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Infrared extension of the supercontinuum generated
by femtosecond terawatt laser

pulses propagating in the atmosphere
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We investigated the spectral behavior of a white-light continuum generated in air by 2-TW femtosecond laser
pulses at 800 nm. The spectrum extends at least from 300 nm to 4.5 mm. From 1 to 1.6 mm the continuum’s
intensity increases strongly with the laser energy and depends on the initial chirp. © 2000 Optical Society
of America
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The propagation of high-peak-power laser pulses in
transparent matter gives rise to strong nonlinear
effects such as four-wave mixing,1 stimulated Raman
processes,2 self-focusing,3 and self-phase modulation
(SPM),4 –6 which lead to strong modif ications of the
pulse characteristics. Self-focusing occurs because
of the radial intensity variation in the laser beam,
whereas SPM is due to the temporal variation of
the laser intensity. Although both effects may be
observed in conventional laser pulse propagation
experiments, they dominate the behavior of ultrashort
terawatt laser pulses. One of the most spectacular
features observed is the formation of white-light
filaments in air, so-called self-guided channels.7,8

Self-focusing produces a large increase in rise of
intensity in the f ilaments and permits multiphoton
ionization of air and thus the formation of a low-
density plasma, as demonstrated by electrical conduc-
tivity measurements.9,10 Therefore self-focusing is
balanced by diffraction as well as by refraction from
the plasma, and thus the focused laser intensity is
limited. The propagation is dynamically guided over
distances much longer than the Rayleigh length, as
much as several tens of meters,8,11 with a diameter
reported to be �100 mm.7

The spectral content of the white-light supercon-
tinuum generated by high-power lasers has been a
subject of interest since 1970.1,12,13 However, because
of limited peak power, experiments then were re-
stricted to condensed media. Recently improvements
in ultrashort lasers have permitted the results to
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be extended to gases. The spectral content of the
supercontinuum generated by a 2-TW laser propa-
gating in atmospheric-pressure rare gases has been
measured in the visible and the UV, from 150 to
900 nm.14 Until now, however, to our knowledge
no experiment in the IR part of the supercontinuum
generated in atmospheric-pressure gases has been
performed.

In this Letter we report the measurement of the
spectrum of the white-light continuum, particularly in
the IR, up to 4.5 mm. The inf luence of the laser’s
initial power and chirp is also investigated. Besides
the fundamental interest, that in measuring the IR
part of the supercontinuum is stimulated by the poten-
tial application of the laser-induced continuum to lidar
remote-sensing measurements.15,16 The laser-induced
continuum, as opposed to the traditional lidar tech-
nique,17 allows simultaneous multispectral measure-
ments to be made. This is especially interesting in the
3 3.5-mm IR band, where high-energy tunable laser
pulses are diff icult to produce and where a number
of pollutant gases, in particular, volatile organic com-
pounds have strong overlapping absorption bands.

In our experiments we used two state-of-the-art
Ti:sapphire chirped-pulse amplification laser systems
that had the following parameters. For system A (lo-
cated at the École National Supérieure de Techniques
Avancées): 60-mJ energy; 35-fs minimal pulse du-
ration after the compressor (corresponding to 86-fs
minimal pulse duration after the focusing lens); and
beam diameter, 25 mm FWHM. The duration of the
© 2000 Optical Society of America
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laser pulse was elongated by use of the grating com-
pressor, thus producing chirped pulses. For system
B (located at the Institut für Optkik und Quan-
tenelektronic): 200-mJ energy; 100-fs minimal pulse
duration after the compressor; and beam diameter,
35 mm FWHM. The energy was varied continuously.
Both systems provided a peak power of �2 TW at
800 nm (i.e., �1016 W�cm2 if it was focused into a
single f ilament), but, because the pulse durations were
different, the intensity rise and fall times of the two
systems were different.

We used several detection systems to cover the
wavelength domain under investigation. For the
visible spectral region an optical multichannel
analyzer (Chromex 500 IS; f�8; spectral range,
400–1000 nm; grating, 150 lines�mm; resolution,
1.28 cm21; cooled; Si-ICCD-576, Princeton Instru-
ments; 576 3 394 pixels) was used. In the IR, a
prism spectrometer (Zeiss; 400 nm 2.7 mm; reso-
lution, ,5 nm) and a Perkin-Elmer double-pass
prism spectrometer (focal length, 27 cm; LiF prism;
transmission, up to 10 mm) were equipped with a
germanium detector and a liquid-nitrogen-cooled InSb
detector (1.5 5.6 mm, Hamamatsu). Additionally, IR
interference f ilters (Corion) suppressed the funda-
mental wavelength of the laser beam.

In the experiment, the output of the laser was
slightly focused with thin fused-silica lenses with 8-
and 10-m focal lengths. We verified experimentally
that, because of the lenses’ large diameter (25 mm
FWHM) and small thickness (3 mm), no continuum
was generated in the lenses. Generation of the
continuum occurred in the focal region, with the
broadband continuum propagating farther with nearly
the same divergence as the laser beam itself (see
below). Power measurements before and after the
focus showed that the continuum generation process
caused no significant energy loss in the focus.

