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Abstract

The detection of SF, decomposition products can determine the type of gas-insulated equipment failure and the degree of
damage. However, the existing sampling-based detection methods cannot avoid the conversion of decomposition products,
which leads to the inability to accurately establish a decomposition mechanism and diagnose insulation faults based on the
decomposition products. An in situ measurement method of SF, decomposition products is proposed to study the decom-
position characteristics of SF under high-voltage discharge. First, femtosecond laser-guided high-voltage discharge is used
to realize the precise control of high-voltage discharge in space and time. Space-resolved spectra generated by femtosecond
laser-guided high-voltage discharge are obtained to realize the composition measurement of SFy decomposition products.
Second, the SF discharge decomposition spectra are obtained under different discharge voltages to study the effects of dis-
charge voltages on decomposition products. Finally, the electron temperature and electron density of SF¢ plasma are studied at
different voltages, the experimental results indicate that the maximum difference in excitation energy between the upper and
lower energy levels of the spectral line is 1.93 eV, and the maximum electron temperature is 2519 K. Besides, the minimum
electron density satisfying the LTE is 0.58 x 10'7 cm™3, and the minimum electron density obtained in the experiment is
7 x 10" cm™3. It is observed that the increasing discharge voltage can cause the electron density and electron temperature
to increase linearly and decrease linearly, respectively, suggesting that the SF¢ plasma is in local thermal equilibrium based

on the Mc Whirter criterion.

1 Introduction

SF, is widely used in gas-insulated switchgear (GIS) and
other power equipment due to its excellent insulation and
arc extinguishing properties [1-7]. However, SFy is prone
to decomposition under discharge [3—7]. The low-fluorine
sulfide generated from the decomposition will react with
the micro-water, micro-oxygen and insulating materials in
the equipment to form toxic and corrosive compounds such
as SOF,, SO,F, and HF [3, 4], which will not only affect
the normal operation of GIS equipment, but also endanger
the health of on-site operators [1, 3, 4, 6]. Therefore, it is
necessary to study the decomposition characteristics of SF,
and the research results are of great significance for further
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research on the mechanism of SF¢ decomposition and on-
line monitoring technology of high-voltage equipment.
Previous studies have shown that the decomposition char-
acteristics of SF, are closely related to the discharge energy
of equipment [8, 9]. In general case, the number of SF
molecules is affected by high-energy electron flow and the
number of SF, S—F bond breaks after collision is random.
But in general, a higher energy electron flow will result in a
higher probability of effective collision [9]. Specifically, a
higher energy electron will have a higher probability of col-
liding with SF¢ In this case, more S—F bonds are caused to
break and hence generate more low-fluorine sulfides, thereby
producing more toxic and harmful substances. Therefore,
the discharge energy has direct relation to the decomposi-
tion products of SF,, which will have an adverse impact on
the on-site operators and the insulation performance of the
equipment. However, few studies about the influence of the
discharge energy on the decomposition characteristics of SF¢
were conducted.

At present, mass spectrometry and chromatogra-
phy method are used to research the decomposition
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characteristics of SFg by sampling and analyzing the
decomposition components of SFy gas in GIS equipment
[3-12]. However, such methods are facing challenges
because some decomposition products may be transformed
within a short period of time after being sampled [13],
which will lead to an inaccurate and uncertain measure-
ment [14]. Therefore, in situ measurement of SF, decom-
position products is of great significance for studying the
decomposition characteristics of SF in an accurate man-
ner. Even so, it is difficult to carry out in situ measurement
of SFy decomposition products due to the randomness in
time and space of free discharge.

