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Abstract: Thetriggering and guiding of the stationary high voltage (HV)
discharges at 5-40 kV are demonstrated by using plasma filaments gener-
ated by single and dual femtosecond(fs) laser pulses in air. A significant
reduction of the breakdown voltage threshold due to the pre-ionization
of the air gap by laser pulse filamentaion was observed. The amount of
free electrons of filaments generated by different pulse configurations was
compared by sonography method. The lifetime of filaments is measured by
using time-resolved fluorescence spectrum, and the lifetime of filaments
generated by dual fs laser pulses was doubled due to the re-ionization by
the succeeding pulse. The triggering ability of dua fs laser pulses was
demonstrated to be enhanced due to the longer lifetime of filaments.
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1. Introduction

The triggering and guiding of lightning using high intensity laser beams has been considered
since 19709[1]. The main conception is to trigger the lightning and to guide the stroke to safe
places using plasma channels, which is produced by ultra -intense laser beam. The physical
mechanism of laser triggered lightning is very complicated and still not clearly understood
till present time. The basic researches on the laser lightning control are mainly carried out in
laboratories using artificial HV, because of the randomness and danger of the natural lightning.
Since 1980s, Japanese scientists have done many works on laser-triggered HV discharge using
high power CO; laser[2, 3]. The CO; laser produces a discontinuous plasma channel composed
by serias of separated breakdown sparks, and large amount of laser energy was needed to
trigger along gap discharge.

In recent years, the ultra-short laser pulse filamentation has attracted a great interest of
scientistg[4, 5]. When ultra-intense fs laser pulses propagate in air, long plasma filaments can
be generated in the results of the dynamic balance between the nonlinear Kerr self-focusing and
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plasma defocusing, which isinduced by the laser field ionization of air. Such plasma filaments
can propagate over a distance of hundreds of meterg[6, 7], so the fs laser filaments could trig-
ger and guide along gap discharge more efficiently. Many laboratories have demonstrated HV
discharges triggered by fs laser plasma filamentg[8, 9, 10, 11, 12, 13, 14, 15, 16]. H. Wille et
al. have reported using Teramobile system to trigger air discharge over 3.2 m[17]. It has been
demonstrated that ultrashort laser pulse plasma filaments can reduce the discharge breakdown
voltage efficiently and guide the discharge streamer along the laser propagation direction. A
recent research has observed a statistically significant number of electric events synchronized
with the laser pulses, at thelocation of the filaments during two thunderstorm[18]. Thisresearch
result can investigate the possibility to trigger real-scale lightning using filaments generated by
ultrashort laser pulsesin the atmosphere.

Many experimental study on laser guided discharge have shown that the efficiency of trigger-
ing and guiding HV discharge is strongly dependent on the characteristics of the plasma fila-
ments. For a centimeters scal e discharge, the mechanism of triggering isthe electron avalanche,
which is caused by the ohmic heating of the filaments[19]. For meters scale or longer trig-
gered discharge, the plasma filaments will first cause an electric field enhancement[20] and
then guide the streamer or the discharge leader. Both the electron avalanche and the propaga-
tion of streamer or leader need plenty of time. The typical speed of the laser triggered leader
is about 108 m/g[10, 13]; which means to propagate a distance of several meters, it needs a
few us. But the lifetime of filaments generated by single fs pulseisonly several ns. Prolonging
the plasma channel’s lifetime by adding a delayed laser pulse has been suggested by Yang et
al[21] and experimentally investigated by Hao et al[22]. A research group from Europe has
studied the triggering and guiding ability using dual fst+ns pulses. The lifetime of the plasma
filamentsis prolonged by the succeeding nanosecond pulse and the capacity of fslaser pulsesto
trigger and guide HV discharges is enhanced significantly[15]. The mechanism of prolonging
filaments' lifetime by adding a nanosecond succeeding pulse is the detachment effect, which
can hold the electron density in 10212 cm=3 level. In order to produce long-life filaments
with higher electron density, the re-ionization of filaments is necessary. Such filaments can be
formed by multiple fs laser pulses. In this paper, we experimentally investigate the properties
of light filaments generated by dual 15 mJwith 7 nsdelay time. The enhancement of triggering
ability due to long life time of filaments is demonstrated by the triggering and guiding of HV
discharge using filaments generated by the dual fs+fslaser pulses.

