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Abstract ; The spectrum of one triggered lightning with time resolution of 20 ws was observed by using the slit-
less spectrograph and the current intensity at the channel bottom was obtained, based on which the radiation
characteristics of the lightning spectrum under different current intensities were analyzed. The duration of the
spectral line was analyzed according to the excitation energy of the spectral line and the change of the channel
current. As a result, the spectral lines were divided into three types. Furthermore, mechanisms of the contin-
uous background radiation of short wavelength and long wavelength were analyzed, respectively. The influ-
ences of two radiation mechanisms on continuous background radiation attenuation were researched.
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1 Introduction

The lightning peak current can reach dozens of
kA within 1 ps and the particle in the lightning
channel may be dissociated and ionized, which form
a typical plasma. The study of spectrum shows that
the spectral line intensity change is the important ba-
sis of reflecting the plasma formation, increase and
decrease. The spectral intensity and duration under
different energies play imperative role in the study of
the plasma generation mechanism and the thresh-
old""*. The lightning spectrum reflects that the mi-
croscopic physical process and breakdown mecha-
nism occurred in the internal lightning channel. The
lightning spectrum with the high temporal resolution
paves an effective road for quantitative research in
this area.

Much effort had been done on the lightning
spectrum study during the past hundred years, how-
ever, there is no corresponding current observation
data, most of the researches mainly focused on the
spectral characteristics and the change of the chan-

51 The combination analysis of the

nel parameters
spectral characteristics and lightning discharge cur-
rent is rare, many studies only focus partially on the
spectral structures or the lightning discharge current
characteristics. The recent development and applica-

tion of artificially triggered lightning makes it possi-
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ble to study using the combination of the spectral
characteristics and the lightning discharge current
characteristics.  Artificial triggering lightning can
measure the channel bottom current directly and ob-
tain parameters such as lightning energy. It is an im-
portant way to reveal the lightning physics process
based on the spectral characteristics in different dis-
charge parameters, which reflect the fine-structure of
lightning and the microscopic physical process inside
the lighting channel.

In this paper, we studied the emission spectrum
of an artificial triggering lightning process in Guang-
dong by using the slit-less spectrometer with time
resolution of 20 ws. At the same time, the bottom
current intensity was obtained, and the flashes of
spectral radiation characteristics were analyzed in

different current intensities.

2 Experiment and observation

The spectral observation was carried out through
slit-less grating spectrograph. The distance between
spectral observation point and thunder point is about
1. 9 kilometers and the recording system is Photron-
SAS high-speed cameras. At the same time, the
time resolution was fixed as 50 000 frames per sec-
ond, the spatial resolution was 512 x272. Simulta-
neously, the grating was in front of the camera lens

and the first level of spectral resolution was 1.3

Tab.1 Current parameters of R9, R10

Peak current/kA  10% —-90% rise time/ s

Half peak time/ws The full wave time/ps Transfer charge/Q

R9 11.64 0.28
R10 10.34 0.2

3.2 0.57 0.60
3.08 0.60 0.45
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The current measurement system was given
in the references [ 10-11]. A negative polarity artifi-
cial triggered lightning was successfully obtained and
the emission spectrum of the last two stroke channels
was obtained by the spectrometer at 15:07:19, July
10, 2017.

The artificial triggered lightning has 10 return
strokes, from which we obtained the spectra of the
last two return channels, where R9 and R10 repre-
sent twice return stroke respectively. Fig. 1 shows
the bottom current of artificial triggered lightning
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(a) Bottom current of artificial triggering lightning channel
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Fig. 1

3 Data analysis

Fig. 2 shows the spectrum of the lightning re-
turn stroke channel changes with the time in R9 and

R10, and the lightning channel is on the left. Fig. 3
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channel and the current pulse parameter definition.
Tab. 1 shows the R9, R10 back current characteris-
tic parameters. According to the current data of the
bottom channel we extract the current waveform pa-
rameters including peak current intensity (/,), the
full wave time(T, ), half peak time(T,, ), 10% -
90% rise time and transfer charge ( Q). The defini-
tion of corresponding parameters is shown in Fig. 1
(b). The transfer of charge was obtained according

to the current waveform and time integral >’
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Channel bottom current pulse and parameters of the current pulse

shows the attenuation curve of the two return

strokes, and the dot is the spectral moment. Fig. 4
shows the spectrum of two return strokes in 60 s,
where the horizontal is the wavelength and the ordi-

nate is the relative strength of the spectrum.

