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Abstract
Precise control of the discharge in space and time is of great significance for better applications
of discharge plasma. Here, we used a femtosecond laser filament to trigger and guide a high-
voltage DC pulse discharge to achieve spatiotemporal control of the discharge plasma. In space,
the discharge plasma is distributed strictly along the channel generated by the femtosecond laser
filament. The breakdown voltage threshold is reduced, and the discharge length is extended. In
time, the electrical parameters such as the electrode voltage and the electrode gap affect
discharge delay time and jitter. By optimizing the parameters, we can achieve sub-nanosecond
jitter of the discharge. Based on the spatiotemporal control of the discharge, we applied filament-

triggered discharge for one-dimensional composition measurements of the gas flow field.
Besides, the technique shows great potential in studying the spatiotemporal evolution of

discharge plasma.
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1. Introduction

Atmospheric pressure gas discharges have been used in
widespread applications, including spark gap switch [1],
combustion ignition [2, 3], material preparation [4, 5],
environmental pollution control [6], and biomedicine [7]. A
stable discharge is an essential basis for its applications.
However, the discharge inception in air relies on the accel-
eration of free electrons in the local electric field and the
subsequent electron avalanches [8—10]. Breakdown starts
with the development of a high conductive channel between
both electrodes, which is commonly formed by streamers or
leaders [11, 12]. Generally, positive streamers attain a char-
acteristically ragged, zigzagged, and narrow shape [13]. The
propagation path of discharge leaders is usually twisted
[14, 15]. The discharge mechanism leads to the
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spatiotemporal instability of the discharge, which imposes a
potential limitation on the practical applications of discharge
plasma. Hence, precise control of the discharge in space and
time is of great importance, for which, triggering and con-
trolling discharges by a laser is a promising method.

In a laser-triggered discharge, there are essentially three
methods [16, 17]. First, the laser beam is focused on the
surface of one of the electrodes to create a high degree of
ionization. Second, the laser beam is focused on the electrode
gap to break down the gas. Third, the laser creates a low
ionization plasma in a long gap between the electrodes. The
first two methods typically use a nanosecond (ns) laser, while
the last one uses a femtosecond (fs) laser.

In most cases, the plasma produced by an ns laser can
efficiently trigger the discharge. However, due to the limited
plasma volume, it is not suitable for triggering and guiding
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Figure 1. (a) Experimental setup, (b) time sequence waveforms of voltage and scattering signal of fs laser.

long-distance discharges. Femtosecond laser filamentation is
a dynamically self-guided propagation region where self-
focusing by the Kerr effect and defocusing by the generated
plasma result in a continuous extended length of low-density
plasma [18]. The filament is a weak conductive channel with
a diameter on the order of a hundred microns and a length
longer than the Rayleigh length [19], which can trigger and
guide long-distance discharges.

Early works about the control of the discharge by the fs
filament have been done. In spatial control, the discharge arc
propagates along the fs filament [20-24]. In addition, the
electric discharges can be effectively manipulated along a
complex predefined path by using judiciously shaped laser
radiation [25]. In temporal control, different parameters
[26, 27], such as laser energy, and electrode voltage, have a
significant impact on the discharge delay time and jitter. A
higher electrode voltage and laser energy result in a short
discharge delay time and jitter [28, 29]. The discharge jitter
can be controlled to be within sub-nanoseconds [30, 31].
Thus, fs laser filament-triggered discharge shows great
potential for many applications [32, 33], such as guiding
lightning [34-36], fast switches for high-voltage connection
[37, 38], and reconfigurable RF antennas [39, 40].

Due to the luminescence characteristics of discharge
plasma, we believe that the discharge triggered by the fs laser
filament also has excellent potential for one-dimensional
composition measurements. The accuracy of spatial and
temporal control of the discharge plasma affects the spatial
and temporal resolution of one-dimensional composition
measurements. So, it is necessary to study the spatial and
temporal control of the discharge triggered by an fs laser
filament, which is the basis of its applications.