In recent years, femtosecond laser-guided high-voltage
discharge has attracted extensive attention [15-19], Pol-
ynkin et al. proposed the application of guiding natural
lightning based on multi pulse guided discharge scheme.
The results showed that the femtosecond laser-guided
high-voltage discharge technology could realize the accu-
rate control of discharge in time and space [16]. Leonov
et al. studied the use of femtosecond laser pulses with
low energy and high peak intensity (> 100 TW/cm?) to
guide and control sub microsecond high-voltage dis-
charge. The magnetic field required for air and nitrogen
breakdown at atmospheric pressure was measured. Direct
imaging of discharge breakdown dynamics showed effec-
tive laser guidance [17]. M€ jean et al. demonstrated that
the ability of ultrashort high-power laser pulses to trigger
and guide high-voltage discharge could be significantly
enhanced by subsequent visible nanosecond laser pulses
[18]. Rodriguez et al. found that the trigger efficiency
mainly depended on the spatial connection between the
laser filament and the electrode and the time coincidence
between the laser and the high-voltage peak. It is proved
that the ionization filament generated by femtosecond ter-
awatt laser pulse can trigger and guide high-voltage dis-
charge. In addition, the technology has a lot of applications
in various fields, such as guiding natural lightning [15],
laser-triggered switching [20], and velocity measurements
[21]. This technology has proven capable of controlling
discharge in time and space precisely, which makes it
easier to observe spatial resolved spectra. Furthermore,
the characteristics of SF4 decomposition products can be
analyzed by spatial resolution spectra, and this detection
method has great application prospects for studying the
in situ measurement of SF, decomposition products. The
space—time characteristics of femtosecond laser-guided
high-voltage discharge have been studied in this paper, and
the precise control of the discharge in time and space was
realized in the first place. Then, the in situ measurement
of SF4 decomposition products was proved feasible, and
the spatial resolved spectra of SFy decomposition prod-
ucts at different voltages were investigated. The electron
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temperature and electron density of SF¢ plasma at different
voltages were studied at last.

2 Experiment
2.1 Experimental setup

The schematic of the experimental setup for femtosecond
laser-guided high-voltage discharge in insulating medium
SF¢ gas is shown in Fig. 1, which includes a gas jet, a fem-
tosecond laser, a high-voltage discharge system and a detec-
tion system. The nozzle is a glass tube with a diameter of
2.5 mm, and SFj is controlled by S48 32/HMT thermal mass
flow controller to eject from the nozzle with a flow rate of
3 m/s. The laser source is a femtosecond Ti: Sapphire laser
(Spectra-Physics, Spitfire Ace) with an output wavelength
of 800 nm, a pulse duration of 45 fs, a repetition frequency
of 10 Hz, and a pulse energy of 7 mJ. The plasma channel
(also called filament) generated by laser beam conduction
through prism and focusing by lens (f =300 mm) passes
through SF, gas.

The high-voltage discharge system consists of a DC nano-
second pulsed high-voltage power supply (HVP-P20, Xi'an
Smart Maple Electronic Technology Co., Ltd), an adjustable
current limiting resistor (maximum value is 5 k€), and a pair
of high-voltage electrodes. The frequency of the high-volt-
age power supply is 10 Hz, and both the rising and falling
edges are 50 ns. The electrodes are connected to the positive
and negative electrodes of the power supply, respectively,
and the distance is 8 mm. The inset shows the spatial posi-
tional relationship between the nozzle, laser filament and
high-voltage electrodes taken by a single-lens reflex (SLR)
camera (D90, Nikon). The high-voltage electrode is close
to the filament to guide the discharge, and the filament is
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Fig. 1 Schematic diagram of experimental setup
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located 2 mm directly above the nozzle. At the same time,
the adjustable current limiting resistor is connected in series
to control the discharge energy.

In the detection system, the scattering of the laser pulse
and the emission of the discharge pulses were detected by a
fast photodiode. The high-voltage probe and current probe
(CT-1, Tektronix) were used to record the characteristics
of the voltage and current output of the high-voltage power
supply, and such data were recorded in a 600 MHz oscil-
loscope. A spectrometer (Acton 2300i, Princeton Instru-
ment) equipped with a spherical lens (f =100 mm) was
employed to collect the plasma spectral characteristics of
SF¢ decomposition products. During the measurement, the
slit of the spectrometer (the slit width is 200 pm) was par-
allel to the plasma channel to obtain the SFy plasma spec-
trum. The signal dispersed by the grating (300 grooves/mm
blazed at 300 nm) was captured at the exit port by an image-
intensified charge-coupled device (ICCD, PI-MAX3: 10244,
Princeton Instruments). Before the experiment started, the
wavelength of the spectrometer has been calibrated with a
standard mercury lamp, and the spectral intensity has been
calibrated using a standard halogen light source integrating
sphere (PP-02097-000, Labsphere).

2.2 Space-time control of high-voltage discharge

Figure 2(a) shows the spatial position relationship between
the electrodes and the glass nozzle, and the distance between
the two electrodes is 5 mm. The arc generated high-voltage
discharge without laser guidance is shown in Fig. 2(b, ¢),
and it can be seen that a bright curve was formed between
the two electrodes and the discharge path was random.

