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Abstract

The propagation of a multi-terawatt femtosecond laser pulse in air is studied as a function of initial chirp. The chirp
conditions for optimising air ionisation at long distance are presented. lonisation channels are observed over a distance

reaching 400 m.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

There is increasing interest in the study of fem-
tosecond laser self-guiding (filamentation) in air
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and other transparent media. The physical pro-
cesses underlying this effect are now well under-
stood. Filamentation arises predominantly from
a dynamic competition between the optical Kerr
effect, which leads to beam self-focusing and air
ionisation by multi-photon absorption, preventing
beam collapse by beam defocusing [1,2]. Air ioni-
sation involves the simultaneous absorption of at
least 8 infrared photons, so that it occurs for a
threshold like intensity 7 ~ 10'*> W/cm?. In the case
of an input power close to the critical power for
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filamentation (P, ~ 5 GW for air at normal pres-
sure and a laser central wavelength of 800 nm), the
main features of the filament which is formed, such
as spectral broadening, pulse shortening, beam
contraction and plasma channel formation, are
in good agreement with numerical simulations that
solve a non linear Schrédinger equation for the
envelope of the propagating field [3-6]. At higher
input power, P> P, the beam splits into a large
number N of filaments, with N = P/P., [7-9]. This
situation is less well understood, due on the one
hand to the complexity of numerical simulations
which require a full “3d + 17 treatment over a long
path [5,10,30] and on the other hand to the diffi-
culty in measuring the beam characteristics over
long propagation distances D > 100 m, due to
the sensitivity of the multifilamentary pattern on
the initial beam characteristics and on atmospheric
turbulence.

Long-range filamentation of femtosecond laser
pulses in air can lead to several applications [11].
The broad white continuum generated during
self-guided propagation can be exploited for mul-
ti-component LIDAR studies of air pollution
[12-14]. The creation of plasma column can be
used to trigger and guide electric discharge, and
eventually can lead to a new type of lightning
rod [15-17]. Finally, the high local intensity of
the self-guided laser pulse can be used for laser-in-
duced plasma spectroscopy (LIPS) of remote tar-
gets [18]. Thus, depending on the particular
application, it is important to maximise either con-
tinuum generation, the length of ionisation chan-
nels or the laser intensity at long distance.

One important laser parameter in this respect is
the initial chirp of the laser pulse. For ultra-short
pulses at 800 nm, the pulse duration is expected
to increase because of group velocity dispersion
of air. This detrimental effect can be precompen-
sated by imparting a negative initial chirp [19,20].
Initial chirped laser pulse has another effect. By
increasing the pulse duration at constant pulse
energy, it decreases its peak power [21]. This is ex-
pected to increase the distance necessary for the
onset of filamentation [23] and also to reduce the
number N of generated filaments.

In this paper, we report experimental results
concerning the long propagation of IR multi-tera-

watt laser pulses on a horizontal path. Measure-
ments are performed as a function of initial laser
chirp. We are particularly interested in measuring
the length over which ionised plasma channels
are formed. We also investigate the conditions
for optimal continuum generation at long distance
D > 600 m.

2. Experimental procedure

The experiments have been performed with a
Ti:Sapphire multi-terawatt laser system, called
Teramobile. A detailed description of the laser is
given in [21]. The laser operates with a central
wavelength at 800 nm and an energy per pulse of
up to 190 mJ at a repetition rate of 10 Hz. The
beam diameter at the output of the compressor is
34 mm with a pronounced top-hat profile, as
shown in Fig. 1. Since the laser is based on the
chirped pulse amplification (CPA) technique
[24,25], the initial chirp of the laser pulse can be
easily adjusted. For the present campaign, the la-
ser final compression stage was modified so that
it could produce pulses with a negative chirp
(shorter wavelength first) varying between 0.2
and 9.6 ps pulses. This corresponds to respectively
190 and 4 times the critical value P, =5 GW for

Fig. 1. Profile of the beam. Intensity recorded at the output of
the compressor.
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laser pulses at 800 nm. This implies that the initial
power of the laser is always higher than the critical
power necessary to create filaments in air. In order
to obtain large negative chirps, one of the gratings
of the compressor was mounted on a 40-mm trans-
lation stage. The compressor was calibrated with
an autocorrelator measuring the pulse duration
as a function of the distance between the gratings,
yielding the value 241 fs/mm. The collimated laser
beam was launched horizontally 3 m above a
paved road to a maximum distance of 600 m.
Longer distances of 1000 and 2350 m were also
available.

