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Supercontinuum generation in air using tightly focused femtosecond laser pulses was investigated experimentally.
Broadband white-light emission covering the whole visible spectral region was generated. Spectral broadening ex-
tended only to the blue side of the fundamental frequency due to the phase modulation induced by the strong io-
nization of air. Numerical simulation was also performed to confirm the spectral broadeningmechanism. A constant
UV cutoff wavelength close to 400nm was observed in the supercontinuum spectrum. This phenomenon indicated
that intensity clamping still plays a role in tight focusing geometry. © 2011 Optical Society of America
OCIS codes: 320.6629, 320.7110, 260.5950.

The filamentation of the intense femtosecond (fs) laser
pulses in transparent media [1–5] is always accompanied
by spectral broadening of the incident laser pulses and,
as a result, supercontinuum emission can be generated.
Supercontinuum generation (SCG) in gases was first in-
vestigated by Corkum et al. [6]. They performed SCG ex-
periments in different high pressure gases and found that
SCG depended much on the self-focusing condition.
Since then, extensive efforts have been made on SCG
from femtosecond light filaments in air [7–12]. Self-
phase modulation (SPM), self-steepening, four-wave mix-
ing, and plasma generation are considered to be the main
physical mechanisms of SCG. Supercontinuum emission
can cover the spectral region from the UV to the mid-IR
and can be used as a new type of light source for remote
sensing [13–16].
Recently, the filamentation properties of fs laser pulses

under tight external focusing have attracted much atten-
tion [17–21]. Theberge et al. found that the electron den-
sity and the diameter of a single filament were strongly
dependent on the external focusing condition rather than
the laser power [17]. But only few results have been re-
ported on SCG in tight external focusing. Kiran et al. in-
vestigated SCG both experimentally and numerically
using tightly focused fs pulses with f =6 focusing
geometry and peak power of up to 60Pcr (Pcr is the cri-
tical power for self-focusing in air). They observed that
the plasma density increased with the laser energy, and
the UV cutoff wavelength of the supercontinuum de-
creased monotonically with the laser energy. Therefore,
the regime of filamentation without intensity clamping
was proposed [19].
In this Letter, we present experimental observation of

SCG using tightly focused fs laser pulses with peak
power up to the terawatt level. The generated supercon-
tinuum emission only extends to the blue side from the
fundamental wavelength due to strong ionization of
air by the tightly focused fs laser pulses. Spectral broad-
ening to the red side is not observed in the experiment.

Numerical simulation is performed to verify the mechan-
ism of the blueshift-only SCG.

The experiments were carried out using a homemade
Ti:sapphire chirped pulse amplification (CPA) laser sys-
tem. It can provide a linearly polarized laser pulse that
has a central wavelength of 805 nm with a 1Hz repetition
rate. The pulse duration measured by an autocorrelator is
60 fs. The initial diameter of the laser beam was about
30mm. As shown in Fig. 1(a), the output laser pulse was
tightly focused by an off-axis parabolic (OAP)mirror with
a focal length of 127mm in air, leading to an f =4 focusing
geometry. The laser pulse energies used in the experiment
are from 2.4 to 47mJ, which are the same as in our pre-
vious work [21], where the evolution of the filamentation
and the distribution of the electron density were recorded
by shadowgraphic and interferometric measurement.
After the laser focus, the generated supercontinuum emis-
sion was collimated by a fused silica lens and collected to
a spectrometer (Ocean Optics HR4000CG) with a detec-
tion range of 200–1100 nm. Appropriate neutral density
filters were put in front of the spectrometer to avoid
saturation.

Figure 1(b) shows the typical pattern of the supercon-
tinuum radiation generated by a 15mJ laser pulse on a
screen that is placed at 400mm after the breakdown area.
Colorful conical emission with some white spots can be
seen in the screen.

Fig. 1. (Color online) (a) Experimental setup. (b) Typical
supercontinuum emission on a screen.
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Figure 2 shows the spectrum of the supercontinuum
emission generated by laser pulses with different ener-
gies from 2.4 to 47mJ. The initial spectrum of the input
laser pulse is presented in Fig. 2(a) (dashed curve) for
comparison. The spectrum of the laser emission slowly
broadens for lower pulse energies from 2.4 to 10mJ.
The supercontinuum spectrum generated by a 4:5mJ la-
ser pulse is similar to the experimental results presented
in [19] with f =6 focusing geometry. But when the pulse
energy is increased to 16:5mJ or higher, a cutoff wave-
length close to 400 nm can be observed in the spectrum
and then the spectral width of the supercontinuum emis-
sion almost does not change with the increase of laser
energy.
As shown in Fig. 2, the broadening of the superconti-

nuum emission mainly goes toward to the blue side from
the fundamental frequency and almost does not extend to
the red side. When the fs laser pulse propagates in air, the
main reason for spectral broadening is regarded as SPM,
which is caused by the temporal variation of the refrac-
tive index. The shift of the laser frequency can be
expressed as [2]
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where the nonlinear refractive index n2IðtÞ and the elec-
tron density NeðtÞ represent the Kerr nonlinear effect and
the plasma effect, respectively. Equation (1) shows that

the temporal variation of the laser intensity can cause
broadening of the spectrum to both sides from the funda-
mental frequency due to the Kerr effect, but the ioniza-
tion effect shifts the frequency only to the blue side. If the
contribution of the ionization exceeds that of the laser
intensity variation, then the spectral broadening to the
red side will be suppressed. In our experiment, the tight
external focusing geometry leads to strong ionization of
air [21]. The contribution of the ionization effect plays the
dominant role in SCG. Therefore, the spectral broadening
extends only to the blue side.

