A ER- G

Chinese Optics B

TN S T A SO R BT UL AT 5T
HAK EEE BREE
Formation mechanism of the continuous spectral profile of lightning plasma

DONG Xiang-cheng, WANG Guo-wei, CHEN Jian-hong

FIUHASLE:

#A A, FEA, BRE . TN A B IR SIS R B BL BT S0, EDE2E, 2021, 14(5): 1243-1250. doi:
10.37188/C0.2021-0018

DONG Xiang-cheng, WANG Guo-wei, CHEN Jian-hong. Formation mechanism of the continuous spectral profile of lightning
plasmal[J]. Chinese Optics, 2021, 14(5): 1243-1250. doi: 10.37188/C0.2021-0018

TEZR 2 View online: https:/doi.org/10.37188/C0.2021-0018

L] RERGBR A HAN SO

Articles you may be interested in

NI fih DR P T )RR R 20 B
Analysis of radiation evolution characteristics of the artificial triggered lightning channel

FiE Y2, 2019, 12(3): 670  https://doi.org/10.3788/C0.20191203.0670
P B TR 1 4 a8 e S L

Planar plasmonic lenses and their applications

2. 2017, 10(2): 149  hitps:/doi.org/10.3788/C0.20171002.0149

FETOLRLARIN B9 220G I TR
Multi-spectral temperature measuring system based on photoelectric detection

Y2, 2019, 12(2): 289  https://doi.org/10.3788/C0.20191202.0289

BRFEAL S B IO ERERTTE
Synthesis and spectral properties of phthalocyanine compounds

2. 2018, 11(5): 765  https:/doi.org/10.3788/C0.20181105.0765

R RETE B DA B3 7 A BRI R i A AE AT
Spectral reflected response of Larch to copper stress in Shujigou mining area

F 2. 2019, 12(2): 332 https://doi.org/10.3788/C0.20191202.0332

S AR 2 T 14 ' 1% XS 1) S A 31 R S e RIF 5
A study on the spectral BRDF measurement of red copper rough surfaces

HRE Y. 2019, 12(6): 1385 https:/doi.org/10.3788/C0.20191206.1385


http://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0018
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20191203.0670
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20171002.0149
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20191202.0289
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20181105.0765
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20191202.0332
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20191206.1385

4% s th DA Vol 14 No.5
2021 4E9 H Chinese Optics Sept. 2021

NEHRE 2095-1531(2021)05-1243-08

Formation mechanism of the continuous spectral

profile of lightning plasma
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2. School of Electronic and Information Engineering, Lanzhou City University, Lanzhou 730070, China)
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Abstract: The cloud-to-ground lightning discharge spectrum was recorded using a slitless grating spectro-
graph with a spectral range of 400~1 000 nm. Abundant monovalent nitrogen ion lines were observed in the
lower-frequency range of the visible spectra, whereas other important ion lines were not clearly observed.
Under the action of the cloud-to-ground electric field, a large number of electrons in the lightning plasma
channel poured onto the ground and quickly heated the channel, such that the temperature decreased along
the radial direction of the channel. This process enhanced the interaction between the nitrogen ions and the
electrons near the channel surface, producing continuous radiation. The continuous radiation mechanism of
lightning mainly includes bremsstrahlung and recombination radiation, which correspond to the Coulomb
collision between the nitrogen ions and free electrons and the capture of free electrons. When the plasma tem-
perature is lower than 10,000 K, the continuous bremsstrahlung spectrum is a flat spectrum, which has no ob-
vious influence on the profile characteristics of the continuous spectrum in the visible light range. For recom-
bination radiation, an approximate calculation method for non-hydrogen-like complex ions was introduced on
the basis of the classic hydrogen-like ion radiation theory. The Gaunt factor was used for quantum mechanic
correction to analyze the recombination radiation process of nitrogen ions, on the basis of above, the func-
tional relationship between the recombination radiation coefficient of the continuous spectrum and the
wavelength was derived. Finally, a characteristic curve was drawn for the continuous radiation spectrum of
nitrogen plasma. The curve was compared with the observed profile of the continuous lightning spectrum, re-
vealing that the temperature of the electrons on the plasma surface is closely related to the position of the
continuous radiation spectrum peak; the effective nuclear charge number Z* of the introduced nitrogen ions
has a significant effect on step feature and broadening characteristics of the continuum spectrum. By compar-
ison, when Z* was set to 3, the theoretical curve was highly consistent with the profile characteristics of the
continuous spectrum. The range of Z* was determined by the type of ions. The introduction of Z* could help
to effectively explain the step feature of the continuous spectrum of the lightning plasma at a given