The spectral measurements took place at a total
distance of �30 m from the lens and hence after
�20 m of f ilament propagation. At this position
the laser beam had a diameter of 20–25 cm. The
angular pattern of white-light generation is beyond
the scope of this Letter and is currently under in-
vestigation.18 However, the white light is emitted
mainly in the forward direction. Therefore all the
spectral measurements were made in the forward
direction, with an aluminum-coated mirror ref lecting
a small portion of the light to the entrance slit of
the spectrometer used. The detection setup and the
detectors were identical for both laser systems.

Figure 1 shows the spectral distribution of the
white-light continuum generated in air by laser sys-
tem A for a pulse duration of 115 fs after the focusing
lens without chirp at the end of the compressor
and for an 86-fs pulse duration. The spectrum was
assembled from four single spectra (300–900 and
700–1800 nm and 1.5–2.7 and 1.5 4.5 mm) taken
with four distinct detection systems with overlapping
sensibility domains. The continuum band is very
broad, extending at least to 4.5 mm.

In the IR, a region in which we know of no previous
experiments in air, an almost exponential decay over 4
orders of magnitude up to 2.5 mm is observed. From
2.5 to 4.5 mm a slower decay is recorded, of 1 order of
magnitude only. Above 4.5 mm, the spectral intensity
was too low permit us to discriminate detector noise.
Water absorption bands superimposed over a f lat con-
tinuum spectrum are observed at 1.8 and 2.5 mm, sug-
gesting that the use of a white-light continuum as a
light source for spectroscopic remote sensing of the at-
mosphere16 can be extended to the IR.

The dependence of the signal on the incident laser
pulse energy was investigated with laser system
B. As shown in the inset of Fig. 1, an initial fac-
tor-of-2 variation in intensity leads not to a variation
in spectral shape in the 1 1.6-mm region to only to an
overall decrease in eff iciency by almost a factor of 1.
Note that the conversion efficiency with laser system
B, which provides shorter pulses, is 1 order of magni-
tude lower than with system A (Fig. 1), although both
systems provide the same peak power of 2 TW.

The signal’s dependence on the chirp (and thus the
pulse duration) was investigated with laser system
A. Figure 2 shows the continuum conversion effi-
ciency at two wavelengths (1.7 and 3 mm, with 5-nm
resolution) as a function of laser chirp. The optimal
chirp setting depends on the emission wavelength
to be optimized. Moreover, as shown in Fig. 1, the
overall conversion eff iciency in the near IR changes
significantly when the chirp setting is changed.

SPM is generally believed to be the dominant pro-
cess involved in continuum emission.4 – 6,14,19 A simple
calculation, with parameters that are typical of our
experiments, and with a constant Gaussian beam,
showed that SPM alone is in semiquantitative
agreement with our experiments: (i) the calculated

Fig. 1. Measured spectrum of the white-light continuum
generated in the center of the beam by 2-TW laser pulses
(laser system A). The results are shown for two differ-
ent chirp settings that correspond to (i) an initial pulse
duration of 35 fs without chirp after the compressor (f illed
symbols) and (ii) a 55-fs initial pulse duration with negative
chirp after the compressor (open symbols). These curves
are composed of 5 (4) distinct spectra from 5 (4) detection
units, respectively, that correspond to the different symbol
shapes for each curve. Inset, spectrum of the white-light
continuum generated in the center of the beam by 100 fs
pulses (laser system B) as a function of pulse power value
(200 and 100 mJ for 2 and 1 TW, respectively). The two
curves have the same normalization factor.
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Fig. 2. Initial chirp dependence of the white-light contin-
uum generated by laser system A at two distinct wave-
lengths (1.7 and 3 mm, with 5 nm resolution). The two
curves have the same normalization. The chirp scale is
shown as the change in the compressor length, with 0 set
arbitrarily, to the chirp value of the curve with open sym-
bols in Fig. 1. Numbers in italics are the corresponding
calculated pulse lengths after the exit window and the lens.

spectral content of white light after 20-m propagation
in a filament extends from a few hundred nanometers
to at least 5 mm; (ii) laser system A, with shorter
pulses, has a larger white-light generation efficiency
than system B. This result supports the assumption
that SPM is the main process in white-light con-
tinuum generation in air. However, a quantitative
understanding of the continuum is still a subject for
research and needs much more-complex discussion,19,20

which is beyond the scope of this Letter. Understand-
ing the inf luence of chirp will require more-detailed
calculations.

For atmospheric applications the initial pulse chirp
is also critical for the behavior of laser propagation. In
particular, because of group-velocity dispersion in air,
a negatively chirped pulse will recombine as an ultra-
short pulse at a given distance away from the laser,16,21

giving rise to localized white-light generation. The
white-light pulse will also undergo group-velocity dis-
persion. However, because of tiny changes in the re-
fractive index of air, the pulse broadening will be only
12 ps�km, as calculated with the Rank formula for a
pulse ranging from 300 nm to 4.5 mm.

In conclusion, we have measured the wavelength de-
pendence of the white-light continuum emitted from
filaments generated in air by high-power femtosecond
laser pulses up to 4.5 mm and down to 300 nm. The
results show that the shape and the rate of rise in
power of the excitation laser pulses have critical ef-
fects on conversion eff iciency. As far as applications
are concerned, a white-light continuum provides broad-
band pulses with a smooth spectrum up to at least
4.5 mm. It could therefore be used as an in situ–
produced white lamp, permitting multispectral lidar
measurements of atmospheric constituents to be ex-
panded from the visible region15,16 to the IR.
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