Measurement of the beam intensity in a fila-
ment is a difficult task, even in the case of a well-
controlled single filament in the laboratory. The
most reliable method, which is based on the gener-
ation by a filament of high order odd harmonics in
an atomic gas cell [26], requires an elaborate set-up
with precise alignment. Additional difficulties in
the present case are the high input power, leading
to multifilamentary structures that may vary from
shot to shot, and the effect of air turbulence [29],
which produces fluctuations in the position of the
beam at long distance.

In view of these difficulties, we have adopted the
following procedure. We first measure the occur-
rence of air ionisation as a function of distance
for a given initial laser chirp. Optical field ionisa-
tion of air is detected with two electric techniques
described below. The onset of ionisation yields a
precise value of the laser intensity, which is inde-
pendently known both from experiments in single
filament and from simulations. Next we correlate
the ionisation signal measured as a function of dis-
tance with the darkening of preexposed photo-
graphic paper (Kodak linagraph paper, type
1895). To confirm this calibration, the same
procedure is repeated in the laboratory using a
well-characterized single filament. This procedure
allows us to determine in a single shot the intensity
profile in a complex multifilamentary pattern at a
given distance with an order-of-magnitude
accuracy.

Calibration of the photographic paper in the
laboratory proceeds as follows. First, we measure
the electric conduction of the plasma channel using
the method described in [27]. Two electrodes with

small holes in their centre and separated by 3 cm
are placed in the filament path. A potential differ-
ence of 1000 V is applied between the electrodes.
The conducting channel formed by the filament
between the electrodes closes the electric circuit
and induces a current that is monitored across a
load resistance of 8.2 kQ. Keeping constant the
interelectrode distance and moving the circuit
along the propagation axis, one obtains a charac-
teristic ionisation curve as shown in Fig. 2(b)
(black squares). A second technique measures di-
rectly the electric signal obtained when the fila-
ment impinges on the exposed copper tip of a
coaxial cable connected to an oscilloscope [28].
This induces a voltage measured with a low induc-
tance electric circuit (grey triangles).

Both types of signals recorded as a function of
distance, are shown in Fig. 2(b). For comparison,
we also show in Fig. 2(c) the calculated length of
the plasma channel and the corresponding laser
intensity in the filament for the same experimental
conditions. These results have been obtained by
solving numerically the non-linear Schrodinger
equation governing the slowly varying envelope
of the laser field [6]. Various physical effects are
taken into account: diffraction, group velocity dis-
persion and higher-order dispersive terms, self-
focusing, stimulated Raman scattering, plasma
absorption and defocusing, space-time focusing
and self-steepening. More details on the physical
model used in the code can be found in [6]. Since
the results in Fig. 2 correspond to single filaments
produced in laboratory experiment, 2 + 1 dimen-
sional simulations were performed by assuming
revolution symmetry around the propagation axis.
Usually, a resolution of 10 microns in the trans-
verse direction and 1-3 fs in the time direction is
sufficient but much higher resolution can be
achieved with fixed step size or with adaptative
mesh if necessary. As can be seen in Fig. 2(c), there
is a sharp threshold-like onset of ionisation when
the laser intensity reaches the value 10"° W/cm?;
this correspond to an electric signal of 10-30 mV
induced in the coaxial cable. For the same points
in the path of the filament, pictures of the beam
profile were also recorded on a photosensitive pa-
per in single shot exposures. The black spot re-
corded on the photographic paper was scanned
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Fig. 2. (a) Darkening of a photographic papers measured along the laser propagation axis. (b) Electric conductivity of air (black
square) and induced voltage on a coaxial detector (grey triangle) measured along the laser propagation axis. (¢) Numerical simulation.
The black continuous line represents the electron density (p) (scale on the left axis). The dotted line gives the intensity in the core of the

filament (scale on the right axis).

and its darkening was plotted as a function of
propagation distance. The value of darkening cor-
responding to the ionisation threshold is given at
the extremities of the plasma string at z=2.6
and at z=15.1 m. This corresponds to a value
around 185 (in arbitrary units) for the darkening
curve of the photographic paper (see Fig. 2(a)).
It is adopted as the minimum value for which ioni-
sation of air occurs in long-range propagation
experiments. In this range of value the photo-
graphic paper is in a saturated regime.