wavelength.
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1 Introduction

Plasma spectroscopy is a focus of frontier re-
search and has broad application prospects in fields
such as space physics, high-voltage breakdown and
material processing!!l. Lightning is a type of com-
mon natural atmospheric gas discharge plasma.
There are many types of particles in lightning dis-
charge plasma, that collide with one other fre-
quently, accompanied by an increasingly violent
discharge process®®, hampering direct measurement
of its parameters, thus making spectrometry an im-
portant means of indirectly measuring and studing
its characteristics. Lightning plasma spectra are
characterized by superposition of line spectra over
strongly continuous spectra, which are closely re-
lated to the initiation, stabilization and disappear-
ance of the lightning, thereby significantly impact-
ing the accurate measurement of the linear spectra!.
Many results have been achieved in research on the
linear spectra of lightning. Owing to the complexity

of the formation mechanism of continuous spectra,

there remain few studies on the continuous radi-
ation spectra of plasma. So, it is of great signific-
ance to research the development and dissipation of
low-temperature thermal plasma and the process of
energy transmission inside plasma.

In the process of cloud-to-ground discharge,
lower atmospheric changes have a higher research
value. The lower atmospheric layer consists of clean
dry air, water vapor, and pollutants, of which clean
dry air is the main component. To simplify the ana-
lysis process, atmospheric ionization by lightning is
reducible to the ionization of clean dry air. Nitrogen
is the major component of clean dry air, accounting
for about 78.08% by volume, while oxygen ac-
counts for about 20.95% and inert gases account for
about 0.93%. The generation of lightning plasma is
mainly due to nitrogen and oxygen. When the equi-
librium temperature of the gases is about 10,000 K,
all oxygen and nitrogen molecules are in the atomic
state™, and the typical temperature of the lightning
discharge return stroke channel is normally 10,000 K.
So, without considering the molecular spectra in the

channel®, after elimination of stray light, the con-
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tinuous spectra are determined by the bremss-

trahlung and recombination radiation processes.

2 Theoretical methodology

2.1 Effect of bremsstrahlung on continuous

spectra

Bremsstrahlung is generated by a sudden
change in the speed of electron motion in plasma. It
is divided into electronic-atomic bremsstrahlung
generated by electrons under the action of the nucle-
ar electric field, and electronic-ionic bremsstrahlung
generated under the action of the ion Coulomb field.
The avalanche of ionization energy generated in the
formation process of a lightning channel highly ion-
izes the center of the channel. Considering the very
low atomic density inside, the effect of electronic-
atomic bremsstrahlung on the continuous spectra
can be ignored. The high temperature in the return
stroke channel drives ions toward the thermal equi-
librium state, and the electron velocity follows the
Maxwell distribution. Electrons at various initial ve-
locities contribute to the monochromatic radiation
waves within the range. The radiation coefficient for
the collective spectra of the thermal equilibrium
plasma electrons with temperature T}, iU’

h
exp(—ﬂk;) , (D

Jff(Tinv/l) = Cl% \/17,:
where C; =5.44x107%-¢-Z*-N.- Nz g;¢(Tin, D), in
which N, and N; respectively represent electron
density and ion density; Z represents the ionic
charge number; and g;/(T,, A) represents the mean
Gaunt quantum mechanics revision factor. C; has no
impact on the continuous spectral profile of
bremsstrahlung, while the spectral intensity tends to
rise first and then decrease as C, increases. The
main factors affecting C; include electron density N,
and ion density N;. In a low-temperature plasma,
owing to the low mean velocity of electrons, the
8r#(Tiy, A) and the ionic charge number Z have little
impact on Cj;. As can be seen from Equation (1),

when the wavelength is less than 200 nm, the effect

When the

wavelength is greater than 200 nm, the bremss-

of Dbremsstrahlung is significant.
trahlung is characterized by flat spectra. The experi-
mental observation shows that the continuous spec-
tral peak of lightning mainly appears between
400 nm and 600 nm, and bremsstrahlung has no ap-
preciable impact on its profile features.
2.2 Effect of recombination radiation on con-

tinuous spectra

Freely moving electrons in plasma are captured
by ions, producing recombination radiation as they
bind. The higher the plasma temperature, the great-
er the average kinetic energy of the electrons, and
the higher the frequency of the continuous radiation.
After being captured by ions, the electrons may be
in a highly excited state, and the atomic spectra gen-
erated during electron transition to a lower level is
known as complex-cascade radiation recombination
radiation. It contributes to the monochromatic radi-
ation waves within the range. For local thermal
equilibrium hydrogen plasma with a temperature of
T., the recombination radiation coefficient in the

channel is represented by!'!:

3
2c-z4-Ne-NZ_(i)z_

Jip(Tex, 1) =5.44 %107
( ) BB T..

he \ g

— | (T

/UCTeX) Ui gfb( exa/l) s
2)

exp(l -
where g;; represents the statistical weight of ground-
state ions, and U, is a partition function. For a hy-
drogen plasma in excited state, g;; = U; and
gr(Tex, A) represents the average Gaunt factor of the
recombination radiation.

The above theory is applicable to hydrogen and
hydrogen-like plasmas. For lightning plasma, it can
be improved through parameter correction and ap-
proximation based on an analysis of the spectral fea-
tures of lightning. A slitless spectrograph consisting
of a high-speed camera and a plane transmission
grating with 600 lines/mm, was used to record a
spectral image of a lightning return stroke in Qing-
hai, as shown in Figure 1. The high-speed camera

was operated at 6000 frames per second (fps), and
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the time interval between the two images in Figure 1
is 0.117 ms.

Fig. 1 Images of time-sharing lightning beam

The image was interpreted with reference to
the National Institute of Standards and Technology
(NIST) Atomic Spectra Database, obtaining spectra
of the same beam at different heights from the
ground, as shown in Figure 2. Figure 2(a) shows the
spectrum at a high elevation while Figure 2(b)
shows the spectrum at a low elevation. Figure 2
shows that the main component of the positive ions
in the lightning plasma is N I, so equation (2) can
not be completely suitable for analyzing the con-
tinuous spectra of lightning plasma and must be re-
vised. Lightning spectra are quite similar to the
spectra of welding arc plasma''?. The temperature is
highest at the center of the discharge channel!™ and
the core current channel is very thin while the
charge density is high. Thus, an electric field is gen-
erated radially from the channel, driving charges
outward to form an electric light beam layer, with a
gradually decreasing temperature. Therefore, the
lightning channel is regarded as a plasma column
whose temperature decreases from the inside out.
The core current channel is at a high temperature
and its continuous radiation is dominated by

bremsstrahlung. The light beam layer outside the

channel is at a low temperature, and the continuous

radiation is dominated by recombination radiation.
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Fig. 2 Spectra of the lightning beam at different heights
from the ground

Figure 2 shows a large number of N II spectral
lines on the short-wave band, while other spectra are
not clearly visible. Considering that continuous
spectra are mainly generated by monovalent nitro-
gen ions, Equation (2) needs to be revised. Because
electrons are very likely to enter a highly excited
state when captured by ions, in approximation, ni-
trogen ions and electrons form a hydrogen-like sys-
tem. The energy of the electrons for photon radi-
ation in the complex process is as follows:

1
hv=§meVez+(E1—En) ) (3)

where E| represents the first ionization energy
14.53 eV of the nitrogen atoms; E, represents the n™
excitation energy of the nitrogen atoms, E, =0 is
its minimum, while the first ionization energy of ni-
trogen atoms is its maximum. Formula (3) shows
that continuous radiation spectra are not smooth in

the recombination radiation process. A transition
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peak exists at E,and the ionization energy E;—
E,<hv, compounded to all n energy levels, affects
the total emission coefficient of the continuous radi-
ation. The ionization energy (E, — E,) at the n™ en-
ergy level can be approximately represented as the
ionization energy of hydrogen atoms.
_ @R,

hw=E,-E, >
n

, 4

where R, represents the Rydberg energy, and Z" rep-
resents the effective charge number in nitrogen ions.
Thus, the value of n(1) can be determined as fol-

lows:

R,A
nA)=2Z"+/— . (5)
hc

The value of Z* should be between 2 and 7, so

Equation (2) is revised as follows:

G (1) E.. hec
Tod) =22 .
InTed) =25 (T) eXp(kTex /lkTex)X

ZGn(ﬂ)-n_3-exp(—k§") , (6

where C, =5.44%x107%.¢-Z*-N,-N,, in which C,

has no impact on the continuous shape of the recom-

bination radiation spectra, and E , represents the en-
ergy released by the electrons when captured at the
n™ energy level. Low-temperature thermal plasma
G,(A) canbe set as a function that decreases lin-

early from 5 to 1 as the wavelength increases!'*').

