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Formation of a conducting channel in air by self-guided femtosecond laser pulses
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We report a drastic reduction of air resistivity following the passage of a self-guided femtosecond pulse from
a Ti:sapphire laser system at 800 nm with energies per pulse between 1 and 14 mJ and a pulse duration of 120
fs. Connected plasma filaments with a length that can exceed 150 cm are created by these pulses. The presence
of a conducting plasma channel results from multiphoton ionization of air molecules in the filament core.
@S1063-651X~99!51210-5#

PACS number~s!: 52.40.Nk
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A very unusual propagation of light has been observ
recently@1–4#. Intense ultrashort laser pulses launched in
self-organize into filaments, which persist over very long d
tances. This self-guiding effect is interesting in several wa
From a fundamental point of view, long-range self-guid
propagation is a beautiful example of strong nonlinear
sponses conspiring to establish a quasistable dynamic
gime. It also suggests interesting applications. For insta
one might use these filaments to trigger and guide an ele
discharge. The peak intensity of the pulse inside the filam
can reach 1014W/cm2 @5#, a value sufficient to ionize ai
molecules by multiphoton transitions. Hence, a channe
weakly ionized plasma should be formed after passage o
pulse that could perhaps act as a precursor for lightning@6#.
However, evidence for the existence of such a plasma
ment has so far been indirect@1–3,7,8#. In this paper, we
present direct evidence that a conducting channel is ind
created by self-guided pulses. Using as little as 14 mJ
laser energy, a plasma column extending over a distanc
more than 100 cm is observed. Similar electric conductiv
experiments performed in Jena have been published rec
@9#.

The experiment setup, shown in Fig. 1, is simple in pr
ciple. To detect the presence of a conducting column,
measure the change of resistivity of air between two e
trodes after passage of a filament. The initial laser puls
delivered by a Ti:S oscillator followed by a CPA amplifie
system. The pulse wavelength is 800 nm, its duration is
fs, and its energy can reach 50 mJ. At the output of
compressor stage, the beam profile is nearly Gaussian, w
Gaussian parameter ofw0512 mm. The beam goes throug
a diaphragm of variable diameterD and is focused in air with
a thin lens of focal distanceF51 or 2 m. This converging
beam geometry reduces the distance necessary for the fo
tion of a self-guided pulse, allowing one to perform expe
ments in a laboratory of restricted dimensions@10#.

The filament traverses a first copper electrode throug
pinhole drilled in its center. The diameter of the pinhole~1
mm! is a compromise. A smaller diaphragm would destr
most filaments before they reach the second electrode,
cause of fluctuations in their position from shot to shot.
the other hand, with a larger diaphragm the electric sig
diminishes rapidly, due to the high resistivity between t
ionized core of the filament and the edge of the electrode
PRE 601063-651X/99/60~4!/3505~3!/$15.00
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a first electrode, we have also used a polished stainless
mirror set at grazing incidence in the vicinity of the filamen
The beam then impinges on the second electrode, consis
of a plain copper block or, for short electrode separationd
,2 cm, a replica of the first electrode with its pinhole on t
axis. A dc voltage of typically 1000 V is applied betwee
both electrodes. One measures the current circula
through the plasma column by recording the voltage indu
across a resistance. The electric discharge is non-s
sustained, giving a pulse with a rise time and decay time
than 3 ns across a 100-V resistance, limited by the respons
time of the detection system~see inset of Fig. 3!. A more
sensitive detection of the presence of free carriers is obta
with an electrometer, which integrates over many laser sh
the charges flowing to one electrode.

In Fig. 2, the average charge per laser shot collected
the electrometer is shown as a function of distanceL between
the geometric focus and the first electrode, keeping the s
ration between the two electrodes constant atd51.5 cm.
Curve~a! is for a filament produced by a beam with a diam
eter limited by the diaphragm to 8 mm. The initial energy
the pulse~before the lens! is about 3 mJ. The lens has a foc
distanceF of 1 m. Curve~b! refers to a diaphragm of 18 mm
The pulse energy is 14 mJ and the lens has a focal dista
of 2.24 m. Under these last conditions, shot-to-shot fluct
tions were more important, with the filament breaking som
times in a multifilamentary structure. Careful alignment
the laser reduced the tendency to multifilamentation by
proving the transverse mode structure of the laser be
Nevertheless, fluctuations in position of the filament by
few mrad were still present.

As can be seen in Fig. 2, the self-guided pulse forms
ionized track over a distance of at least 150 cm. In Fig. 3,
peak of the voltage signal, detected across an 8.2-kV resis-

FIG. 1. Experiment setup~see text!.
R3505 © 1999 The American Physical Society
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tance, is plotted as a function ofL for the case of a 14-mJ
pulse. Single shot detection now allows one to discrimin
amplitudes of signals. In the plot of Fig. 3, only those sign
of large amplitude corresponding to well connected sin
filaments are registered. The presence of a plateau of
stant conductivity extending beyond the geometric focus
distance of about 40 cm, which was buried in the averag
procedure of Fig. 2, is now revealed.