Fig.2 Photos of free discharge
and femtosecond laser-guided
high-voltage discharge. a
Electrodes and nozzle; b, ¢ free
discharge; d guide discharge

Therefore, it is difficult for the discharge plasma spectrum
measurement to clearly and completely image the irregu-
lar filament plasma generated by the discharge into the
spectrometer, and it is also hard to synchronize the ICCD
camera, which makes it extremely difficult to observe the
decomposition and evolution process of SF,.

In this experiment, the plasma channel generated by fem-
tosecond laser self-focusing was used to realize the precise
control of high-voltage discharge in space and time. The
plasma channel had weak conductivity and can be used to
guide discharge [15]. The plasma has a certain life, and its
ability to lead discharge reduces gradually with the increase
of the delay time, so it needs to have a good overlap between
the life of the plasma channel and the time to reach the peak
voltage across the electrodes. In this experiment, the pre-
trigger TTL signal of the femtosecond laser was used to
trigger the high-voltage power supply to realize the syn-
chronization of the discharge and the laser signal. Under
the same electrodes distance, femtosecond laser was used
to guide high-voltage discharge (Fig. 2d). As can be seen
in Fig. 2(d), a straight and bright discharge arc was formed
between the two electrodes, the discharge path was not ran-
dom and completely along the plasma channel generated by
femtosecond laser, and the brightness was darker than that of
free discharge. The main reason for this phenomenon is that
the resistance of the plasma channel generated by the fem-
tosecond laser through the self-focusing effect is relatively
small, so that the charging voltage at both ends of the elec-
trode is less than the one during free discharge. Therefore,
the precise control of high-voltage discharge in space and
time can be realized using the plasma channel generated by
femtosecond laser.
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Meanwhile, it can be observed in Fig. 2(d) that the dis-
charge arc between the two electrodes was within a certain
spatial range, and the plasma intensity remained basically
unchanged. This indicated that the filament plasma induced
by the femtosecond laser-guided high-voltage discharge had
a one-dimensional uniformity, and hence one-dimensional
and simultaneous multi-component measurement can be
achieved by obtaining the space-resolved spectrum of the
filamentous plasma.

3 Results and discussion
3.1 SF,discharge decomposition spectral analysis

The plasma spectrum of pure SF, (concentration of
99.999%) was detected by the above experimental device
with the discharge voltage of 14 kV, as shown in Fig. 3.
The photo of filament was obtained with a single-lens reflex
camera as shown in Fig. 3(a). The white arrow in the figure
indicates the laser direction, and the blue area in the white
dotted line is the plasma channel generated by the femto-
second laser focusing. The signal in this area was collected
by the spectrometer slit and imaged by the ICCD camera
(Fig. 3b). The camera gate width is 100 ps, the gain is 50,
and the read and write delay is O ns (relative to the laser
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Fig.3 SF¢ decomposition spectrum of femtosecond laser-guided
high-voltage discharge. a Filament; b spatially resolved spectrum; ¢
SF¢ plasma spectrum

@ Springer

signal, the laser signal appears at 3130 ns, triggering high-
voltage power supply at about 3230 ns, the same below).
In Fig. 3(b), the abscissa represents the wavelength and the
ordinate represents the radial distance. From top to bottom
is the direction of femtosecond laser incidence. It can be
clearly seen in Fig. 3(b) that the plasma channel imaging
area was divided into the SF area and the surrounding air
area. The emission spectrum of SF¢ region was integrated
radial to obtain the emission spectra of SF¢ decomposition
products, as shown in Fig. 3(c). In Fig. 3(c), it is observed
that there are a large number of S and F atoms and ions
lines in the SF¢ region, including emission lines of fluo-
rine (spectral range 638—691 nm) and sulfur (spectral range
520-550 nm), which are difficult to be observed as described
in literature [22]. The emission line of Fe is generated by
electrode materials, and different atoms and ions lines are
marked with different colors in the figure. The inset shows
the attribution of various valence ions spectral lines of S
in the wavelength of 340-420 nm. Analysis of the spectra
indicated that a large number of S and F atoms and ions were
generated by decomposition of SF gas under discharge, and
that femtosecond laser-guided high-voltage discharge tech-
nology can be used to realize real-time on-line detection of
SF¢ decomposition products, namely in situ measurement.

