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We demonstrate that the capacity of ultrashort high-power laser pulses to trigger and guide
high-voltage discharges can be significantly enhanced by a subsequent visible nanosecond laser
pulse. The femtosecond pulse induces a bundle of filaments, which creates a conducting channel of
low density and cold plasma connecting the electrodes. The subsequent laser pulse photodetaches
electrons from O, ions in the electrode leader. The resulting electrons allow efficient heating by
Joule effect in a retroaction loop, resulting in a 5% reduction of the breakdown voltage. © 2006
American Institute of Physics. [DOI: 10.1063/1.2162430]

Triggering and guiding of lightning using laser beams
has been considered for more than 30 years.l The main mo-
tivation is to protect sensitive sites, such as electrical instal-
lations or airports, from direct strikes and electromagnetic
perturbations. Early studies in the 1970s and 1980s usm%
nanosecond laser pulses of high energy (in the kJ range),
have shown severe limitations due to the lack of connected
plasma channels and the large absorption of the laser pulse
by the induced hot and dense plasma. In contrast, ultrashort
(femtosecond) lasers can generate efficient multiphoton/
tunnel ionization even at moderate energy (typically 0.1 J per
pulse), while they are too short to induce cascading ioniza-
tion. The weak absorption of the laser energy results in long
channels of cold plasma with an electron density as low as
N,~10% cm=3 2 still several orders of magnitude above the
required free-electron density for lightning initiation in the
atmosphere  (Njj;=5 x 10t cm™3).* This promising ap-
proach has been demonstrated in the ultraviolet (UV) over
short scales (typically 30 cm),*® as well as with infrared
lasers, both focused to form a short plasma channel of 5 to
20 cm Iengthe’7 or longer, using multiple focusing,s’9 and in
the filamentation regime.lo'11 In the latter approach, colli-
mated or slightly focused infrared (IR) femtosecond pulses
generate long plasma channels (filaments) that ohmically
connect the electrodes. Filaments* result from the dynamic
balance between Kerr-lens focusing and the defocusing by
the laser-induced plasma. In the atmosphere, filaments have
been observed over several tens of meters up to a few kilo-
meters away from the laser source.! ® Therefore, they are
good candidates to extrapolate laboratory results to the atmo-
spheric scale (>100 m), especially since rain does not pre-
vent the triggering effect of the filaments.'*

A strong limitation for lightning control by filaments
stems from the limited lifetime of the generated plasma,
which amounts to only a few us.>'® At a typical speed of

¥Electronic mail: jkaspari@lasim.univ-lyon1.fr

0003-6951/2006/88(2)/021101/3/$23.00

88, 021101-

106 m/s 7 the discharge can thus only propagate over a few
meters,>'* which limits the effective guiding length to the
meter scale and prevents a direct extrapolation of the labo-
ratory results to the atmospheric scale. Hence, the key issue
to trigger lightning discharges resides in increasing the
plasma lifetime. For this purpose, |t has been shown that the
use of a train of ultrashort pulses'® can prolong the plasma
lifetime. Also, it has been suggested that a second, relatively
long (ns) laser pulse of high energy (several tens of J),*°
referred to as the maintaining pulse, could sustain the plasma
density through both photodetachement from O ions, and
plasma heating by inverse bremsstrahlung. The absorption

coefficient for inverse bremsstrahlung is «a= Ve,wp/cw

where o represents the laser frequency, w,=VN, e?lm,gq is
the plasma frequency, v,;=3X107°N, In(A) T15 is the
electron-ion collision frequency, and a typical range for the
Coulomb integral is 1 < In(A)<10.5® Treating the plasma as
an ideal gas and assuming that all the deposited energy heats
it, an upper bound for the plasma heating is only 4 K per
Joule of laser energy at A=532 nm when con5|der|ng an up-
per I|m|t for the electron density N,=102 m=32 with
In (A)=5,*°] and an electron temperature (T,=1eV), corre-
sponding to the excess energy of the free electrons after
photodetachment and multiphoton ionization. Therefore, the
electron density in a filament is not sufficient for a maintain-
ing a laser pulse of reasonable energy to significantly heat
the plasma.

The main electron sink in the filaments is the attachment
to O, molecules.”® Since the photodetachment energy of
O3 (0.54 eV) is well below the considered photon energies
(Ephoton=2-3 €V at 532 nm), the single-photon photodetach-
ment rate is y,= oo—lllhw where I, is the intensity of the
maintaining pulse (|n W/cm?), 70 532=1.5% 10719 cm?, and
T0;,1064=4.6 X 10” 21 ¢m? at 532 and 1064 nm, respectively.'®
In standard conditions (7=300 K, P=1 atm), under an elec-
tric field E=500 kV/m, the attachment coefficient of elec-
trons to O, molecules is 7=2.5x 10" s~%. Therefore, pulse
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