The current has also been measured as a function of e
trode separation in the plateau region, up to a distancd
550 cm. It reveals a linear dependence of the current w
1/d, for a fixed applied dc voltage~see Fig. 4!, or with ap-

FIG. 2. Integrated electric charge measurements over 100
shots, normalized to a single laser shot, made by use of an
trometer connected to the rear electrode. The electrode spaci
1.5 cm. Curve~a! is obtained with 3 mJ energy per pulse and
duration of 120 fs. Curve~b! is for 14 mJ energy per pulse. Th
applied voltage is 1000 V dc.

FIG. 3. Single shot electric current measurements as a func
of the distanceL. The applied voltage is 1000 V dc across t
electrodes with spacing~a! d511.5 cm and~b! d53 cm. The en-
ergy per pulse is 14 mJ and the external resistance is 8.2 kV. The
origin of L corresponds to the geometric focus of the lens. The in
shows the shape of the transient voltage, measured across a 1V
resistance, with an applied voltage of 1500 V. The signal is
corded in a single shot with a numerical oscilloscope~Tektronix
TDS 544A! of 500 MHz bandwidth.
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plied voltage between 500 and 2500 V for a fixed separa
d. This in turn indicates that we are in an Ohmic regim
with the current directly proportional to the applied fiel
The peak current in the plateau, measured with a 100-V re-
sistance, is at least 10 mA.

We now address the question of the origin of the condu
ing structure. One can reject an interpretation based on
presence of a stream of fast electrons ejected from one e
trode and collected by the other from the fact that a sec
electrode with a pinhole gives essentially the same result
a plain electrode. We have also compared signals obta
by inverting the polarity between the two electrodes. Res
are shown in Fig. 5. No significant change of the magnitu
of the signal is detected with polarity, except in a small
gion before the geometric focus of the beam, and for sm
interelectrode spacing only (d,5 cm).

A more plausible physical origin for the presence of co
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FIG. 4. Electric current measurements as a function of 1/d, in
the plateau region. The first electrode is atL50. The incident en-
ergy per laser pulse is 14 mJ. The applied field is 1000 V. T
external resistance is 8.2 kV.

FIG. 5. Electric current measurements as a function of the
tanceL. The applied voltage is 1000 V for the polarity~1! and
21000 V for the polarity~2!. Electrode spacing isd51.5 cm. The
dotted curve is the difference between the signals for each pola
The pulse energy is 14 mJ. The arrow indicates the calculated
sition of the beginning of the filament.
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ducting charges is multiphoton ionization, a process play
a crucial role in pulse self-guiding@1–3,10#. We have con-
fronted our measurements with the numerical results o
three-dimensional~3D! propagation code with initial condi
tions close to those of the experiment. According to
simulation, the birth of the filament should occur 30 cm b
fore the geometric focus. This displacement of the onse
filamentation from the geometric focus is understood sim
@11#: the focal point of the beam sweeps back from the g
metric focus along the propagation axisz during the ascend
ing part of the laser pulse. This sweep forms an ionized tr
as well, extending from the geometric focus inward up to
distance shown as an arrow in Fig. 5. This position is cl
to the measured onset of conduction in Fig. 5.

One can also compare the calculated electron densit
the conducting core of the filament with values extrac
from the measurements. The simulation yields a laser fi
clamped to a maximum on the order of 1014W/cm2 by the
rapid surge of ionization@12#. At this field value, the ioniza-
tion rate is of the order of 1023 and only singly ionized
atoms are formed. In the corresponding conducting core w
a diameter estimated by the numerical code to lie betwee
and 100mm ~full width at half maximum!, an average free
electron density ranging between 331016 and 2
31017cm23 is expected.

To evaluate the free-electron density from the measu
u,
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ments, we rely on the reported current density per ioni
53310214A/cm2, quoted in Ref.@13#, for air at atmo-
spheric pressure with an applied field of similar magnitu
Taking a filament size of 40mm diam, we obtain in the
plateau region a minimum average peak current flux of 8
A/cm2 and a plasma resistivity less than 1.2V cm. From this,
we estimate a free-electron density of 331016cm23 @14#. At
such densities, the decay of the plasma is expected to
predominantly due to recombination of electrons at the p
ent ions, following a lawdn/dt52bn2. Assuming a value
b52.231027 cm3/s from the literature@6#, one finds that the
majority of carriers disappear within 5 ns, in agreement w
the duration of the electric signalt,3 ns. More accurate
measurements of the decay are now in progress.

In conclusion, using laser pulses of modest energy,
observe the presence of a conducting plasma column
distances exceeding one meter along the track of self-gu
filaments. Such a plasma column could be useful for
study of electric lightning, since it may provide an artifici
precursor of uniform carrier density, circumventing the co
plex initial stage of streamer formation preceding elect
breakdown of air.

We are thankful to Professor R. Sauerbrey for a priv
communication of his results on similar measurements
fore publication.
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