The same procedure relating electric and photo-
graphic exposure traces has been applied to out-
door, long distance experiments for two different
laser chirps. First, the electric conductivity of the
plasma channel was measured for a pulse duration
stretched to 0.2 ps. For this chirp value, the ob-
served filaments are rather reproducible in position
from shot to shot and can be tracked over several
tens of meters of propagation. Measurements re-
corded at several points along the propagation
are reported in Fig. 3(a). To assess the darkening
of the photographic papers that corresponds to
the ionisation threshold, the last value of the pla-
teau on the electric signal has been related to the
degree of darkening at the same distance. The de-

duced value is about 185 in arbitrary units, consis-
tent with the value obtained in the laboratory
experiment.

We have also measured the electric signal for an
initial pulse stretched to 2.4 ps. In this case, fluctu-
ations in position become more important, making
the electric conductivity measurement unreliable.
We have instead recorded the electric signal pro-
duced by the central wire of the coaxial cable
placed on the beam (see Fig. 3(b)). As discussed
above, the ionisation threshold is reached for an
electric signal of about 10 mV. This corresponds
to a darkening of about 188 in arbitrary units, as
shown in Fig. 3, in accordance with the previous
results. We have therefore used the darkening of
the paper as method to characterize the multi-fila-
mentary-pattern, for various initial chirps on the
beam path.

3. Long-range beam characterisation

One series of photographic exposures recorded
at four distances, 21, 50, 68, and 109 m is shown
in Fig. 4 for a negative initial pulse duration of
1.2 ps. One can clearly observe in the transverse
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Fig. 3. (a) Comparison of the darkening between photosensitive paper (black triangle) and electric conductivity measurements (grey
square) for a pulse duration stretched to 0.2 ps. (b) Comparison between photosensitive paper (black triangle) and coaxial cable

measurements (grey square) for a pulse duration stretched to 2.4 ps.
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Fig. 4. Measured beam profile at various distances with a initial pulse duration stretched to 1.2 ps.

section of Fig. 4(a)—(c) the appearance of a num-
ber of high intensity channels that tend to appear
on a ring at the periphery of the beam. This highly
uneven intensity distribution of the beam intensity
profile persists after a hundred meters of propaga-
tion (Fig. 4(d)). High intensity channels are also
linked by an energy web organization. The ring
like multi-filamentary structure can be understood,
by considering the initial superGaussian beam pro-
file (see Fig. 1). Since the self-focusing process ini-
tiates filamentation by excitation of a limited range
of transverse wavenumbers [7], one expects few fil-
aments in the centre of the beam, because of its flat
intensity profile corresponding to wavenumbers
having a weak amplification rate, and an accumu-
lation of filaments around the beam edge, where
intensity gradients are maximum. As shown in
Fig. 5, this behaviour is well reproduced numeri-
cally by the same three-dimensional + time propa-

gation code used in [10,30]. The physical model is
that described in [30] and takes account of the
afore mentioned effects. The code follows a split
step Crank—Nicholson, Fourier (in time) scheme.
Unevenly distributed adaptative mesh grids allow
us to adjust the resolution to the wide range of
spatial and temporal scales. The initial beam inten-
sity profile at d = 0 (see Fig. 1) is introduced in the
code as an initial condition. 10° spatial grid points
in the transverse dimension were sufficient to
reproduce the light tubes shown in Fig. 5(a) with
a resolution of 100 pm. The temporal resolution
was varied in the range 3-15 fs. No atmospheric
turbulence is included in these calculations, first
because the patterns recorded experimentally were
rather reproducible from shot to shot, second be-
cause the scale of viscous dissipation is about 1
mm [29] which is slightly larger that the light tubes
and third because it is mainly the intensity
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Fig. 5. Comparison between experiment and simulation after 68 m of propagation for a beam initially stretched to 1.2 ps. (a) Beam
cross-section recorded with a photosensitive paper. (b) Computed distribution of fluence.

gradients in the nearly top hat beam profile (see
Fig. 1) which are responsible of the organization
of the light channels on the periphery of the input
beam. A much cleaner beam with regular azi-
muthal perturbations was numerically shown to
produce similar patterns except that the light tubes
are regularly located on polygonal figures [30].
The photographic papers have been scanned in
a densitometer through the highest intensity spots.
Results are shown in (Fig. 6). Between d = 50 and
68 m, the trace is saturated or even burned (Fig.
6(a)). At longer distances, one observes a broaden-
ing of the spot size and a decrease of the darken-

109 m 144 m

ing. From such measurements, one deduces that
air ionisation takes place over a distance of up to
100 m.

