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We report filamentation of subpicosecond UV laser pulses with only milljjoule energy in atmosphere.

The

results are in good agreement with a numerical simulation using a quasi-three-dimensional propagation code.
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Intense ultrashort IR pulses launched in air undergo
important changes in their propagation pattern. If
the peak pulse power exceeds a critical value of P, ~
10" W, narrow filaments with radii of ~100 um
and peak intensities reaching ~10!3 to 104 W/cm?
are formed. These filaments remain stable over
tens of meters or more, much longer than the beam’s
Rayleigh distance.!”® This self-guiding effect has
been attributed to a dynamic balance between beam
self-focusing (owing to the optical Kerr effect) and
beam defocusing (owing to multiphoton ionization of
air molecules). A signature of filamentation is the
formation of a thin plasma column in the track of the
self-guided pulse, owing to multiphoton ionization of
air molecules. The presence of such a weakly ionized
column was recently detected by electric-conductivity
measurements of air.*~®

In this Letter we report nonlinear propagation of in-
tense ultrashort UV pulses in air and their evolution
into filaments. With the exception of an oral presen-
tation at a conference,” to our knowledge filamenta-
tion with ultrashort UV pulses has not been reported,
and no details on properties of such self-guided pulses
are available. We have characterized the properties of
these filaments by recording the beam profile and the
pulse-power spectrum as a function of propagation dis-
tance. We have also verified that an ensuing plasma
column is formed in the track of the self-guided pulse
over a distance of several meters. These experimen-
tal results were compared with a three-dimensional nu-
merical simulation with realistic parameters.

We obtained a UV laser pulse by doubling the
output of a femtosecond dye laser and amplifying it
with an excimer laser amplifier. The laser’s peak
emission wavelength was at 248 nm. The laser beam
had a rectangular profile of 8 mm X 26 mm and a full
divergence angle of ~0.15 mrad. Its energy distri-
bution was flat along the longer dimension of the
rectangular area and Gaussian along the shorter
dimension. The laser-pulse duration (FWHM) before
propagation was measured by autocorrelation with
NO molecules in a cell as a nonlinear medium.? The
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laser could operate either in the femtosecond mode
(pulse duration, 450 fs; pulse energy, <10 md) or in
the picosecond mode (5-ps pulse duration; energy per
pulse of up to 15 mJ). Measurements were obtained
with 450-fs-long pulses. The laser beam was directed
through a circular diaphragm of radius 3.5 mm and
then focused with a lens of focal distance f = 9.5 m. It
was first verified that attenuated, low-intensity pulses
propagated according to the laws of geometric optics.

At high intensities, strong modification of the beam
propagation was observed. For incident pulse energy
of ~2 mdJ and pulse duration of 450 fs, the focal spot
was displaced by 2.5 m toward the lens. Half of the
beam energy was lost in this new focal region. Ap-
proximately 10% of the initial beam energy propagated
beyond the focus in the form of a central filament, and
40% was contained in a diverging conical beam sur-
rounding the filament. The filament extended over a
distance of approximately 4 m, with a nearly constant
radius of 150 um (see Fig. 1, top).

The pulse-power spectrum was measured at differ-
ent distances z along the propagation axis, by extrac-
tion of a weak part of the beam with an adjustable
pinhole and recording of the spectrum in the far field.
In the region before the focus, a small broadening can
be observed. This spectral broadening becomes more
pronounced once the filament is formed. The coni-
cal beam also shows spectral broadening, albeit less
pronounced.

Filamentation with concomitant plasma-channel
formation was verified by measurement of the electric
conductance of air as a function of propagation dis-
tance by use of the conductivity technique described
in Ref. 6. We measured air resistivity behind the
femtosecond laser pulse by recording the current
flowing between two plane metal electrodes with
4-mm holes bored in their centers to allow passage of
the filament. A typical voltage of 2 kV was applied
between the electrodes, which were separated by
1.5 cm. As shown in Fig. 1 (bottom), a connected
plasma column extending over 6 m could be readily
observed by use of this method. A rough estimate
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Fig. 1. Top, spatial profile of the laser beam with dis-

tance. The dashed curves correspond to beam propagation
in the linear regime. Bottom, electrons per unit length
measured along the propagation path, together with the
numerical simulation including ionization of oxygen, nitro-
gen, and a gas mixture of 80% Ny and 20% Os.

of the filament diameter was obtained from the size
of a spot burned on exposed photographic film. From
the measured peak current and the filament radius
of 150 um, we extract a mean free-electron density of
106 cm~2 in the region from 6.5 to 8.5 m (see Fig. 1,
bottom).

