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Abstract The characteristics of the light filaments formed
by λ = 400 nm blue femtosecond laser pulses are experi-
mentally investigated. Both pre-focused and free propaga-
tion conditions are studied. The diameter, length and elec-
tron density were measured by using fluorescence signal
imaging and longitudinal diffraction method. About 2 ×
1017 cm−3 electron density in filaments was achieved with
beam pre-focusing. In the free propagation case, the multi-
filamentation can be observed over 70 m propagation dis-
tance, and the energy in the filament core is only about 30 µJ.
The effects of energy reservoir on the filament core have
been investigated by inserting a diaphragm in a selected sin-
gle filament path to block the energy of the reservoir. The
evolution of filamentation has been studied experimentally
as a function of diaphragm size. The energy reservoir can be
extended to about 10 mm from the filament core. The results
indicate that the up conversion of laser is a possible way to
enhance the utilization of laser energy for the generation of
long filaments.
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1 Introduction

In recent years there has been great interest in the formation
of long light filaments induced by femtosecond (fs) laser
pulse in air [1–14]. Many experimental and theoretical stud-
ies were performed to investigate the mechanism and the
physical properties of laser filaments in air. The propaga-
tion of an ultra-intense fs laser pulses in air first undergoes
nonlinear Kerr self-focusing effect because of the intensity-
dependent refractive index of air. The increased laser in-
tensity due to the self-focusing generates free electrons by
the multi-photon ionization (MPI) process, and the electrons
contribute negatively to the index of refraction of air. The
dynamic balance between the nonlinear Kerr self-focusing
and the plasma defocusing due to the MPI and diffraction
effects of the laser pulses in air results in the long filamenta-
tion of the fs laser pulses.

Up to date, most experimental and theoretical studies on
filamentation in air have been performed by using femtosec-
ond pulses with 800 nm wavelength. On this wavelength,
the energy of 8 photons is required to ionize the oxygen
molecule, and the ionization threshold of laser intensity is
about 1013 W/cm2 [15]. MPI occurs much easier if the en-
ergy of a single photon becomes higher, so using laser pulses
with shorter wavelength is a possible way to enhance the
efficiency of the laser energy for generation of plasma fila-
ments in air. Numerous works have also been done to study
the filamentation on other wavelengths. The filamentation
of UV laser pulses in air has been investigated by using hy-
brid Ti:sapphire/KrF excimer chain. The filamentation up to
12 m distance with electron density of 1016 cm−3 was ob-
served [16].

The filamentation of 400 nm femtosecond pulses involv-
ing the improvement of beam quality [17] and signal noise
ratio of laser pulses [18] was studied last year. A research
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group found that the filamentation can be enhanced by us-
ing the 400 nm and 800 nm two-colored laser pulses in argon
[19]. But to our best knowledge, the detailed characteristics
of 400 nm filaments over long distance have not been stud-
ied yet. The 400 nm fs laser pulses can be obtained by fre-
quency doubling of 800 nm laser pulses, and it has several
characteristics, which are beneficial for the generation of
plasma filaments in air. First, the nonlinear refraction index
of 400 nm laser in air should be between 4 × 1019 W/cm−2

(for λ = 800 nm [20]) and 8 × 1019 W/cm−2 (for λ =
248 nm [21]), and correspondingly the critical power of self-
focusing should be in the range of 0.32–0.64 GW, which
is one order less than the critical power of 800 nm laser.
Thus, the filamentation occurs much easier on 400 nm wave-
length. Second, the ionization ability of the 400 nm pho-
tons is much stronger than the infrared waveband. Only 4
photons of 400 nm wavelength are required to ionize the
oxygen molecular. Third, the air is still a good transparent
medium on 400 nm wavelength. These features of 400 nm
laser provide a possibility to generate high quality and long
distance filaments. In this paper, we report a detailed ex-
perimental investigation on the filamentation characteristics
of 400 nm blue fs laser with 6 mJ energy in 170 fs pulse
duration. Diagnostics were performed in terms of filaments
diameter, length and electron density. The electron density
of the filaments was detected by using the longitudinal dif-
fraction method. The filamentation was observed in cases of
strong pre-focusing and free propagation. The experimental
results showed that to generate the filaments of hundred me-
ters, the 400 nm pulses only require a laser energy of one
order less than the 800 nm laser pulses.

