrum produced by the particle transferring from the higher
energy level m to the lower level # is

heg WAy N E
— 1EmAmnN _om) 1
b = =420 eXp( kT) W

where £ is the Planck constant, c is the speed of light, g,, is the
statistical weight of the upper energy level, A,,, is the transition
probability, N is the total density of particles on the upper level, 1
is the wavelength of the spectral line, U is the partition function,
E,, is the energy of the upper level, k is the Boltzmann constant,
and T is the excitation temperature of the electron. We take the
logarithm of both sides of the equation to obtain
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We pick up several spectral lines of the same particle and cal-
culate the value of ln(gl";;l ). Then, we take E,, as the x coordi-

nate, ln(gl "X’I ) as the y coordinate, and plot the points. As can be

seen in Eq. (2), after fitting the points to a straight line, from the
slope of the line, we can obtain the temperature T.

The plasma electron density is diagnosed using the Stark
broadening method''. The spectrum of H, at 656.3 nm is often
used in the Stark broadening method. The shape of H,, is named
the Voigt shape, which is produced by the convolution of the
Gaussian shape and the Lorentzian shape. The broadening of
a Voigt shape can be expressed as

Al

2 0.5
Ady = [(T) + Aﬂé} + Al 3)

where Aly is the broadening of a Voigt shape, A4; is the broad-
ening of a Lorentzian shape, and Al is the broadening of a
Gaussian shape.

The broadening of a Gaussian shape can be expressed as

Adg = (A7} + M), @

where A4 is the instrument broadening, and A4, is the Doppler
broadening, which can be expressed as Eq. (5) for the H,
spectrum:
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Adp =47 X 107*Tg>, (5)

where T, is the temperature of the gas, which is equal to the tem-
perature of the electron in the plasma in the LTE state.
The broadening of a Lorentzian shape can be expressed as

Ay = Ads + Adyans (6)

where Alg is the Stark broadening, and AA,,, is the van der
Waals broadening, which can be expressed as Eq. (7) for the
H, spectrum:

Adyan =5.12/TY7. (7)

After we obtained AAg, the density of electron can be
expressed as Eq. (8) using the Stark broadening of the H,

spectrum:
Adg\ 1723
=|— x 1018, 8
e (3.19) ®

where 7, is in cm~3, and all the above broadenings are in nano-
meters (nm).

L. Results and Analysis

The plasma emission spectra in the visible range with different
capacitances at the electrode spacing of 1.9 mm are obtained, as
shown in Fig. 3. The plasma emission spectra with capacitance of
0.16 pF at different electrode spacings are shown in Fig. 4. It can
be seen from the figures that some sharp spectral lines appear in
the emission spectra of plasma under different working condi-
tions. The wavelength positions of sharp lines in these six figures
almost stay the same. However, there are some different sharp
lines absent in different working conditions.

The plasma luminous color, electron temperature, and elec-
tron density under different working conditions are calculated
and shown in Fig. 5. The normalized red, green, and blue com-
ponents of RGB are also marked in the figure. As can be seen
from Fig. 5(a), the electron temperature increases with the
increase of capacitance. This is because increasing the capaci-
tance means increasing the energy stored in the capacitor; that
is, the input work of the actuator increases, so the energy depos-
ited during discharge increases. Therefore, the heat energy
released during the discharge increases, resulting in the increase
of the plasma gas temperature. Due to the LTE, the electron tem-
perature is equal to the gas temperature, so the electron temper-
ature increases. It can also be seen from Fig. 5(a) that the electron
density increases with the increase of capacitance. This is
because, with the increase of capacitance, the discharge voltage
is basically unchanged, so the energy obtained by a single elec-
tron when being accelerated in the electric field remains
unchanged. As mentioned above, the total discharge energy
increases, so the number of electrons accelerated in the electric
field increases, and the number of ionization reactions and
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Fig. 3. Plasma emission spectra in the visible range with different capaci-
tances at the electrode spacing of 1.9 mm. (a) Spectrum at 0.16 pF, (b) spec-
trum at 0.32 pF, and (c) spectrum at 0.48 pF.

