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The formation of long plasma channels and laser-induced high-voltage discharges are demonstrated by focusing
infrared picosecond laser pulses in air. Based on measurements of the channel conductivity, the maximum

electron density in excess of 10 ¢cm ™3

is estimated. The plasma channels are good conductors, through which

long-air-gap high-voltage discharges are triggered. The breakdown voltages show large drops but the
discharging paths are not well guided: in this, the plasma spots distributed along the channel might play an

important role.
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Intense laser pulses launched in air can form thin columns
of weakly ionized plasma, which can persist over long
distances if the laser intensities are properly maintained.
Laser-induced plasma channels hold great promise for a
number of advanced technologies, including remote sens-
ing™?, microwave channeling?, and the remote manipula-
tion of high-voltage (HV) discharges?.

To date, extensive studies on laser-induced plasma
channels have been carried out using infrared femtosecond
lasers’Y. The low-energy femtosecond pulse focused in
air can collapse into a thin filament with the diameter
of about 100 pm and an electron density of about
10" — 10'® ecm™3. In general, the propagation of the fila-
ment is maintained by a dynamic balance between self-fo-
cusing due to the optical Kerr effect and beam defocusing
from free electrons™, which is often not robust enough for
long-range applications. Increasing the laser energy will
eventually lead to multiple filaments®?, which can benefit
the robust propagation over long distances but may
introduce large complexity and instability due to multi-
filament competition. Moreover, due to complex nonlinear
effects, some important properties of the filaments, such as
electron density, cannot be easily manipulated.

Strong picosecond laser pulses can offer another ap-
proach to produce and apply the laser-induced plasma
channels. Provided with a relatively high power and high
energy, effective ionization in air can also be achieved;
thus, plasma channels can be effectively produced and
maintained over relatively long ranges. The formation
and application of long plasma channels using strong
infrared picosecond laser pulses has great potential that
is worth studying.

In this Letter, we present an experimental study on
long-range plasma channels and HV discharges induced
by strong infrared picosecond pulses focused in air. Long-
range plasma channels with low resistances were effec-
tively produced, along which plasma spots appeared
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and traced out along the channel path. The electron
density depended on the laser energy, which might offer
a new knob in various applications. Through the plasma
channels, which are good conductors, laser-induced long-
air-gap discharges under HV direct-current (DC) fields
were triggered. The breakdown voltages showed large
drops but the discharge paths were not well guided: in this,
the plasma spots might play an important role.

The laser pulses were output from a picosecond
Nd:YAG/YVO amplifier system with a maximum pulse
energy of 100 mJ at 1064 nm, 10 Hz, and a pulse duration
of 30 ps. The output beam diameter was 11 mm and the
beam divergence was less than 0.5 mrad. To loosely focus
the laser beam, a telescope-type double-lens system was
employed. The effective focal distance could be controlled
by changing the distance between the two lenses. The
focal lengths of the double lenses were 150 and —125 mm.
In our experiment, the effective focal distance was kept at
about 250 cm, where long plasma channels formed around
the focus.

The channel paths became discernible in our dark labo-
ratory due to small plasma spots, which distributed ran-
domly along the channels. These plasma spots might
derive from localized avalanche ionization®. Further
growth of the plasma spots might be limit by the short
pulse duration time; thus, the number and size of these
spots remained small in each laser shot, and the laser
propagation was not severely disturbed. As the laser
was operated at a low repetition rate of 10 Hz, a color
camera was employed to record the plasma spots over long
exposures. These plasma spots can intuitively indicate the
length and the intensity distribution of the plasma
channel, as illustrated in Fig. 1(a). The channel paths
persisting over long distances of more than 60 cm were
clearly revealed by 30 s exposures. The lengths of the
plasma channels could be controlled by the pulse energy.
Different laser energies also led to different plasma

© 2015 Chinese Optics Letters


http://dx.doi.org/10.3788/COL201513.113201
http://dx.doi.org/10.3788/COL201513.113201

COL 13(11), 113201(2015)

CHINESE OPTICS LETTERS

November 10, 2015

Fig. 1. (a) Plasma channel paths revealed by the plasma spots.
(b) A detailed view of the plasma spots distribution after long
exposures. The laser pulses propagate from right to left.

densities, which were reflected by the number of the
plasma spots.