2 Electron density measurement

The experimental setup is shown in Fig. 1. A blue fs
laser pulse on 400 nm central wavelength with 6 mJ en-
ergy is obtained by frequency doubling the 800 nm, 50 fs,

Fig. 1 Experimental setup. The laser beam (400 nm, 6 mJ) is focused
in air with thin lenses of focal length f = 1 m, 2 m, 4 m, respectively

60 mJ infrared pulse, which is delivered from a home-made
Ti:sapphire chirped-pulse amplification system. A large
aperture (40 mm) KDP crystal of 2 mm thickness is used for
frequency doubling. The beam diameter of the blue pulse is
about 35 mm. The duration of the blue pulse is estimated
to be 170 fs using group-velocity mismatch between the
infrared and the blue pulse in KDP crystal [22]. The two
wavelength components are separated by the mirror M1,
which is fully transparent at 800 nm and high-reflected at
400 nm. The M7, M8 and M9 were coated high-reflected at
800 nm. The blue pulse is used to generate filaments, and
the infrared pulse is used as the probe. The pump and the
probe pulses are combined by mirror M5, which has the
same optical characteristics as M1. The time delay between
the pump and the probe pulses can be controlled by delay
arms M3, M4 and M6, M7, respectively. The M6 was coated
with high-reflected at 800 nm, so only the probe beam is re-
flected into the CCD. A convex lens is placed on the optical
path of 400 nm pulses before mirror M5. The lenses with
different focal lengths f = 1 m, 2 m and 4 m are used to
provide strong initial focusing for the blue pulses, and the
plasma filaments can be generated close to the geometric fo-
cus of the lenses. The fluorescence of the plasma filaments is
imaged by CCD1 with a lens from the side [23]. CCD1 can
be moved far from or close to the filaments and the repro-
duction ratio of the lens can be adjusted in order to retrieve
the diameter and the length of the filaments. The diffraction
patterns of the probe beam on plasma filaments are recorded
by CCD2. The optical path from CCD2 to the filaments is
set to be 54 cm, 95 cm and 96 cm for f = 1 m, 2 m and 4 m
focus lenses respectively. We note that the fluorescence sig-
nal from the plasma filaments with pre-focusing by f = 4 m
lens is too weak and is hardly detected by the normal CCD.
Thus, we employ the Electron-Multiplying CCD (EMCCD)
to record the fluorescence signal image of this plasma fila-
ment.

3 Electron density and analysis

Figure 2(a), (b), (c) show the full image of plasma fila-
ments for pre-focusing lenses f = 1 m, 2 m and 4 m, re-
spectively. The curves below the images present the on-axis
longitudinal distribution of the fluorescence signal inten-
sity. Figure 2(d), (e), (f) show a close shot of plasma fila-
ments with enhanced transverse resolution for pre-focusing
lenses f = 1 m, 2 m and 4 m respectively. The curves below
present the distribution of fluorescence signal in transverse
direction.

From the distribution of fluoresces in transverse and lon-
gitudinal direction, as shown in Fig. 2, we can estimate the
length and the diameter of the plasma filaments. Both the
length and the diameter of the filaments increase with the
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Fig. 2 The fluoresces imaging of filaments. (a), (b), (c) The full images of the filaments for pre-focusing lenses f = 1, 2, 4 m, respectively.
(d), (e), (f) Close shot of the filaments for pre-focusing lenses f = 1, 2, 4 m, respectively
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focal length of the pre-focusing lens. The Gaussian approx-
imation of the fluoresces signal distribution is performed
for all experimental curves in Fig. 2. The dependencies of
the length and diameter(FWHM) of filaments on the focal
length of pre-focusing lenses are shown in Fig. 3. Compa-
rably, the diameter and length of the filament, generated by
focusing 800 nm laser pulses (6 mJ energy, 50 fs duration)
with a f = 2 m lens, are 110 µm and 3.5 cm (FWHM), re-
spectively. The size of these 800 nm laser pulses filaments
is smaller than that generated by 400 nm laser pulses.