3 Comparison between the profile
features of the theoretical and
experimental continuous spectra
curves

3.1 Characteristics of the theoretical curve

The wavelength is set to 200—1200 nm. The
surface temperature of the plasma column 7, is set
to 8x10°*-1.2x 10°K, E,,=1eV, E,=13.6¢eV, and
Z is set to 2-5.

Lightning plasma is considered to be optically
thin, so the spectral intensity is positively correlated

with the radiation coefficient of the spectra’®'”. The

functional curve of the spectral radiation coefficient
is compared with the profile of the continuous radi-
ation spectrum. As shown in Figure 3(a), as Z in-
creases, the transition features of the spectral shape
weaken, as does the radiation intensity. This can be
interpreted as a decrease in the probability that free
electrons are captured into the inner orbit of the
ions. As shown in Figure 3(b), as the plasma tem-
perature T, increases, the continuous spectral peak
shifts significantly toward the short-wave, and the
radiation intensity changes slightly. This can be in-
terpreted as a violet shift of the continuous spectra
caused by an increase in the proportion of high-en-

ergy free electrons.
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Fig. 3 Effect of T., and Z" on the profile features of the

continuous spectra

The continuous spectral envelope in Figure 2 is
extracted and compared with the curve in Figure 3.
Setting the temperature to 7,500 K and the effective
charge number in the ions to 3, a continuous theoret-
ical spectral profile is drawn and compared with the
continuous spectral profile in Figure 2, as shown in

Figure 4.
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Fig. 4 Comparison between the experimental and theoret-

ical profile features of the continuous spectra (Z=3)

As shown in Figure 4, the theoretical curve fits
well with the experimental spectral profile. In
Figure 4(b), the experimental spectral intensity is
greater than the theoretical spectral intensity. This is
because Figure 4(b) corresponds to the continuous
spectra of the near-ground lightning plasma column.
The ion density in the return stroke channel should
be greater than the particle density corresponding to
Figure 4(a). The calculation results show that the
near-ground ion density in the return stroke channel
is about 1.14 times that at the top.

3.2 Comparative feature analysis of the theoret-
ical curve and experimental spectral profile

The comparison between the linear theoretical
curve of continuous radiation spectra and the con-
tinuous spectral profile features of lightning spectra
shows that bremsstrahlung contributes little to
changes in the continuous spectral profile within the
spectral frequency and temperature range of light-
ning plasma. It only affects the short-wave band

with no significant effect on the medium or long-

wave bands!"®. Quantum mechanics revision, a con-
tinuous radiation theory based on classical physics,
was realized through the Gaunt factor, which is nor-
mally set to a constant close to or greater than 1 in
low-temperature plasma. In contrast to welding arc
plasma, the factor was set to a quantity that changed
linearly with the wavelength. Taking the Gaunt
factor into consideration, limb broadening was di-
minished on the theoretical continuous spectrum
profile, becoming more consistent with the experi-
mental profile. The plasma electron temperature
showed the most significant effect on the profile. As
the temperature rose, the spectral peak shifted to-
ward the short-wave. As shown in Figure 4, the ex-
perimental spectral profile is most consistent with
the theoretical curve at 7500 K. This result falls
within the range of results defined by the continu-
ous spectral slope method in Ref. [19]. Ion species
is another important factor affecting the continuous
spectral profile. The larger the atomic number of the
ions, the weaker the transition features of the result-

ing continuum spectra.

4  Conclusions

The Gaunt factor has been used for quantum
mechanics revision on the basis of the classical the-
ory of hydrogen-like ions. Considering that free
electrons are very likely to enter a highly excited
atomic state, ions' effective charge number or ground-
state ionization energy can be revised to approxim-
ate monovalent nitrogen ions by viewing them as
hydrogen-like ions. This establishes a theoretical
formula for the continuous spectral radiation coeffi-
cient of nitrogen plasma. The consistency between
the continuous spectral profile features of the theor-
etical curve and lightning plasma was verified, re-
vealing that plasma temperature has the most signi-
ficant effect on the continuous spectral profile fea-
tures and plays a major role in locating the spectral
peak with respect to the wavelength. Second, the ef-

fective nuclear charge number following the approx-
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imation of nitrogen ions as hydrogen-like ions plays fect on the limb broadening of the continuous

a major role in promoting the appearance of the con- spectra.

tinuous spectral transition peak and also has an ef-
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