These experimental results were compared with
numerical simulations by use of a three-dimensional
propagation code with axial symmetry. This code
has been successfully applied to the propagation of IR
femtosecond laser pulses.” The code treats nonlinear
beam self-focusing that is due to the optical Kerr
effect, beam defocusing that is due to multiphoton
ionization of molecules with associated radiation
losses, and normal beam diffraction. We adopted
as the initial condition a super-Gaussian transverse
beam profile to take into account the effect of the
diaphragm. Beam convergence was simulated with a
quadratic spatial phase factor. The initial time pulse
profile was assumed to be of the form of a sech? pulse
with ¢y = 450 fs. The initial power spectrum was
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taken as a Gaussian, approximating the measured
spectrum, with a flat spectral phase. Calculations
were performed with different initial pulse ener-
gies corresponding to the experimental values. The
value of the instantaneous nonlinear Kerr index,
ng = 8 X 1071° ¢cm?2/W, was obtained from Ref. 7. We
did not include the retarded Kerr effect because the
laser spectrum did not exhibit a significant spectral
shift to lower energies in the ionization-free region
before the focus. The absence of a redshift in the first
spectral moment indicates that the noninstantaneous
Kerr response is small and can be neglected.!® The
formation of the plasma was modeled by single
ionization of oxygen and nitrogen molecules, with
corresponding ionization potentials of 12 and 15.5 eV,
involving simultaneous absorption of three and four
UV photons, respectively. Calculated free electrons
produced per unit length for pure nitrogen and oxygen
and for an 80% N3—20% O9 gas mixture are shown in
the bottom part of Fig. 1.

The simulation reproduces a large part of the
experimental results surprisingly well. The calculated
beam waist is plotted in Fig. 1 (top), together with
the recorded beam diameters. Spatial repartition of
the fluence at different locations, before and after
filament initiation, is shown in Fig. 2. In the initial
Kerr region, in which ionization does not significantly
alter the propagation (z < 7000 mm), one can observe
the formation of rings merging inward to the beam
center. The appearance of ring patterns can be seen
in the burning spots of the laser beam on UV photo-
graphic paper recorded at the same distance (see the
insets of Fig. 2). Once a filament is formed, the trend
is reversed, and light energy is radiated in the form of
outward-traveling rings, in agreement with the ob-
served conical emission. The code predicts ~8% of
the total initial pulse energy channeled into the fila-
mentary core.

A striking feature emerging from the simulations is
the occurrence of stable situations in which the pulse in
the filamentary core stays unchanged over more than
4 m for an input energy of 2 mJ. This stability is in
contrast with the results for IR filaments, which in our
simulations show pulse shortening and breaking. In
this stable region the peak intensity is ~10'" W/cm?,
3 orders of magnitude less than in IR filaments. Yet
~25 times more free electrons are produced; note, how-
ever, that the corresponding free-electron density is
smaller by a factor of 10, since it is distributed over
a larger column.

Simulations of filamentation with IR or UV pulses
reveal other basic differences between the two types of
filament. For UV filaments, propagation losses that
are due to multiphoton ionization are significantly
higher, because the number of photons involved in
one ionization step is reduced from 8-10 to 3-4.
Consequently, the formation of a plasma column is
more pronounced than with IR pulses. For instance,
we find a tenfold increase in the measured length of a
connected conducting column, compared with the case
of IR pulses, for similar pulse energy.

It may be worth commenting on the large differences
between UV and IR filamentation. In filamentation,
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Fig. 2. Three-dimensional fluence simulated profiles for
different distances. Insets, experimental burning spots of
the laser on photographic paper at the same distances. The
sizes of the burning spots are not to scale.

the optical Kerr effect and multiphoton absorption play
crucial antagonistic roles, the first by acting as an in-
tensity amplifier by means of beam self-focusing and
the second by acting as an intensity limiter. If it is
allowed to proceed sufficiently, beam self-focusing is
accompanied by pulse shortening!’? and eventually
pulse breakup.’® Therefore the complexity of the situ-
ation depends sensitively on the value of the multi-
photon cross section. With UV pulses, in which the
ionization cross section is much higher, since it requires
3—4 photons instead of 8—10, beam self-focusing is hin-
dered much earlier. The resulting situation is much
simpler and closer to a true dynamic equilibrium.
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