180
160
140
120
100
80
60
40
20

Time/ps

Wavelength/nm
(b) R10

Fig.2  Original spectra of two return strokes variation with time in discharge channel



434

ZHANG Hua-ming,et al. ; Analysis of the radiation evolution characteristic of

673

5%
T

(@)

—
[~ (=]
T T

Current intensity/kA
o

100 140 180
Time/us

20 60

Fig.3 Channel bottom current decay curves for two return

220

12
1o 1 ®)
3
E)
s 6f
R=
z Jf
5
O 2r
ol—
0 40 80 120 160 200
Time/us
strokes

o
[=3
=2

(b) R9-2

Relative intensity
™} Y
(=3 =

Relative intensity

x®
=3

72}
S
S
ey

R . A ) 40 . . . . . . . .
422.0 490.0 556.0 622.0 688.0 422.0 490.0 556.0 622.0 688.0 422.0 490.0 556.0 622.0 688.0
Wavelength/nm Wavelength/nm Wavelength/nm
240f © S 90 © L < -
L @RI0-1 = g5l @ORI02 £ 801 (HR10-3 8 gg S
z 2001 280 2 [ Al 3
£ [ Z £
g 575 570
2 100 5 £
2 1of gr 2%
= % 65 = 60
o] r o 2]
= F 60 ~
40 >t

422.0 490.0 556.0 622.0 688.0
Wavelength/nm

422.0

490.0 556.0 622.0 688.0
Wavelength/nm

422.0 490.0 556.0 622.0 688.0

Wavelength/nm

Fig.4 Spectra of two return strokes at 0, 20, 40 s

From Fig. 4 we can see that the return stroke
(R9,R10 in 0 ps(a,d), 20 ps(b,e), 40 ps(c,
f)) lines at the beginning are mainly single ionized
spectral lines of nitrogen, oxygen, such as OlIl
419.0 nm and OII425.3 nm, NI444.7 nm,
NII463.0 nm, NII480.3 nm, NII500.5 ,
NII517.9 nm, NII568.0 nm, NII5S94.2 nm and

NII616. 8 nm. However, some lines are observed at

nm

the end of the return stroke, which mainly results
from the lower excited neutral nitrogen, oxygen and
hydrogen spectrum lines such as 0I436.8 nm,
0I615. 8 nm, NI 600. 8 nm, Halpha, H beta, etc.

The rising time of the R9 and R10 (10% -

90% ) was 0.28 ws and 0.20 s respectively. The
lightning channel currents reached the peak value in
an instant, which ionized the particles in the chan-
nels. Therefore, the first line is single ionized spec-
tral transition lines, followed by strengthening of
continuous spectrum. The neutral atoms transition
spectral line appeared at the end. The ion spectral
line intensity of both R9 and R10 reached the peak
in the first spectrum picture, namely O ps. In the
second spectrum of R10, many ion spectral lines
could not be observed. R9 ion spectral line was at-
tenuated in the second picture. The main reason of

R9 channel bright enhancement is that the continu-
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ous background radiation reached the peak. The
transfer charge of R9 and R10 is 0. 60 C and 0.45C
respectively. Since the transfer charge of R9 is rela-
tively higher, meaning higher energy in the channel ,
the ion spectral line of R9 lasts longer than R10.
Fig. 5 shows the time evolution of spectral lines
for two return strokes. The spectral lines can be
classified into three categories according to duration.

The line intensity of the first kind of spectral reached
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the peak in O ws, and then attenuated quickly. RS9
disappeared in 20 ps, and RS10 disappeared in O
ws. These spectral lines were the transition spectrum
of a single ionized ion of nitrogen oxides, and mini-
mum excitation energy was 20. 67 eV for NII568. 0
nm, such as OI419.0 nm, OIl425.3 nm,
NII444.7 nm and 480.3 nm, NII 500.5 nm and
517.9 nm, NII568. 0 nm and 616. 8 nm.