2. Experimental setup

The laser system is a home-made Ti:sapphire chirped-pulse amplification system with a rep-
etition rate of 10 Hz, a pulse duration of 30 fs, and a central wavelength of 800 nm. For the
experiment reported here, the light filaments were generated by dual fs+fs pulses with 15 mJ
energy for each and also single pulse with 15 mJ or 30 mJ energies. The dual fs+fslaser pulses
are generated in the regen-amplifier, and the delay time is fixed at 7 ns according to the length
of the regen-amplifier cavity. There is a series of laser pulses in the regen-amplifier and we
just choose two of them by the Pockels cell. The high-voltage source can produce a static high
voltage up to 40 kV. The fslaser pulses are focused with a thin lens with focal length f =4 m
to produce the plasma filaments. The grounded anode is a vertically placed circular plate with
100 mm diameter. This plate is fixed on a motorized stage, and its position can be controlled
remotely. The cathode is a sphere with 10 mm diameter, and it is placed several centimeters
away from the plate. There are two holes with 1 mm diameter in the center of the plate and the
sphere. The laser plasma filaments pass through the two holes and connect the two electrodesto
trigger and guide an HV discharge, asshownin Fig. 1. The electrodes are placed at the strongest
part of the filaments, where the size of the filaments bundle is smallest. The gap between two
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Fig. 2. The experiment setup for filaments diagnostics

electrodes is several centimeters and the size of the filaments bundle varies very little through
this distance. So the filaments can fully pass through the two holes. The laser pulse propagation
direction is from the ground plate to the sphere, just like from the ground to the cloud.

In order to understand the characteristics of the triggering ability, we performed preliminary
diagnostics of filaments. The length and the amount of free electrons of filaments produced
by different pulse configurations is compared by sonography method[23, 24]. In the plasma
filaments, the air molecules are partially ionized and sound waves are formed. It has been found
that the intensity of sound waves is related with the amount of free electrons in the plasma
filaments. A microphone is placed perpendicularly to the filaments at a distance of 1 cm from
the laser axis, as shown in Fig. 2. The acoustics signals are recorded by a digital oscilloscope
after being amplified by an audio amplifier.

The lifetime of filaments is manifested by the temporal evolution of the fluorescence spec-
trum from the electron-ion recombination in the filaments[ 25]. The spectrum emitted from the
filaments is collected by an |CCD+spectrometer system. The gate of the ICCD is set to be 2
ns. The synchronize trigger signal for ICCD comes from the laser system, as shown in Fig. 2.
The jitter time between the trigger signal and the laser pulse is less than 500 ps. With the digit
signal generator(DG535), we can manipulate the delay between the trigger signal and the laser
pulse precisely. By changing the delay time of the trigger signal, we can obtain the temporal
evolution of the spectrum intensity. Consequently, the lifetime can be deduced.

3. Resultsand discussion

The acoustic signal along the filaments generated by different pulse configurations is shown in
Fig. 3. The amplified ratio for all measurements is constant. According to the acoustic signals,
we can find that the amount of free electrons of filaments generated by a 15 mJ single pulse
and by the dual fs+fs pulsesis almost the same, which is significantly lower than that by a 30
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Fig. 3. Acoustics signals along the propagation distance with laser energy 15 mJ, 30 mJ
and the dual fs+fs pulse.

mJ pulse. The length of filamentsis about 1 m, which is many times longer than the Rayleigh
length.

A sample of the fluorescence spectrum of filamentsis shown in Fig. 4. There are many spec-
tral lines from 300 nm to 400 nm assigned to two band system, which is corresponded to the
N, : C3I1y — B[y transition and the N, : B2Z] — X?Z transition. We choose the spectral line
of 383.8 nm(N* : 4s(3P%) — 3p(3P)) to describe the lifetime of plasma filaments. The temporal
evolution of the spectrum intensity is shown in Fig. 5. The spectral intensity is counted by aver-
aging 10 laser pulses. The long rise time of the fluorescence spectrum is caused by the detection
method. Thefluorescence signal istime-integrated in 2 ns, so when the ICCD istriggered alittle
earlier than the filamentation, some signals can still be detected. This is the reason of the slow
rise time about 2-3 ns of the fluorescence spectrum. Actually, the fluorescence occurs suddenly
after the laser pulse. In order to retrieve the lifetime of the spectrum, we have deconvoluted
these profiles with the true ICCD gate and the delay time. The dashed line in Fig. 5 is the de-
convolution results. The rise time of the signal is still longer than the real signal because there
is atime jitter between the trigger signal and the laser pulse. From deconvolution results, we
can see that the lifetime of filaments generated by a single pulse is about 5 ns(bottom width),
the fluorescence signal rise again after 7 ns delayed succeeding fs pulse, and the total lifetime
of filamentsis prolonged.