To give a detailed view of the plasma spots, we took a
close-up photograph of the plasma channel near the focus
of the double-lens system, as shown in Fig. 1(b). The laser
energy was 100 mJ, while the exposure time was reduced
to 8 s. The plasma spots were still visible at a shorter ex-
posure, although the amount of the spots will correspond-
ingly decrease. The plasma spots were spatially limited in
a thin column about 450 pm in diameter and exhibited a
random-like transversal distribution. The focal diameter
of the double-lens system in the diffraction limit can be
estimated by d = 2.44f1/D, where f is the focal distance
of the double-lens system and A presents the laser wave-
length. D is the diameter of the laser beam before the
double lenses, which is about 12 mm, considering the beam
divergence. The calculated focal diameter in the diffrac-
tion limit is about 540 pm, which is still larger than the
channel diameter; thus, nonlinear effects such as the
optical Kerr effect may play also a role in the maintenance
of the long channel. The spot sizes varied between about
50 and 200 pm, with a typical size of about 100 pm. The
sizes were comparable with the channel diameter, which
indicated that the electron densities of these plasma spots
were not high enough to severely disturb the laser
propagation.

The ionization of air in the presence of a strong picosec-
ond pulse takes place mainly by multi-photon ionization
and avalanche ionization. The molecules are first ionized
by multi-photon ionization, which offers electrons with a
relatively low density. These electrons are then acceler-
ated by the laser field and may collide with the molecules
in air, which may free more electrons, resulting in an elec-
tron density that will grow in an avalanche-like manner.
In the laser propagation, as the laser intensity distribution
is not a perfect Gaussian shape, there may be some local-
ized regions with higher laser intensities after focus, which
may make the avalanche ionization happen more rapidly
than in other places, resulting in plasma spots with higher

electron densities. The presence of dust in the air may also
lead to stronger ionization, but is not likely to be an
important reason for the formation of these plasma spots
in our experiment. As can be seen in Fig. 2(b), for each
laser shot of maximum pulse energy, the average number
of the plasma spots per centimeter was about 0.25, corre-
sponding to a number density of about 1.6 x 108 m™,
which is much larger than the number density of the dust
(below 107 m~* for dust particles with the diameters
larger than 0.5 pm).

The channel conductivity was diagnosed using an elec-
trical approach, through which we can estimate the elec-
tron density of the channel. A 40 nF capacitor serving as
the high DC voltage supply and a sensing resistance of
50 Q were connected with part of the plasma channel
between two electrodes, which formed a simple circuit,
as shown schematically in Fig. 2. The output voltage
jitters were less than 1 kV during our experiment. The first
electrode was a thin aluminum wire with the diameter of
about 200 pm, which was carefully placed to contact the
edge of the plasma channel. The second electrode was a
50 mm X 8 mm X 2 mm aluminum wire bundle that was
simply inserted to cut off the laser path. After turning on
the voltage supply, a transient circuit was formed by each
laser shot. The current waveforms were obtained from a
digital oscilloscope connected in parallel with the sensing
resistance.

Typical current waveforms in the plasma channels
under different laser energies are shown at the bottom
of Fig. 2. The output voltage of 40 kV was adopted to
overcome the environmental disturbance. The length of
the central part of the channel chosen by the electrodes
was 27 cm, in which the maximum current reached up
to 110 mA at a pulse energy of 100 mJ. The corresponding
resistance of 0.36 MQ was comparable with or even lower
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Fig. 2. Schematic of the conductivity measurements and the
measured current waveforms at different laser energies. The inset
shows the currents within 20 ns.