240
220t
2001
180F
160}
140
120}
100}

80F

60

40

Relative intensity

0 20 40 60 80 100 120 140 160 180
Time/ps
(b)RS10: disappeared in 0 pus

Fig.5 Time evolution of lines for two return strokes

The difference between the second kind of
spectral line and the first one is the duration time,
where the second was longer than the first one. For
instance, NII463.0 nm in R9 lasted to 80 s,
NII594. 2 nm in R9 lasted to 20 ps, and lasted to
100 s in R10.

The third kind of spectral lines showed the
characteristics that it was not observed in 0 s but
reached the peak in 20 us, and then receded slow-
ly. These spectral lines lasted for a long time, such
as 0I436.8 nm, O0OI615.8 nm NI600.8 nm, NI
648.2 nm, H, and H,. The strongest strength lines
was H,. This kind of spectral lines were the transi-
tion spectral line of neutral nitrogen, oxygen and hy-
drogen atoms, with low excitation energy between
12 =13 eV.

Since the lightning channel current reached its

peak in an instant and then began to attenuate rapid-

ly, the high excitation energy appeared firstly and
attenuated rapidly. The persistent low current in the
return channel and the recombination process of the
ions made the neutral particles in the channel more
exsiting in excited states. Therefore the third kind of
spectral line can last longer.

Fig.6 (a) shows the variation of total spectral
intensity over time. The 6(b) and 6(c) in the bot-
tom show the stack line by the offsets of R9, R10
spectra over time respectively. The total intensity of
the spectrum is defined as the area surrounded by
the spectral curve and the x-coordinate. R9 ion line
reached its peak of total intensity at 0 s, and total
spectral intensity reached the peak in 20 ps. Com-
bined with the relationship between spectral stacked
graph and time, the main reason of the total spectral
intensity reaching its peak in 20 s is that the con-

tinuous background radiation enhanced in 20 s.
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Fig.6 Time evolution of total spectral intensity for two return strokes

According to the plasma radiation theory, the
continuous spectrum mainly comes from the brems-
strahlung radiation and recombination processes in

14130 The bremsstrahlung radiation is the

plasma
process of emitting photons by the collision of high-
temperature free electrons and other particles in the
plasma, i.e. :

e(h) + M ——e(l) + M + hv . (1)
In this formula, e(h) and e(1) are free electrons at
the higher temperature and lower temperature, re-
spectively; M is the third body particle; and v is the
frequency of recombination radiation. The recombi-
nation radiation of the channel plasma is realized

U411 One is the disso-

mainly through two processes
ciation progress of atmosphere ions and free elec-
trons, namely;
N +e+M—>N" +N+M+h
0" +e+M—>0" +0+M+hy

In the formula, N* and O " are nitrogen ions and ox-

(2)

ygen ions. N* and O" are excited nitrogen atoms
and oxygen atoms, respectively. The other process is
the direct compound process of positive and negative

ions, namely:

N*+0——N, +0, + hv
0"+0 —0, +0, thy
Through the stack line of R9 and R10, we can see

(3)

that the continuous spectrum had been decreasing
since it gets its peak, but the amplitude of decrease
in the long wave band is less than that of the short-
wave band. This is associated with the radiation
mechanism of continuous spectrum. At the begin-
ning of the return stroke, plasma temperature and
density lied in the highest due to channel current
getting its peak instantaneously at the same time.
Therefore , stroke continuous background radiation at
the beginning of return is given priority to brems-
strahlung radiation. With time elapsing, the channel
current decreased rapidly, channel radius increased,
channel temperature and electron density decreased.
Compound radiation enhanced gradually, but the
amplitude enhancement of recombination radiation is
less than that of the bremsstrahlung radiation reduc-
tion. This lead to continuous declining of radiation.
Because the continuous background radiation pro-

duced by the recombination radiation is mainly con-
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centrated in the long-wave band, the amplitude re-
duction of long wave band is less than that of short-

wave band.

4 Conclusions

Based on the analysis of the emission spectrum
with the time resolution of 20 s and the bottom cur-
rent of the artificial triggered lightning channel, the
following conclusions can be drawn

(1)10% to 90% of the rise time is less than
1 s, which makes the lightning channel current get
its peak instantly. Single ionized ion transition spec-
tral line appeared firstly in the return stroke chan-
nel, followed by increase of continuous spectrum.
Finally, neutral atoms transition spectral line ap-

peared. The higher transfer charge has higher chan-
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