In order to identify the triggering ability of the laser filaments, we have firstly studied the
threshold voltage of natural discharge without laser guiding as a reference. When high-voltage
had been applied to the cathode sphere, we move the ground plate close to the cathode sphere
very slowly till the breakdown happens. As shown in Fig. 6, for the voltage from 5 to 40 kV,
the natural discharge gaps length is from 1 to 30 mm. For the laser triggered discharge, the
dependences of breakdown voltage on the air gap length is measured as follows. First we apply
afixed high voltage to the electrode and set the gap length longer than the critical distance, on
which the natural discharge can happen. Then we switch on the laser filaments to connect the
two electrodes and trigger the air discharge. After this discharge finished, we prolong the air
gap distance and then apply the high voltage again to the electrode. Then we switch on the laser
filaments to trigger the air discharge. The air gap distance is prolonged slowly step by step till
the filaments are not able to trigger the discharge, and in this way we can find the dependences
of breakdown threshold voltage on the air gap distance for laser triggered discharge. In the laser
triggering case, we use the single shot laser pulse (not 10 Hz) and the discharge probability is

#104905 - $15.00 USD Received 5 Dec 2008; revised 18 Jan 2009; accepted 23 Jan 2009; published 20 Feb 2009
(C) 2009 OSA 2 March 2009/ Vol. 17, No. 5/ OPTICS EXPRESS 3465



1400 T T T T T

1300 - R
383.8 nm

1200 b

1100 .
1000 J MM
300 320 340 360 380 400 420
Wavelength (nm)

Intensity

Fig. 4. A sample of the fluorescence spectrum at the focal point with laser energy 15 mJ,
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Fig. 7. The laser triggered discharge spark in a45 mm gap.

more than 70%. The discharge gaps are located on the filaments fragments with maximum
amount of free electrons. Figure. 7 shows a discharge spark triggering by 30 mJ laser pulse
with 40 kV applied high voltage. From Fig. 7 we can see the discharge is guided to be straight
along the laser propagation direction.

The dependence of laser triggered discharge length on the applied voltage is shown in Fig.
6. The triggering ability of different laser pulse configurations can be illustrated by comparing
with the case of natural discharge. For single pulse energy of 15 mJ, the air discharge over a
distance from 7-42 mm can be triggered at 5-40 kV, while the natural discharge length is only
from 1-30 mm. As shown in Fig. 6, the 30 mJ single pulse and the dual 15 mJ fs+fs pulses
show almost the same triggering ability. For example at 40 kV, the 15 mJ pulse has prolonged
the discharge length by 40% than the natural discharge length; while for the 30 mJ pulse and
the dual fst+fs pulses, the discharge length increased by 53%.

From the experimental results we can find that the triggering and guiding ability of filaments
can be improved by increasing theinitial electrons or lifetime of plasma filaments. For the trig-
gered discharge in the scale of centimeters, the main contribution of the plasma filamentsisthe
ohmic heating[19]. The model in Ref. [19] has shown that the ohmic heating persists over long
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time scales after the laser pulse and the rise of electron temperature causes the avalanche rate
to increase to the point where breakdown occurs. In the case of dual fs+fs pulses configura-
tion, the plasma inside the filaments, which are generated by the first pulse, can be re-ionized
by the succeeding fs pulse, and the amount of free electrons can rise again. Consequently, the
avalancherate can be further increased with the electron temperature. In thisway, the triggering
ability isimproved by the succeeding fs pulse.

4, Conclusion

The triggering and guiding of the stationary HV discharges in 5-46 mm air gaps are demon-
strated by using plasma filaments generated by single and dual fslaser pulsein air. The charac-
teristics of filaments are studied firstly in terms of relative amount of free electronsand lifetime.
The amount of free electrons in filaments is compared by using the sonography method. The
maximum amount of free electrons is almost the same for the single 15 mJ pulse and the dual
15 mJ pulses, which is much lower than a single 30 mJ pulse. The lifetime of filaments is
demonstrated by the time-resolved fluorescence spectrum, and the results have shown that the
lifetime can be prolonged by adding a succeeding fs pulse. The lifetime of the plasma filaments
generated by the single 15 mJ or 30 mJ pulses is about 5 ns, and the lifetime of filaments can
be prolonged by a 7 ns delayed succeeding fs pulse. The triggering and guiding ability of fil-
aments is demonstrated by measuring the HV discharge length. The prolonging of discharge
length up to 1.53 times of natural discharge length is demonstrated at 40 kV HV by using sin-
gle 30 mJ pulse or the dual 15 mJ fs+fs pulses. The triggering ability of laser filaments can
be improved by increasing the lifetime of the plasma filaments with dual fs+fs pulses. So the
lifetime, consequently the triggering ability, is possible to be further increased by using a series
fspulses.
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