Long connected plasma channels in air produced by
ultrashort UV laser pulses
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Abstract: Sub-picosecond UV-laser pulses (248nm, 450fs) with only mJ energy propagating in atmosphere
lead to the formation of connected plasma channels over several meters. Optical and electric diagnostics and
simulations allow characterization of the plasma channel.
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1. Introduction

Several studies have shown recently that ultrashort infrared laser pulses propagating through atmosphere may create
long plasma filaments [1-3]. This effect may have important applications in laser-controlled discharges [4], long-
range deposition of high laser intensities, new LIDAR monitoring [5], etc. We present an investigation of the
nonlinear propagation of ultrashort UV laser pulses in air. We show, for the first time, that it is possible to form
connected plasma channels extending over several meters by using as little as 1.7 mJ per pulse having a duration of
450 fs.

2. Experimental technique, and results

The UV laser pulse is obtained by an Excimer pumped femtosecond dye laser. Its characteristics are: maximum
energy per pulse: 8 mJ; central emission wavelength: 248 nm; pulse duration: 450fs. The pulses were launched
through atmosphere in a converging beam geometry. The low power focal distance of the beam was 9.5 m. At high
intensities, a displacement of the focus towards the lens was observed. About 10% of the initial beam energy
propagated further in the form of a narrow beam of constant diameter of 100 pm, 50% of the beam energy was lost
in the focal region, and 40% contained in a diverging conical beam surrounding the filament.
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Fig. 1. (a) Spectra of the filament (dashed line) and of the conical ring around the filament (dotted line), recorded
1 m beyond the geometric focus. The input pulse energy is 1.7 mJ. Also shown is the unfocused laser spectrum.
Note the strong blue shift in the filament. (b) Spectrum of the unfocused laser beam for different pulse
energies, after 30 m propagation. No global blue shift is observed.



The laser spectrum was measured at different locations, as shown in the Fig. 1(a). For comparison, spectra of a non-
converging laser beam were also recorded as a function of distance and pulse energy (Fig. 1(b)). The spectrum of the
filament reveals a large bleu shift showing that its intensity is high enough to ionize air molecules by multiphoton
processes. Laser beam profiles were correlated to the formation of a plasma filament by measuring the electric
conductance of air as a function of distance after passage of the pulse [3]. As shown in the Fig. 2, a connected
plasma filament extending over 6 m could be readily achieved with pulse energy of only 1.7 mJ. Connected plasma
channels of such length could not be achieved with ultrashort IR pulses of similar energy.
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Fig. 2. Current measured across 2 electrodes separated by 1.5 cm, as a function of distance from the focusing lens.
The laser pulse forms a plasma channel, which short-circuit the electrodes. Also shown is the approximate
spatial dimension of the filament with distance.

3. Discussion

The results may be understood by considering the combined effects of nonlinear beam self-focussing due to the
optical Kerr effect, beam defocusing due to multiphoton ionization of atoms and normal beam diffraction. A
numerical simulation of the beam propagation was performed using a 3-Dimensional code with axial symmetry [6].
The value of the instantaneous nonlinear Kerr index was extracted from the literature and verified by fits of the
spectra before and after propagation using a substitution algorithm. The importance of the retarded Kerr effect was
obtained from the first spectral moment of the pulses in a parallel geometry as a function of laser power (Fig. 1(b)).
The formation of the plasma was modeled by single ionization of oxygen and nitrogen atoms with a corresponding
ionization potential of 12 and 15.5 eV, involving the simultaneous absorption of 3 and 4-UV photons respectively.

4. Conclusion

The simulation reproduces a large part of the experimental results. About 10% of the beam energy is transferred
beyond the geometric focus in the form of an incipient self-guided pulse. The calculated plasma density yields a
mean value of about 10'® cm™ along the ionized path. This compares well with values extracted from the
measurements of the ionized air channel conductivity. However our simulations presently do not predict self-guiding
beyond 70 cm, a distance shorter than the one inferred from the experiment.
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