electron density increase. As can be seen from Fig. 5(a), under
the calculated working conditions, the plasma luminescence is
different light yellows. Among them, the corresponding lumi-
nous color with the plasma characteristics of electron tempera-
ture at 5344 K and electron density of 5.47 X 10® m™ is
compared experimentally. As shown in Fig. 6, the calculated
result is close to the actual color observed in the experiment.
As can be seen from Fig. 5(a), with the increase of capacitance,
the red component in the three primary colors first remains
unchanged and then decreases, and the green and blue compo-
nents increase. Because it is a normalized component, it means
that the portion of red is smaller, the portions of green and blue
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Fig. 4. Plasma emission spectrum in the visible range with 0.16 puF at different
electrode spacings. (a) Spectrum at the electrode spacing of 1.9 mm, (b) spec-
trum at the electrode spacing of 3 mm, and (c) spectrum at the electrode
spacing of 45 mm.

become larger, and the portions of red, green, and blue tend to be
more equal. When the portion of the three colors is equal, it
shows white light, so the light emission should be closer to white
light. It can be seen from the figure that the yellow of the color
diagram has become lighter. With the increase of capacitance,
the intensity of spectral lines mainly distributed in the region
of 500-600 nm increases, and these are mainly spectral lines
such as N7 ions (500.515 nm, 504.510 nm, 549.567 nm, and
566.663 nm) and C atoms (587.0655 nm); that is, the content
of N* ions and excited C atoms increases. In other words, the
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ionization reaction intensifies, and more C atoms in the air are
excited, which is consistent with the increase of electrons accel-
erated to high speed. The increase of spectral intensities in the
region of 500-600 nm is conducive to the increase of green and
blue components, because the light transmittances of green and
blue are relatively large in this range. Therefore, with the
increase of electron temperature and electron density, the pro-
portions of green and blue increase.

As can be seen from Fig. 5(b), as the electrode spacing
increases, the electron temperature decreases. Due to the LTE,
the gas temperature decreases. The reason is as follows. First,
with the increase of spacing, the air flow and heat exchange area
become larger. Second, with the increase of spacing, the arc
length is longer, which leads to the decrease of current density,
resulting in the decrease of Joule heat released by the arc. Due to
these two points, the heat generated is smaller and dissipated
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Fig. 5. Comparison diagram of plasma luminescence color, electron
temperature, and electron density under different working conditions.
(a) Comparison diagram of plasma luminescence color, electron temperature,
and electron density under different capacitances at electrode spacing of
1.9 mm, and (b) comparison diagram of plasma luminescence color, electron
temperature, and electron density under different electrode spacings when
capacitance is 0.16 pF.

Chinese Optics Letters Vol. 20, No. 7 | July 2022

Fig. 6. Comparison between measured color and calculated color.

more, so the temperature decreases. As can be seen from
Fig. 5(b), with the increase of electrode spacing, the electron den-
sity increases. This is because with the increase of electrode spac-
ing, the discharge has more difficulty happening, the breakdown
voltage increases, and the increase of spacing is faster than the
increase of voltage, as a result, the electric field intensity
decreases. When a single electron is accelerated in the electric
field, the energy obtained by the electron is directly proportional
to the electric field intensity. Therefore, the energy obtained by a
single electron decreases. Meanwhile, the discharge voltage
increases with the increase of electrode spacing, and thus the
total discharge energy increases. Therefore, the number of elec-
trons accelerated to high speed increases, so the number of ion-
ization reactions increases, and the electron density increases.
With the increase of electrode spacing, the proportions of green
and blue decrease, and the luminous color becomes darker. This
is because with the increase of capacitance, the energy gain of a
single electron remains unchanged; with the increase of elec-
trode spacing, the energy gain of a single electron decreases.
The energy gain of a single electron affects the energy difference
between the upper and lower energy levels of the ionization exci-
tation reaction. The higher the energy gain is, the greater the
energy difference of the reaction is, and the shorter the wave-
length of the spectral line corresponding to the reaction is.
Therefore, the wavelengths of the spectral lines with the larger
intensity increase when the capacitance is increased are shorter
than the wavelengths of the spectral lines with the larger inten-
sity increase when the spacing is increased. This can be observed
in Figs. 3 and 4. When the capacitance is increased, the spectral
lines with the larger intensity increase are roughly in the range of
500-600 nm, while, when the spacing is increased, the spectral
lines with the larger intensity increase are roughly in the range of
580-660 nm. The CMF of red light in the range of 580-660 nm is
relatively large, so when the spacing is increased, the composi-
tion of red light increases. Because it is a relative quantity, the
result is that the proportions of blue and green light decrease,
and the proportion of red light increases with the decrease of
electron temperature and the increase of electron density.
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