Supercontinuum emission has a wide spectral plateau
(it will be more obvious if a logarithmic coordinate is
used) and a cutoff wavelength around 400 nm when the
pulse energy is increased to 16:5mJ or higher, as shown
in Figs. 2(d)–2(h). Since the ionization effect depends
much on the peak intensity of the pulse, so the constant
UV cutoff wavelength indicates that the peak intensity in
the filamentation is clamped [22,23]. The clamping inten-
sity limits the temporal variation of the electron density
and leads to the UV cutoff wavelength. Some spectral
peaks around 400 nm that look like second-harmonic
generation are also observed in Figs. 2(d)–2(h), but the
exact central wavelength of the second harmonic is
402:5nm. In our opinion, these peaks are from other mul-
tiwave mixing effects.

To clarify the mechanism of the spectral broadening in
the tight focusing condition, numerical simulation was
performed for 60 fs Gaussian pulses with 2:4mJ energy
and different focusing geometries of f =4 and f =400.
The simulations were based on numerically solving
the nonlinear Schrödinger (NLS) propagation equations,
in which the diffraction, group-velocity dispersion, Kerr
self-focusing effects, multiphoton ionization, and delayed
Kerr response of air were considered [24]. In the cal-
culation, the NLS equations were solved in cylindrical
symmetry to save computational resources and it had
spatial radial resolution of 6 μm and temporal resolution
of 0:3 fs.

Figure 3 shows the calculated spectrum of the laser
field on the beam axis in the positions of (a) 0:01m
and (b) 1m after the geometric focus for f =4 and
f =400 focusing geometry, respectively. It can be seen that
the spectral broadening is evidently dependent on exter-
nal focusing. For smaller f -number f =4, the maximum
electron density of the air plasmas is calculated to be
1:02 × 1019 cm−3 due to strong ionization effect. The spec-
trum extends only to the blue side of the fundamental
frequency and the spectral broadening to the red side
is effectively suppressed. These simulation results are ba-
sically consistent with our experimental observation with
the same focusing condition, where the tight external fo-
cusing geometry leads to strong ionization of air. But
there are still some deviations between the numerical re-
sults and the experimental observation. In the simulation,
the spectrum of the supercontinuum is wider and the fun-
damental component of the supercontinuum is higher
than the experimental results. This can be explained as
follows. First, the axial symmetry of the laser pulse in the
simulation would produce filament with higher laser in-
tensity and electron density in comparison with that of
the real pulses used in the experiment; as a result,
the blueshift of the supercontinuum spectrum can be

Fig. 2. Supercontinuum emission generated by 2.4 to 47mJ fs
laser pulses.
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enhanced. Second, the simulation considered only the
effect of phase modulation due to Kerr nonlinearity
and ionization. Many other mechanisms, such as four-
wave mixing [25] and parametric instability, are not
included in the simulation. Such effects also spend the
energy of the fundamental component and lead to its re-
duction. On the other hand, for larger f -number f =400,
the maximum electron density of air plasmas was calcu-
lated to be only 5:03 × 1016 cm−3. The main reason for
spectral broadening turns out to be the temporal varia-
tion of the laser intensity. Therefore, the spectrum ex-
tends to both sides from the fundamental frequency.
Experimental results of SCG by a weakly focused laser
beam can be found in [8], where the spectral broadening
extends to both sides.
In conclusion, the supercontinuum emission generated

by a tightly focused fs laser pulse with peak power up
to the terawatt level has been investigated experimen-
tally. The broadband and relatively uniformly distributed
supercontinuum emission covering the whole visible
spectral region was observed in the experiment. The
supercontinuum emission extends mostly to the blue side
from the fundamental frequency because the contribu-
tion of ionization plays the dominant role in the SCG.
The UV cutoff wavelength around 400 nm indicates that
the intensity clamping in the filamentation effect is still
valid even under the tight focusing geometry. Numerical
simulation was also performed to confirm the spectral
broadening mechanism by illustrating the calculated la-
ser spectrum from the filaments generated by fs pulses
with different focusing conditions.

This work was supported by the National Natural
Science Foundation of China (NSFC) under grants
10734130 and 60978031 and the National Basic Research
Programme of China (2007CB815101).
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Fig. 3. Calculated laser spectra on beam axis at 0.01 and 1m
after the geometric focus for f =4 and f =400.
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