The main generation processes of S and F atoms and
ions are as follows: first, SF, gas molecules are collided by
high-energy electrons generated by a high-energy electric
field and then decompose, producing some F atoms and low-
fluorine sulfides, as shown in chemical reaction (1). At the
same time, the generated low-fluorine sulfide will be further
decomposed by the impact of high-energy electrons to pro-
duce S and F atoms, as illustrated in the chemical reaction
formula (2). Finally, the collision of the generated S atoms
by high-energy electrons will further generate S ions, that is,
the S band of 300-550 nm in Fig. 3(c), and the correspond-
ing reaction processes are chemical reaction (3):

SF¢+e—SF, +(6—-xF (x=0,1...5), (1)
SF.+e—=>S+xF (x=0,1...5), )
S+e—-S" (x=1, 2...4). 3)

3.2 Spectral analysis of SF, discharge
decomposition at different voltages

To study the effects of voltage intensity on SF, decomposi-
tion products, different voltages were applied to the elec-
trodes. Figure 4 shows the decomposition spectrum of SF¢
at different voltages. It can be seen in Fig. 4 that the profile
of the SF; decomposition spectrum at different voltages was
the same as that in Fig. 3. The inset shows the spectrum
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Fig.4 SF¢ decomposition spectrum at different voltages

in the wavelength ranges from 340 to 380 nm. From the
inset, it can be clearly seen that the intensity of spectrum
lines increased with the increase of the discharge voltage,
the potential difference formula (formula (4)), the electron
kinetic energy formula (Eq. (5)) and random thermal motion
of electrons can explain this phenomenon:

U =EJ, 4

mv*/2 = eU, 5)

where U is the potential difference, E is the electric field
intensity, and 4 is the electron mean free path. m, v, and e
are the electron mass, the electron velocity and the electron
charge, respectively.

It can be seen from Eqs. (4) and (5) that the increasing
discharge voltage caused an increase in the electric field
intensity (E) between the electrodes, and hence the energy
obtained by electrons was higher. In addition, as the dis-
charge voltage increased, the random thermal motion of
electrons became severe and the ion diffusion effect was
enhanced. Eventually, the impact excitation cross section of
S and F atoms and ions generated by electron collision with
SF, was increased, and more excited S and F atoms and ions
were generated, resulting in an increased intensity of each
atom and ion line in the spectrum.

In addition, it can be seen in Figs. 3 and 4 that there is a
great difference between the intensities of each line of S or F
at different wavelengths, which is mainly because the upper
level excitation energy and transition probabilities of S or
F atoms or ions at different wavelengths are not identical.
For example, the F atom at 685.60 nm had a higher transi-
tion probability than F atoms at other wavelengths, and its
upper level excitation energy was the lowest, that is, the
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Fig.5 Electron density and electron temperature of SFy plasma under
different discharge voltages

required electron excitation energy was the lowest, so its
spectral line intensity was the highest. In contrast, the F atom
at 720.24 nm had a lower transition probability than the F
atom at other wavelengths, and its upper level excitation
energy was the highest, so its line intensity was low.

3.3 Analysis of SF, discharge decomposition
parameters

Electron temperature and electron density are two impor-
tant and basic parameters of discharge plasma, which are of
great significance for understanding the discharge process
and plasma characteristics.

3.3.1 Analysis of SF, plasma electron density

Assuming that SF, arc plasma meets local thermodynamic
equilibrium (LTE) [23], the plasma electron density can be
solved by formula (6) [24-26]:

Ak, = 20N, /10", (6)

where A4, , and  are emission spectra line FWHM (the full
width half maximum) and the electron collision parameter
respectively. N, is the requested electron density.

The electron density was calculated using the F I 685.60 nm
spectral line with the highest signal-to-background ratio, and
fit the F atomic line at 685.60 nm by Lorentz fitting to obtain
the FWHM of the line. From Eq. (6), the electron density of
SF, plasma at different discharge voltages can be obtained, as
shown in Fig. 5. As can be seen in Fig. 5, the electron density
of SF, plasma increased linearly with the increase of the dis-
charge voltage between the two electrodes. It can be explained
the increasing discharge voltage caused the physicochemical
reaction between the two electrodes to become more intense,
the ionization of SF gas increased, and hence the number of
electrons increased accordingly. Fitting it with a straight line,
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the slope of the straight line is 0.9 x 10'7 cm~3/kV, indicating
that for every 1 kV increase in discharge voltage, the plasma
electron density increases by 0.9 x 107 cm™,

3.3.2 Analysis of SF, plasma electron temperature
At the condition that SF, plasma satisfies the LTE, the plasma

electron temperature can be solved by Boltzmann multispectral
slope method [26-28]:

Iy E,
1 =—-——+4C,
! <Aik8k > KT " @

e

where I, A, Ay, 8, Ey, and k are the corresponding spectral
line relative intensity, center wavelength, transition probabil-
ity, statistical weight of the upper level, upper level excita-
tion energy, and the Boltzmann constant. 7, is the requested
electron temperature.