113201-2



COL 13(11), 113201(2015)

CHINESE OPTICS LETTERS

November 10, 2015

than the case of the femtosecond filaments”. The
conductivity of the plasma column can be written as
6 = LR'A7', where L is the channel length, R is the
resistance, and A presents the cross-sectional area of the
plasma column. The diameter of the plasma channel was
estimated to be 450 pm, according to Fig. 2. We confirmed
this value by measuring the diameter of the single-shot
burning marks of the laser channel on glass and plastic
surfaces, which gave similar results. The calculated con-
ductivity according to the value of the maximum current
at 100 mJ pulse energy is about 4.7 Q' m~'. The plasma
density can be estimated from the conductivity through
the expression n, = ce 'ug ', where e is the charge of an
electron and p, presents the electron mobility. Assuming
a low electron temperature, the adopted value of pu, is
1600 cm? V-1s7 ' and the maximum plasma density
is calculated to be 1.8 x 10" cm™3. Note that the maxi-
mum of the current waveform appears at about 3 ns.
The reason for the high-frequency oscillations in the first
few nanoseconds is not confirmed, but according to the
measured waveform, the initial electron density may have
a similar value to the maximum electron density. The
calculated density is relatively low compared with the
typical maximum plasma density of about 10% —
10'6 ¢cm—3 in femtosecond filaments; however, the total
resistance still remains small, which can be attributed to
the large diameter. In air, electrons can attach to neutral
oxygen molecules. This process, which occurs on a picosec-
ond time scale, will make the electron density still under-
estimated using the electron mobility in our calculations.
In fact, the mobility of positive and negative molecular
oxygen ions may be a more relevant parameter’. We
might also base the estimation on the multi-photon and
avalanche ionization rates for airld. However, for pulses
with a short duration time and high intensities above
102 Wem ™2, in these two ionization mechanisms, the
estimated electron density is very sensitive to the laser
intensity. Accurate values of the laser intensity as well
as the electron removal processes may be important to
make the estimation reliable. Note that the plasma spots
were not considered in the estimation. For each laser shot,
the amount of plasma spots was small. Although the
plasma spots might have higher electron densities, they
occupied a very small space; thus, they might have little
influence in the measurements of the resistance. In par-
ticular, the plasma density depended on the laser energy,
which may benefit various potential applications.

The lifetime of the plasma channels was shown to be
about 8 ns in the full width at half-maximum (FWHM),
according to the current waveforms. However, long tails of
more than 100 ns were also observed. The currents revived
at a time interval of about 150 ns, which was quite similar
to the oscillation interpreted as the result of the virtual
antenna effect in long plasma channels®. The low-
frequency oscillations of the waveforms might originate
from the longitudinal oscillation of the charged ions, which
were strongly enhanced by the presence of the longitudinal
static electric field.

Through the plasma channels, long air-gap discharges
induced by strong picosecond laser pulses were realized.
The experimental setup was similar to that described in
Fig. 2. As the discharge current could be very large, it
might cause damage to the vulnerable electrical compo-
nents, such as the communication modules of the laser,
which was placed in the same room as the HV supply.
To avoid damage to the equipments caused by severe dis-
charges, we removed the oscilloscope and replaced the
sensing resistance with a 3 kQ sodium chloride solution
resistance. The sodium chloride solution resistance could
endure very high voltages and limit the discharge currents.
As the thin-wire electrode might explode when heated by a
large discharge current, it was replaced by a thicker steel
rod of 1 mm in diameter. At a given distance between the
electrodes, the breakdown voltages without the laser were
confirmed by increasing the applied voltage at a step of
1 kV until the discharge happened. The lowest breakdown
voltages under laser inducement were confirmed in a sim-
ilar manner, where we alternately increased the applied
voltage and delivered a few laser pulses until the discharge
was induced. The measured voltage fluctuations were
about 2 kV. The discharge paths were recorded by a
high-speed cameral that could capture 800 frames per
second.