This paper presents the results of an experimental
investigation of the spatial and temporal control of the dis-
charge triggered by the fs laser filament. In spatial control, the
discharge path and discharge length triggered by the fs laser
filament were investigated. In temporal control, the discharge
delay time and the jitter were found to be highly dependent on
several parameters such as the time interval between the laser
pulse and the voltage pulse, the electrode voltage, and the

electrode gap. The discharge plasma is distributed strictly
along the channel generated by the fs laser filament. The
discharge jitter can be controlled to be within sub-nanose-
conds. Finally, based on the spatiotemporal control of the
discharge plasma, we employed the discharge plasma in a free
gas jet of SFg. The one-dimensional temporally and spatially
resolved spectra of the discharge plasma in SFg were mea-
sured. The results demonstrated that fs laser filament-trig-
gered discharge could be used for online one-dimensional
composition measurements of gas flow fields. Femtosecond
laser filament-triggered discharge is also helpful to study the
spatiotemporal evolution of discharge plasma.

2. Experimental setup

Figure 1(a) illustrates the experimental setup. The fs laser
source was the fundamental output from an fs Ti:sapphire
laser (Spitfire Ace, Spectra-Physics), 800 nm in wavelength,
45 fs in pulse duration, and 6 mJ in pulse energy. The repe-
tition rate of the fs laser in the experiment was 10 Hz. The
laser was focused by a spherical lens (f = 500 mm), and a
visible fs laser filament was formed.

Two conical electrodes connected to the positive and
ground terminals, respectively, of a high-voltage DC pulse
power supply (HVP-20, Xi’an Smart Maple Electronic
Technology) were placed close to the filament. The distance
between the tip of the electrodes and the filament path is
about 0.2 mm. The discharge gap could be adjusted using a
translation table. The power supply output is a square wave
voltage pulse with 10 Hz in pulse frequency, 1 us in pulse
width, and 50 ns in both rising and falling time. The voltage
amplitude ranges from 0 to 20kV.

The time interval between the laser pulse and the voltage
pulse was controlled by a digital pulse generator (DG 645,
Stanford Research Systems). The scattering signal of the fs laser
was detected by a photodiode (DET10A /M, THORLABS), and
the voltage between the electrodes was detected by a voltage
probe (P6015A, Tektronix). The waveforms were simulta-
neously recorded by a 600 MHz oscilloscope (WaveRunner
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606zi, Teledyne Lecroy). Figure 1(b) shows the time sequence
waveforms of the voltage and the scattering signal of the fs
laser. The extreme points of the waveforms can be found by
mathematical derivation (judged by the first and second deri-
vatives). For the voltage pulse, the last time of the maximum
near the rapid voltage drop (range a in figure 1(b)) is considered
as the moment of discharge breakdown. The last time of the
minimum (range b in figure 1(b)) near the voltage rise is con-
sidered as the moment of voltage rise. The range is generally
100 ns. The arrival time of the laser pulse can be obtained using
the same method. After that, the voltage rise is defined as zero.
The time delay (difference in time) between the voltage rise and
the laser pulse can be obtained, which is defined as the time
interval Az. The time delay between the laser pulse and the
discharge breakdown can be obtained, which is defined as the
discharge delay time AT. The standard deviation of five mea-
surements of the discharge delay time is defined as the dis-
charge jitter. For example, At = 100 ns, and AT = 550 ns are
shown in figure 1(b).

Finally, we placed the spatiotemporal controlled dis-
charge plasma into a free gas jet of SFg surrounded by air.
The optical emission spectra of the plasma were measured
using a spectrometer (Acton 2300i, Princeton Instrument)
combined with an ICCD camera (PIMAX3, Princeton
Instrument). The emission from the discharge plasma was
imaged onto the entrance slit, which was parallel with the
filament to allow a spatially resolved measurement along the
laser direction. All experiments were conducted at an ambient
temperature of ~300 K.

