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Abstract
Here we demonstrate filamentation and generation of intense white light supercontinuum from a weakly focused femtosecond 
Ti:Sapphire laser pulses modified by a partial laser beam blocking by the knife edge. Though the spectral broadening of the 
filamented laser pulses was observed both in the blue and red sides of the fundamental wavelength, most distinct was the 
broadband white-light emission covering the whole visible spectral range. The dominant filamentation and supercontinuum 
generation enhancement mechanism was found to be the diffraction-induced laser beam intensity modification.

1  Introduction

Propagation of focused femtosecond laser pulses in air usu-
ally is accompanied by a variety of nonlinear optical phe-
nomena, such as air ionization [1], third and fifth harmonic 
generation [1–4], four- and six-wave mixing [5, 6], self-
focusing and filamentation, self-phase modulation, etc. [7, 
8]. Under certain conditions, the spectral broadening of the 
propagating laser pulses may reach few octaves, i.e., gen-
eration of supercontinuum (SC) in the visible and infrared 
spectral regions takes place [9–14]. The SC may find many 
promising applications (remote sensing of the atmosphere 
and lightning control [9], generation of ultrashort laser 
pulses [10], time-resolved pump–probe spectroscopy [11], 
etc.); therefore, the control of its parameters is of major 
importance. Although SC can be produced in waveguides 
[15–18], the free-propagation-based SC not only allows, as 
a rule, significantly higher pulse energies [9–14] but also is 
subject of more complicated spatio-temporal dynamics that 
makes the control of SC in filaments a complicated task. 
To achieve this goal, the field gradients and phase changes 
on the input beam were introduced [19] or the beam astig-
matism and ellipticity [20] were used. However, one of the 
most widespread methods to produce SC in a single fila-
ment remains a simple focusing of ultrashort laser pulses in 

a nonlinear medium. On the other hand, the diffraction of 
ultrashort pulses on the apertures of different shapes such 
as circular ones [21–23], slits [24] and knife edges [25, 26] 
has already been investigated. It was shown that the diffrac-
tion can cause not just a spatial beam modulation, but also 
the spectral and temporal pulse modifications [27, 28]. For 
instance, in [25, 26] it was shown that the diffraction on the 
knife edge induces a small-scale self-focusing, modulation 
instabilities and shock waves.

In this paper, we demonstrate for the first time that for a 
loosely focused femtosecond laser pulses in air, the partial 
beam blocking leads to more than one octave long SC gen-
eration. Note that in contrast to the spectrum generated by 
simply focused laser beam the spectral intensity of the SC 
generated by partially blocked laser beam was found to be 
at least an order of magnitude higher in the visible spec-
tral range. We attribute the effect to nonlinearity-induced 
enhancement of diffraction on the edge leading to the onset 
of modulation instability and thus to spectral broadening.

2 � Experimental

For the experiments we have used a 1 kHz repetition rate 
femtosecond Ti:sapphire chirped pulse amplification laser 
system (Legend elite duo HE+, Coherent Inc.), delivering 
35–40 fs (FWHM) light pulses centered at 790 nm with a 
maximal pulse energy of 8 mJ, which could be varied by an 
attenuator composed of a zero-order half-wave plate and a 
broadband polarizer. The laser pulses were focused in air 
by a lens with the focal length of 100 cm and as a result a 
visible plasma filament of about 6 cm long was produced. 
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At about 60 cm from the lens (at this position the diffrac-
tion-induced SC generation was most efficient) part of the 
focused beam was fully or partially blocked by the edge of 
a metallic knife (Fig. 1). Near the knife edge, the laser beam 
diameter at FWHM was about 2.8 mm, while at the focus-
ing lens it was about 6.5 mm (Fig. 2). The far-field patterns 
of the visible radiation generated in air by the laser pulses 
were observed on a white paper screen placed at about 3 m 
beyond the beam filament and registered with the help of 
a CCD camera. The spectra of this radiation have been 

registered with the help of a fiber spectrometer sensitive in 
the visible and NIR spectral ranges by placing its fiber input 
at the positions of the bright SC spots shown in Fig. 3.

3 � Results and discussion

The typical far-field patterns of the visible radiation gener-
ated in air by the weakly focused laser pulses consisted of 
irregular yellow–red patterns with a small white–yellow spot 

Fig. 1   Experimental setup

Fig. 2   Laser beam intensity 
profile a just before the focusing 
lens and b near the knife edge

Fig. 3   Angular spectra of 
supercontinuum emitted from 
the filament formed by a weakly 
focused and by b partially 
blocked laser beam. The focal 
length of the focusing lens was 
1 m in both cases, the distance 
from the plasma filament centre 
to the white screen was about 
3 m, the diameter of the bright 
spot seen on the right panel was 
about 6 mm. The pulse duration 
was 40 fs, single pulse energies 
of the unblocked and partially 
blocked beams were about 3.4 
and 3 mJ, respectively
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in the centre, which could be seen at high (more than 3 mJ) 
laser pulse energies and apparently represents a SC gener-
ated upon the pulse propagation in air (Fig. 3a).

When the knife edge was moved across the beam block-
ing the pulse energy, the intensity of the yellow–red pat-
tern (and white–yellow spot) first decreased a little but then 
(when about 10% beam power was blocked) the white–yel-
low spot disappeared and the new very bright white spot was 
formed (Fig. 3b). Note that at the same time, the intensity 
of the yellow–red surrounding emission decreased consid-
erably. When more than 40% of the laser pulse energy was 
blocked, this white spot also disappeared and the intensity 
of the yellow–red patterns decreased along with decreasing 
of the transmitted pulse energy.