In Fig. 7, a count of the number of hot spots
giving a signal exceeding the ionisation threshold
and a count of the number of light channels are gi-
ven for three representative chirps as a function of
distance. Light channels are defined here to be
high intensity spots within the beam profile with
insufficient intensity to ionise air. The intensity of
light channels is in the range 5x10'°-10" W/
cm’ as deduced from the darkening of photo-
graphic plates comprised between 145 and 185

240 m

o
m 100

10 1 40 1 -1

Profile (mm) Profile (mm)

Profile (mm)

1 -1 0 1 -1 0 1
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Fig. 6. Experimental burning spots of the laser on photographic paper at five various distances and for an initial pulse duration of
7, = 1.2 ps. For each distance, the intensity profile has been reported below, dotted lines show the ionisation threshold (in arbitraries

units).
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Fig. 7. Evolution of the number of filaments in step with
distance for three consecutive pulse duration: (a) 0.2 ps, (b) 1.2
ps, (c) 2.4 ps.

(see Fig. 11(c)). Adopting the criterion that an ion-
ising filament is formed if, at least one hot spot has
a peak intensity exceeding the threshold value for
ionisation (darkening >185, see Fig. 6), one can
draw the filament length as a function of laser
chirp. It is plotted in Fig. 8 as black lines. When
the initial pulse duration is increased by introduc-
ing a negative chirp the peak power decreases. Fil-
amentation occurs later but over a longer distance
and with less plasma strings. For the pulse dura-
tion 1, = 2.4 ps the length where ionisation occurs
has been increased by more than a factor of 5 and

T T T T T T
1x10'24 0.2 ps i
- 1.2 ps
<~ 1x10"' 2.4ps 4
= - . - -
=¥ 3.6 ps
* - * e
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Fig. 8. Evolution of the length of filamentation by varying the
initial chirp of the laser pulse. The pulse without chirp has a
duration of 100 fs. The black lines and black points refer to
locations where air ionisation could be detected, grey lines to
distances where bright light channels are observed.

the number of filaments has been divided by 3. In a
recent work, Golubtsov et al. [22] reported numer-
ical simulations on the control of filamentation
and the generation of supercontinuum by also
varying the initial pulse-phase modulation
(PPM). They predicted that a negative PPM shift
the beginning of filamentation [16,21-23,31] and
significantly extend the length of plasma channels.
With an initial pulse duration of 800 fs and a neg-
ative PPM, the filamentation length reaches 800 m
and is 2.5 times longer than with the transform-
limited pulse (to =21 fs). Our results are qualita-
tively comparable to most of the predictions made
from the calculations of Golubtsov et al. [22]. Nev-
ertheless, the calculated length of plasma channels
is much longer than our experimental optimum.
The numerical ionisation length reaches 800 m
with a pulse duration of 800 fs, even though we
find a maximum length of 300 m for a pulse dura-
tion of 2.4 ps. Numerical results sensitively de-
pends on the specific shape of the input beam,
the initial pulse parameters and experimental re-
sults depend also on the dynamics of plasma detec-
tion. This explains discrepancies between their
simulations and our experiments, despite clear
common general trends. Finally, the grey lines in
Fig. 8 correspond to the formation of intense light
channels, without occurrence of detectable ionisa-
tion. As reported recently, such bright light chan-
nels without measurable ionisation propagate
over at least 2350 m [10].

The procedure using photosensitive paper has
been repeated for various initial pulse duration
with the results summarized in Fig. 9. The degree
of darkening of papers corresponding each time
to the strongest spots within the entire beam pro-
file has been traced as a function of distance for
different initial negative chirps. In the same figure,
the value of the ionisation threshold is plotted as a
horizontal dashed line. The degree of darkening
for each curve above the ionisation value should
be considered with circumspection, because the pa-
per becomes saturated or even burned. However, it
gives a rather reliable criterion for the onset of
ionisation and therefore allows us to extract the
distance over which air is ionised. An optimum
was found for a negatively chirped pulse (duration
of 2.4 ps). For this value, ionisation was observed
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Fig. 9. Measurement of maximum of intensity in light filament
as a function of distance for various stretched pulse durations.

over more than 300 m with a maximum of five ion-
ising filaments in the beam profile.