3. Results and discussions

3.1. The spatial and temporal control of the discharge

The propagation path of free electric discharges in the
atmosphere is distorted and unpredictable. Figures 2(a) and
(b) show the free discharges between the two electrodes. The
voltage was 12kV, and the electrode gap was 8§ mm. We
photographed the spatial paths of the electric discharges 30
times consecutively using an SLR camera and calculated the
offset distance Ax of the discharge channel. The offset dis-
tance Ax is defined as the maximum distance between the
discharge channel and the axis of the two electrode connec-
tions. When the discharge channel is offset upwards, the
offset distance is defined as a positive value. The absolute
value of the offset distance is defined as AX. The offset
distance of the electric discharges is shown in figure 2(e). The
offset distance Ax has strong randomness. The average offset
distance Ax is about —0.19 mm, and the maximum Ax is
about 1.5mm. The average of AX is about 0.74 mm.
Figure 2(c) shows the fs laser filamentation. The laser pulse
ionizes the gases in the filament and generates a channel of
low conductivity. Triggered by this channel, the discharge
strictly propagates along the channel, as shown in figure 2(d).
In this case, almost no offset was observed with the spatial
resolution of about 35 pm.

The gas number density in the filament is reduced by
the laser heating effect [41], which lowers the threshold of the
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Figure 2. (a) and (b) Electric discharges, (c) femtosecond laser
filament, (d) filament-triggered discharge, (e) offset distance of
electric discharges.

breakdown voltage between the two electrodes. Therefore,
the discharge arc length can be extended. Figure 3 shows
the maximum arc length at different electrode voltages. The
arc length is the distance between the electrodes, as the dis-
charge triggered by the fs laser filament is spatially straight.
The length can be approximately 32 mm at a voltage of 12kV
and laser energy of 6 mJ/pulse.

We further measured the minimum applied voltage for
the electric discharge and the filament-triggered discharge at
different electrode gaps. Then the breakdown voltage was
calculated. The results are shown in figure 3(b). The mini-
mum applied voltage increases linearly with the electrode gap
increases. The breakdown voltage with filament is about
4kVcem™', roughly one-fourth of that without filament, i.e.
about 16kV cm™'. The laser filament decreases the break-
down voltage by a factor of about 4. Thus, triggered by a fs
filament, a discharge plasma can be obtained where the dis-
charge arc is distributed along the filament, and the discharge
arc length can be extended.

The discharge delay time and the jitter are essential
parameters to characterize the stability of the discharge in
time. These two essential parameters are evaluated here. For
filament-triggered discharge, the filament generated before or
during the application of the electric field can successfully
trigger and guide the discharge. We found that the time
interval between the filament and the electrode voltage affects
the stability of the discharge.

Figure 4(a) shows the discharge delay time at different
time intervals with an electrode gap of 10 mm and a voltage
of 5kV. As the time interval At gradually increases, the
discharge delay time AT decreases. When Ar < 0, the time
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Figure 4. (a) Discharge delay time AT at different time intervals Ar at an applied voltage of 5 kV, (b) discharge jitter at different time

intervals at an applied voltage of 5 kV.

interval and the discharge delay time are linearly correlated.
The slope of the fitting line is —1.1, which is close to 1. The
minimum discharge delay time is reached when the time
interval is 0. When At > 0, the discharge delay time is almost
unchanged at about 500 ns. The filament will not successfully
trigger and guide the discharge with larger or smaller time
intervals. This curve also shows that the discharge breakdown
inception can be controlled by simply adjusting the time
interval At.

The electron density of the fs laser filament drops
rapidly after several nanoseconds [35, 42]. However, the
filament generated 2 us before the electric field can still
successfully trigger and guide the discharge. This phenom-
enon proves that the low-density channel generated by the fs
laser filament plays a key role in triggering the discharge.
The existence of the minimum discharge delay time indi-
cates that there is a threshold reduced electric field defined
as E/N (where N is the gas density). This field is about

30kVem™'. The gas density depletion increases with the
laser energy deposited.