Figure 3(a) gives the breakdown voltages at different
gap lengths, with or without the laser-induced plasma
channel. A voltage drop of 23 kV was achieved at a
gap length of 18 cm, which obviously indicated the trigger
ability of the picosecond laser. The path of a spontaneous
discharge, as well as two independent discharges induced
by pulses of 100 mJ in energy, are illustrated in Fig. 3(b).
The synchronization of the laser pulses and the induced
discharges are indicated by the white sparks of scattered
laser on the electrode, which were captured in same frame
as the discharges. The HV breakdown occurred in less
than 1.25 ms after the laser pulse. Limited by the temporal
resolution of the high-speed cameral, the exact time delay
of the HV breakdown could not be determined. Laser
pulses play an important role in the beginning of the dis-
charge. The initial electrons released by the multi-photon
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Fig. 3. (a) Breakdown voltages of spontaneous discharges and
laser-induced discharges at different gap lengths. (b) Spontane-
ous discharge and induced discharges by pulses of 100 mJ in
energy, where the laser pulses propagate from right to left
and all the discharge lengths are 18 cm.
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ionization of the laser field offer seeds for the following
avalanche ionization. Heated by the HV field, a continu-
ous discharge path can be finally developed2.

It was suggested that the minimum initial electron den-
sity to trigger a discharge is less than 10" cm 32, The
electron density in our experiment far surpassed this criti-
cal value, which was the foundation of the effective laser-
induced discharges. Moreover, the measured currents
showed a long tail lasting more than 100 ns where the elec-
tron density is about 10'2 — 10'® cm 2. The elongation of
plasma lifetime is still a major concern in research??, as it
will benefit very long-distance discharges. The intensity of
the laser illuminated on the back electrode was high
enough to create plasma plumes, which might also offer
a certain amount of plasma close to the back electrode.
But the gap lengths between the electrodes were generally
in larger spatial scales than the plasma plumes. Thus, the
effect of the laser illumination of the back electrode on
the breakdown voltage decrease might be unimportant,
although it could not be completely ignored.

As can be seen in Fig. 3(b), although the discharges
were effectively triggered, the lightning paths were not
well guided or even less smooth than the spontaneous dis-
charge. It was suggested by Zhao et al.2 that the triggered
but not guided discharges occurr mostly in situations of
localized ionization rather than a line of ionization. In
our experiment, such localized ionization might exist in
the form of the plasma spots shown in Fig. 2(b). For each
laser shot of maximum pulse energy, the average number
of plasma spots per centimeter was about 0.25; thus, on
average, there were about 4-5 plasma spots in the 18 cm
discharge path. In general, the plasma column was ohmi-
cally heated by the DC field. However, in the plasma
spots, the optical heat of the laser, which could transfer
energy from the electrons to the gas molecules, might also
be important®. Although here it only happened in the
early stage and was limited by the short pulse duration,
these regions with a high initial electron density might
be ohmically heated by the DC field more effectively. Each
of them had a higher electron density than the other parts
of the channel, and thus would probably grow much
faster. The uniformity of the field was reduced, and the
charge might migrate not only along the laser beam,
but also transversely, toward the regions of high field
gradient. As the plasma spots were randomly distributed,
the lightning paths were also random.

Early experiments on long-distance discharge induce-
ments using high-energy nanosecond lasers often suffered
from the absorption of the laser energy by plasma sparks.
One suggested solution was using multi-beam systems2,
where each beam produces a short conducting part. It was
quite difficult to realize in practice. Here, it becomes much
more practical, because we are using strong picosecond
lasers. The plasma spots might act as the short conducting
parts that were formed in a single laser beam, while the
amount of these plasma spots depended on the pulse
energy. Our results suggest an approach of a large
potential in long-distance discharge inducement.

In conclusion, long-range plasma channels are produced
by focusing strong infrared picosecond pulses in air.
Plasma spots appear in the channels; these indicate the
diameter, length, and plasma intensity distribution. The
estimated maximum electron density reaches 104 cm™
in the plasma channels. Benefited by the large diameter
size, the channels are good conductors. We achieve long
air-gap laser-induced discharges through the conducting
plasma channels, although the discharge paths are not
well guided, which implies that the plasma spots might
play an important role. As the laser energies in our experi-
ment are limited, the plasma density is relatively low
compared with the typical maximum plasma density of
about 10" — 10'® em ™ in femtosecond filaments. Plasma
channels with longer lengths and higher plasma densities
can be achieved using more powerful picosecond lasers,
where the high controllability, relatively low cost, and
easy operation of picosecond laser systems may benefit
various applications in the future.
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