The longitudinal diffraction technique, which is based on
the diffraction due to the phase shift induced by the plasma
column on the probe pulse propagating collinearly along the
filament axis, is employed here to detect the electron den-
sity [24]. The delay between the probe and the pump pulses
could be adjusted from 0 ps to hundreds of ps. From the
diffraction patterns, recorded by CCD2, the phase shift ex-
perienced by the probe laser can be reconstructed; thus the
electron density can be obtained.

In order to extract the electron density of plasma fila-
ments from the diffraction pattern, we have performed nu-
merical simulations of propagation of the probe pulse. The

Fig. 3 The filaments diameter and length vary with the pre-focusing
lens.

energy and the diameter of the probe beam are 1.5 mJ and
30 mm respectively. The focus of Kerr self-focusing occurs
over 1000 meter away [25]. In this case, the nonlinear ef-
fect of the probe pulse can be neglected in the laboratory
scale. So it is enough to consider the diffraction and spatial
phase modulation due to the electron density in filaments.
The propagation of the slowly varying envelope of the probe
pulse can be described by the following equation:

∂E

∂z
= i

1

2k0
Δ⊥E − ik0

ne

2nc

E (1)

where z refers to the propagation distance. k0 = 2π/λ0 is the
central wave number, and λ0 = 800 nm is the central wave-
length of the probe laser beam. Here the Laplacian operator
Δ⊥ describes the beam transverse diffraction. The profile of
the probe beam can be approximately expressed as a super

Gaussian function: E = E0 exp(− r6

r6
0
), where the diameter r0

is 3 cm. The electron density produced by the 400 nm laser
ne is considered as the average electron density. The para-
meters L and w are obtained from the side imaging experi-
mental data. Since we assume the average electron density,
the diameter and the length data are obtained by the bottom
width of the curves in Fig. 2. Due to the cross-phase mod-
ulation between the pump and probe pulses; this equation
is not valid at zero delay. We substitute different values of
ne into (1) and numerically obtain the diffraction pattern of
the probe beam on CCD2. The electron density ne can be
retrieved, when the simulation result well matches with the
pattern obtained from the experiment.

Figure 4(a) shows an example of a diffraction pattern
of the probe pulse on the filament produced by using the
f = 1 m pre-focusing lens, with a delay time 133 ps when
the electron density reaches its maximum. Figure 4(b) is a
comparison of theoretical and experimental results of dif-
fraction pattern of the probe pulse.

The peak electron density of filaments produced by us-
ing different pre-focusing lenses is shown in Table 1. The
precision of the electron densities obtained by the fit is 10%

Fig. 4 (a) The diffraction
pattern of the probe beam for
f =1 m lens with delay time of
133 ps. (b) Comparison of the
simulation result with the
experimental measurement of
the diffraction pattern
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Table 1 The peak electron density of the plasma filaments with pre-
focusing lens f = 1 m, 2 m and 4 m

Focal length (m) Electron density (cm−3)

1 2 × 1017

2 8 × 1016

4 1 × 1016

for each of the data. The temporal maximum value of elec-
tron density is achieved at the delay time 133 ps, and this
is mainly caused by the measurement method. The calcula-
tion of the electron density is based on the known filament
diameter and length, which are taken from the fluorescence
image. But the images recorded by the CCD are time inte-
grated. The filamentation, at the beginning, must be multi-
filamentation, because the input pulse power is many times
higher than the critical power. But due to the diffusion of
the electron, the multi-filaments are merged into a more uni-
form plasma channel, which is recorded by the CCD system.
The electron density calculation is based on the diameter and
length of this plasma channel, the calculated electron density
reaches its maximum value after some delay time.