We further measured the jitter of the discharge delay time
at different time intervals, as shown in figure 4(b). The jitter is
the standard deviation of five measurements of the discharge
delay time. The average jitter is around 8 ns when Ar > 0. It
increases to around 48 ns when At < 0. When the filament is
generated in the presence of an external field, the electrons
generated by multiphoton ionization of the fs laser will produce
a significant Joule heating in the filament and increase the
heating effect of the filament strongly [23]. It reduces the gas
density in the filament. The stability of the discharge will be
improved. In addition, the electrons in the filament may act as
seed electrons for the discharge and improve the stability of the
discharge. Therefore, it is preferable to directly generate the fs
laser filament in an electric field to reduce the discharge jitter.

To optimize the discharge control, we investigated the
effect of the electrode voltage on the discharge stability.
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Figure 5(a) shows the discharge delay time at different vol-
tages. The electrode gap was set to 10 mm. The time interval
was set to 200 and —200 ns. The horizontal coordinate is the
voltage, and the vertical coordinate is the discharge delay
time. The discharge delay time decreases with the increase of
the discharge voltage. This trend is in agreement with the
similar measurements in previous research [31]. The dis-
charge delay time decreases faster at a time interval of
—200ns. The minimum discharge delay time at a time
interval of —200ns is larger than 200 ns. Figure 5(b) shows
the jitter at different voltages. Overall, the jitter at the time
interval of 200 ns is smaller than that at —200ns. This is
consistent with the results in figure 4(b). A shorter discharge
delay time can be obtained at a higher voltage. The jitter on
the order of nanoseconds or even sub-nanoseconds can be
obtained.

The discharge delay time and the jitter at different gaps
were measured and shown in figures 6(a) and (b), respec-
tively. The electrode voltage was 8 kV. The time interval was
200 ns. The discharge delay time and the jitter increase
exponentially as the gap increases. Thus, there is a trade-off
between the discharge plasma length and the discharge sta-
bility. In other words, for one-dimensional composition
measurements, there is a trade-off between the measurable
spatial range and the temporal resolution.

After the discussion above, we know that the precise
control of the discharge in time can be accomplished by
optimizing electrical parameters, such as the electrode gap,
the electrode voltage, and the time interval between the fs
laser filament and the electric field. For example, with a
voltage of 20kV, a time interval of 200 ns, and an electrode
gap of 10mm, a precisely controlled discharge with a
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discharge delay time of 24 ns and discharge jitter of 175 ps
can be obtained.

3.2. Application in diagnosing gas flow fields

By optimizing the electrical parameters, we can obtain a dis-
charge plasma that is precisely controlled in time and is spatially
distributed along the filament. The discharge plasma combined
with optical emission spectroscopy can be applied to measure
the composition of gas flow fields along one direction.

As an example, we performed a measurement invest-
igation in sulfur hexafluoride (SFe) gas. Sulfur hexafluoride is
often used as an insulating gas in high-voltage equipment
[43], since it is extremely difficult to generate breakdown in
SFg through electric discharge. Therefore, it becomes pro-
blematic when we would like to study the evolution of the
discharge plasma in SFg. Femtosecond laser filament-trig-
gered discharge mentioned above might help to address this
issue since it can largely reduce the breakdown threshold.
Meanwhile, the discharge is precisely controlled in time and
is spatially distributed along the filament. Therefore, this
method has significant advantages in studying the evolution
of the discharge plasma in SFg.

A glass pipe, 2.8 mm in diameter, was used for this
purpose. The pipe was supplied with pure SFg gas (99.999%
purity), and the SF¢ gas was ejected from the pipe into
ambient air with a speed of Sms ™. In the SF gas near the
pipe’s exit, an electric discharge triggered by the fs laser
filament was generated.