Furthermore, the spectral measurements revealed that 
in the visible range the spectral intensity of the white spot 
was at least an order of magnitude higher than that in the 
white–yellow spot generated by unperturbed laser beam 
(Fig. 4a). Note that though the spectrum of SC covered all 
the visible spectral range, the obvious spectral broadening 
to the red side of the laser wavelength was also observed 
(Fig. 4a). The possible reasons of the redshift (of both the 
perturbed and unperturbed beams) is the self-phase modu-
lation (SPM) broadening [29]. Besides, as noticed in [25], 
modulation instability can develop, which may lead to addi-
tional spectral broadening in both sides of the spectrum. The 
blue cut-off wavelength of SC was close to 400 nm, which 
corresponds well to that obtained using tightly focused 

femtosecond laser pulses [30]. The spectral dynamics of SC 
as a function of the transmitted laser beam power (Fig. 4, 
right) allowed to define conditions of the white spot appear-
ance: it has been registered, when from 10 to 40% of the 
beam power was blocked (or from 90 to 60% beam power 
transmitted). Note that the registered spectrum was practi-
cally the same as in the case of unperturbed beam when from 
90 to 100% beam power was transmitted.

Note that when the laser beam was partially blocked and 
bright white spot was generated, the intensity of the plasma 
fluorescence significantly decreased (see Fig. 5), which indi-
cates the lower plasma particle density and laser beam inten-
sity inside the filament. However, even at the reduced light 
intensities inside the plasma filament at some distance from 
it (at the screen in our case) the bright SC spot is formed due 
to the diffraction-modified pulse propagation conditions, i.e., 
the spatial beam intensity redistributes forming a high light 
intensity region in the expense of the whole beam power. 
This fact may be explained assuming that the light diffrac-
tion from the knife edge modifies the intensity profile in 
the beam and thus the self-focusing and pulse propagation 
processes are modified, favoring weaker beam filamentation 
and, consequently, a longer high light intensity region along 
the pulse propagation axis (including the beam beyond the 
plasma filament).

Intensity of the plasma fluorescence as a function of 
the coordinate along the beam axis is shown in Fig. 6. 
One may see that the beam blocking practically does not 

Fig. 4   a Spectra of the bright 
spots generated by unperturbed 
(black line) and partially 
blocked (red line) laser beams. 
b Spectral evolution of SC as a 
function of the transmitted laser 
beam power

Fig. 5   (Left) Typical side views of the plasma filaments formed by the full (a) and partially blocked (b) laser beams. c, d Corresponding spatial 
intensity profiles of the beam transmitted after the knife edge
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influence the filament length and its onset position. How-
ever, Fig. 6 shows that the fluorescence intensity in the 
case of the partially blocked and unblocked beams are the 
same at the early stages of filament formation, but the 
maximal intensity is higher in the case of the unblocked 
beam.

Note that the broadband SC radiation could also be 
observed, when the knife was replaced with the variable 
circular aperture; however, in that case for the efficient SC 
generation the system transmission had to be slightly (by 
a few percent) reduced.

To get further look into this apparently contradictive 
behavior, we consider diffraction on the knife edge. Thus, 
the Fresnel diffraction produced by a focused laser beam 
short after the screen edge is described by [31]:

here λ is the wavelength, k is the corresponding wavevector 
and r is the distance between the points (x,y,z) and (x′,y′,0). 
The corresponding distributions for a Gaussian beam with 
the diameter 10 µm are shown in Fig. 7 with the knife rep-
resented as a semiinfinite nontransparent screen placed at 
x = 0 and covering negative values of x. The spatial intensity 
modulation seen in Fig. 7 significantly modifies the beam 
filamentation processes taking place after the knife. As one 
can see, the intensity modulations near the edge can even 
increase locally the beam intensity.

Thus, modification of the focusing conditions takes 
place. In addition, it was shown in [25, 26] that the opti-
cal nonlinearity leads to amplification of these modula-
tions resulting in a spatial modulational instability (MI) 
and shock formation. It is known that temporal MI plays 
a key role in SC generation in waveguides [18, 32, 33]. 
In our case, the spatial MI can work at least as a trigger 
invoking more common mechanisms playing the role in SC 

E(x, y, z) =
−i

� ∫ E
(

x�, y�, z�
)eikr

r
dx�dy�,

formation in free filaments [7, 8, 34]. Besides, the tempo-
ral modulations may also appear due to the beam diffrac-
tion, which is intrinsicly frequency dependent [35]. As for 
SC generation in free filaments, most often the key player 
is the self-phase modulation (SPM) [7, 8, 34], although 
self-steepening and chromatic dispersion may also play 
an important role [36, 37]. However, the comprehensive 
modeling of the diffraction and SC generation including 
the temporal effects is a sophisticated task and is beyond 
the scope of our manuscript and will be a subject of further 
investigations.

4 � Conclusions

In conclusion, we have demonstrated, for the first time, a 
diffraction-induced filamentation of a weakly focused fem-
tosecond laser beam and formation of the more than one 
octave spanning supercontinuum. The SC generation effi-
ciency in such diffraction-induced laser filament was found 
to be at least an order of magnitude higher than that obtained 
from a simply focused beam. The experimental results were 
interpreted in terms of nonlinearly modified Fresnel diffrac-
tion from the knife edge which leads to self-phase modula-
tion and therefore to the spectral broadening.
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