Finally, we briefly address the question of opti-
mising white continuum generation at long dis-
tance. The beam intercepted by a white screen
was photographed with a digital camera at several
distances. In Fig. 10, the beam cross-section re-
corded at 1000 m is compared for two values of
the chirp, 0.2 and 9.6 ps. The first corresponds to
the smallest duration of the pulse that can be real-
ized with the modified compressor stage, the sec-
ond gives the highest negative chirp achievable.
One notices in the first case a bright continuum
generation, without discernible hot spots, with a
beam divergence of 1 mrad. In the second case,
the whole beam profile is slightly compressed,
and bright channels (which persists beyond 2350
m) are clearly observable.

For the longest pulse duration, 9.6 ps, photo-
graphs of the beam profile recorded at a distance
of 2350 m are shown in Fig. 11(a) and (b). As dis-
cussed earlier, we were not able to measure reliable
evidence of air ionisation under these conditions.
An estimate of the laser intensity from the darken-
ing of the photographic paper gives a peak value
of about 10'* W/cm?.

Assuming a conversion efficiency of 1-10% be-
tween the initial pulse and the broadband contin-
uum, we can now estimate the total power as
well as the fluence of the continuum on a distance
of 1 km, since we know the white continuum beam
divergence. We find an energy of 2-20 mJ in a con-
tinuum comprise between 300 and 950 nm and a
fluence of 2x 1077-2x 107® J/em? for an initial
pulse duration close to minimum. On the other,
with a negative chirp giving a pulse duration of
9.6 ps, we have typically between 5 and 7 light
channels at 1 km. Only the bright channels gener-
ate continuum in this case. Assuming the same
conversion efficiency into continuum of 1-10%,
the continuum energy is in the ratio of (total sur-
face of light tubes/beam surface) ~10~°. However,
the fluence is the same. Therefore, we conclude
that a small negative chirp is better suited for
applications where the continuum emission must
be maximized.

The fact that ionisation is usually needed for
balancing self-focusing is a physical picture that
emerged from works on filaments generated by
unchirped pulses at moderate powers. With multi-
ple filaments generated by high-power beams, this
picture is expected to be still correct for indepen-

Fig. 10. Comparison between two beam cross-section at 1000 m. (a) minimum negative chirp: 0.2 ps, (b) maximum negative chirp:

9.6 ps.
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Fig. 11. Experiment at 2350 m. The beam had initial chirp of 9.6 ps. (a) Photography of the beam cross-section intercepted by a white
screen. Exposure time of a few second. (b) Detail of a single shot light tube recorded with photosensitive paper. (c) Transverse profile
(continuous curve) of the light tube at 2350 m. The dash curve represents the measured curve in laboratory (energy E = 20 mJ, pulse
duration 130 fs, diameter @ =2 cm) to determine the lower intensity limit of the light tubes.

dent filaments collapsing on themselves, a situa-
tion favoured with unchirped pulses. With power-
ful beams and large chirps, a large number of light
tubes compete for the available laser energy over
extended distance. The validity of this powerful
concept of the energy reservoir, originally pro-
posed in [5], was shown in detail for a single fila-
ment [32]. The collapse of a specific light channel
into a plasma filament is more difficult when sur-
rounding light channels prevent a fast concentra-
tion of power, which makes other mechanism
such as, e.g., GVD, more efficient to arrest the col-
lapse before ionisation occurs [33].

In conclusion, we have studied the beam profile
of an intense IR femtosecond laser pulse as a func-
tion of distance, up to 2350 m, for different initial
chirps. Using electric measurements and photo-
graphic recordings, we estimated the distance over
which air ionisation was occurring. A maximum
ionisation distance of 370 m was found for a laser
with a negative chirp of 2.4 ps. A shorter pulse
duration favoured the amount of broadband con-
tinuum detected at long distance, while longer neg-
ative chirps led to the appearance of bright light
channels at 2350 m, the longest distance for which
measurements were performed. The peak
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intensities of such bright light spots was estimated
to be around 10'> W/cm?.
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