The optical emission spectra of the discharge plasma
were measured using an imaging spectrometer with a gate
width of 100 us. The entrance slit of the spectrometer was
parallel with the filament, and hence, the plasma channel, to
allow spatially resolved spectral measurements along the laser
propagation direction. The results are shown in figure 7.
Figure 7(a) shows the image of a one-dimensionally resolved
spectrum of the flow field with the SF¢ gas in the middle
position and the air on both sides. Two clear flow field
boundaries between the SFq gas and the ambient air can be
observed in figure 7(a) (as indicated by two arrows), which
demonstrates the ability of fs laser filament-triggered dis-
charge to undertake one-dimensional measurements of the gas
flow field.

The spectral intensities along the two white dashed lines
in figure 7(a) are shown in figures 7(b) and (c), respectively.
Figure 7(b) is the discharge plasma spectrum of SF¢. A large
number of F atoms and S ions appear in the SFq discharge
plasma spectrum, with F atoms mainly at 600-800 nm and S
ions at 500-550 nm. The F atoms and S ions are generated by
the collisional dissociation of SFg molecules. The discharge
plasma spectrum of air is dominated by O atoms and N ions,
as shown in figure 7(c).

The precise control of the discharge plasma in time
makes it possible to investigate the temporal evolution of the
plasma. Therefore, we further measured the temporally
resolved spectra of the discharge plasma in SFg. In this case,
we changed the gate width of the spectrometer to 100 ns to
improve the temporal resolution. Figure 8 shows the decay of
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Figure 7. (a) Image of one-dimensional spatially resolved spectrum
of flow field, (b) discharge plasma spectrum of SFg, (c) discharge
plasma spectrum of air.
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the spectral intensities of the F atom at 635 nm and the S ion
at 503 nm. The exponential decay function was used to fit the
data, and the lifetimes of F atom at 635nm and S ion at
503 nm are 260 ns and 86 ns, respectively.

The experimental results show that the discharge plasma
is spatially distributed along the filament and is precisely
controlled by the filament in time. Hence, the spectra of the
discharge plasma can be measured with a high spatial and
temporal resolution by an imaging spectrometer. The spatio-
temporally resolved spectra of the discharge plasma triggered
by fs laser filament demonstrate the potential for one-
dimensional composition measurements of gas flow fields. It
also provides an effective technical method for studying the
spatiotemporal evolution of discharge plasma.

4. Conclusion

This work investigated fs laser filament triggered and guided
high-voltage DC pulse discharge. First, the spatial and temporal
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control of the discharge triggered by fs filament was studied. In
space, the discharge plasma is routed along the channel gener-
ated by fs laser filament. The fs laser filament lowers the gas
breakdown voltage and dramatically extends the spatial length of
the discharge plasma. In time, the effect of electrical parameters,
e.g. the time interval between the filament and the voltage, the
electrode voltage, and the electrode gap on discharge delay time
and the jitter was investigated. A shorter discharge delay time
can be obtained at a higher voltage and a shorter gap. The dis-
charge breakdown inception can be controlled by adjusting only
the time interval. It is preferable to directly generate the laser
filament in an electric field to reduce the discharge jitter.
Optimization of the electrical parameters enables precise control
of the discharge time on the order of sub-nanoseconds.

Then, the feasibility of fs laser filament-triggered dis-
charge in gaseous flow fields diagnostic applications was
investigated. The controlled discharge plasma combined with
optical emission spectroscopy is applied to measure the one-
dimensional composition of a gas flow field. The one-
dimensional temporally and spatially resolved spectra of the
discharge plasma in SFg were obtained. In addition, the life-
times of different spectral lines in the discharge plasma were
calculated. The results demonstrate that fs laser filament-
triggered discharge can achieve one-dimensional composition
measurements of flow fields. It is also helpful for the study of
the spatiotemporal evolution of discharge plasma.
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