Taking E, as the abscissa and In [l Af (A gk)] as the ordinate
to obtain a series of scatter plots, linearly fitting the discrete
points to obtain the slope of the straight line, and the electronic
temperature can be further obtained by the straight line slope
(—1/kT,). In the calculation of the plasma electron tempera-
ture, the greater the difference in upper level excitation energy
on the spectral line, the more accurate the calculation result.
According to the experimental data, therefore, three emission
lines of F atoms (623.97 nm, 677.40 nm and 703.75 nm) were
chosen to calculate T, and the electron temperature of SF¢
plasma at different discharge voltages is shown in Fig. 5.

It can be seen in Fig. 5 that as the discharge voltage
increased, the electron temperature decreased linearly. This
is mainly because an increase in discharge voltage led to an
increased density of gas molecules generated by SF, decom-
position, and the average free path of electrons decreased. At
the same time, the random thermal motion of the electrons
became more intense with increasing discharge voltage, the
number of electron collisions per unit distance increased as
the result of the intensified collision between the particles,
and hence the energy loss during the movement of the elec-
trons increased, which eventually caused the temperature of
the electrons to decrease. Fitting it with a straight line, the
linear slope is 57 K/kV, indicating that the plasma electron
temperature decreases by 57 K/kV forevery 1 kV increase in
discharge voltage.

3.3.3 Analysis of the LTE

Mc Whirter criterion is used to determine whether the plasma
is in the LTE [26, 29]:

N, > 1.6 X 10“T/*(E, — E))* em™>, 8)
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where N,, T,, E,, and E; are the corresponding spectral line
electron density, electron temperature, upper level excita-
tion energy and lower energy level. In this experiment, the
maximum difference in excitation energy between the upper
and lower energy levels of the spectral line is 1.93 eV, the
maximum electron temperature is 2519 K, and the minimum
electron density satisfying the LTE is 0.58 x 10'7 cm™3, and
the minimum electron density obtained in the experiment is
7 x 10'7 cm™3, which obviously meets Mc Whirter criterion
that SF¢ plasma is in the LTE.

4 Conclusions

In this paper, femtosecond laser-guided high-voltage dis-
charge technology has been used to study the emission
spectrum characteristics of SF¢ plasma. The spectral anal-
ysis of the SF, decomposition products indicated that the
decomposition products contained a lot of S and F atoms
and ions. The S and F atoms were mainly generated directly
or indirectly by high-energy electrons colliding with SF,
and S ions were generated by S atoms being collided by
high-energy electrons. The intensity of different lines was
different, and the analysis illustrated that it was affected by
different transition probabilities and the effect of excitation
energy at the upper level. Based on the SF; decomposition
spectrum under different discharge voltages, it is found
that the maximum difference in excitation energy between
the upper and lower energy levels of the spectral line is
1.93 eV, the maximum electron temperature is 2519 K.
Moreover, the minimum electron density satisfying the
LTEis0.58 x 10!7 cm™, and the minimum electron density
obtained in the experiment is 7 X 10'7 cm™. Furthermore,
the intensity of each atom and ion line of the SF¢ discharge
decomposition spectrum increased as the discharge voltage
increased. Besides, the electron temperature and electron
density of SF, plasma at different voltages have been stud-
ied. The increasing discharge voltage caused the electron
density to increase linearly, and the electron temperature to
decrease linearly. The analysis showed that an increase in
the discharge voltage resulted in a violent physicochemi-
cal reaction between the two electrodes, which caused the
ionization of SF, gas to increase, and hence electron den-
sity increased accordingly. As the voltage rose, the random
thermal motion of the electrons increased, which caused the
collision between particles to intensify. Consequently, the
energy loss during the movement of the electrons increased,
eventually causing the electron temperature to decrease. It
is proved that the SF plasma was in the LTE based on the
Mc Whirter criterion. The results are of great significance
for studying the decomposition mechanism of SF, and the
on-line monitoring technique of high-voltage equipment.
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