4 Free propagation

The filamentation of free propagated 400 nm fs laser pulse
has also been studied. The 6 mJ pulse was launched freely
to a long corridor. The evolution of the beam and the multi-
ple filamentation (MF) was observed. MF was recorded by
a CCD camera from a white screen positioned in the beam
path at different propagation distance, as shown in Fig. 5.
The MF starts at about 24 m distance after the KDP crystal.
And the filaments can propagate stably over 70 m without
any indication of decline. Meanwhile, the typical filament
diameter is about from 0.5 mm to 3 mm in free propaga-
tion case, which is one order of magnitude larger than the
pre-focused filament. The diameter of the filaments is ob-
tained by measuring the spot size in Fig. 5. Since the fil-
aments are surrounded by a high-intensity photon bath, as
well as the conical emission emits at small angles on their
side, the diameter of the filaments will be a little overesti-
mated. The measured value can be considered as the upper
limit to the diameter. Both the filaments size and positions
are stable from shot to shot. The energy in the filament core
was measured to be 30 µJ, which is 30 times less than that
in the 800 nm free filament [26].

The MF of a free propagated fs laser pulse is observed
on one side of the beam, and this situation is mainly caused
by the inhomogeneity of the initial laser profile. The bright
spots appear at a propagation distance of 24 m on the posi-
tions where the local intensity maximum of the initial profile
exist. Then these bright spots attract the laser energy around

Fig. 5 The filaments patterns on different propagation distances

them and then become primary filaments. These primary fil-
aments lead to a redistribution of the laser energy and pro-
duce a new local intensity elevation, from which new fila-
ments can be developed if the power of the local elevation
can support self-focusing.

The filaments observed here propagate a distance of 74
meters and the diameter is almost the same. On the other
hand, the energy in the filament core is only about tens of
micro joules. The filament should be terminated if no en-
ergy compensates the energy loss due to the MPI of air and
the plasma defocusing. Several experiments have shown that
the filament itself contains only about 6–10% of the total
pulse energy, while most of the energy is located in the back-
ground [27]. The effects of the energy reservoir on the fila-
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Fig. 6 Intensity profiles of the
clipped filament for different
diameter diaphragms and
propagation distance

ment core have been investigated by inserting a diaphragm
in a selected single filament path to block the energy of
the reservoir. Here we use the similar method to investigate
the properties of energy reservoir of long filaments. The di-
aphragm is placed at 24 m distance after the KDP crystal
with diameter from 1 mm to 10 mm. The filament we choose
here has a core diameter of about 0.84 mm. The evolution
of the filamentation is shown in Fig. 6 as a function of the
diaphragm size. By increasing the size of the diaphragm,
the filament can propagate longer distance. With a diame-
ter of 10 mm, the diaphragm admits about 1 mJ energy to
pass through, and under this condition, the filament can sur-
vive more than 74 m, which reaches the limitation of our
laboratory. The same behavior of the energy reservoir was
achieved in our previous experiments [28].

5 Conclusions

In conclusion, the filamentation of pre-focused and free fs
laser pulse at 400 nm in air have been experimentally
and numerically investigated. Our experimental observa-
tions clarify the characteristics of the filaments produced by
using different focal length lenses and free propagation. In
the pre-focusing case, plasma filaments with electron den-
sity as high as 2 × 1017 cm−3 can be formed. The filaments
length increases with the focal length of the pre-focusing
lens, but the electron density decreases with the increase of
filaments length. In the free propagation case, multiple fila-
ments can be formed and propagate over 74 m. The energy
in the core of such large-scale filaments is only 30 µJ, which

is 30 times less than that in the filaments of 800 nm wave-
length. Our experiments have also demonstrated that the en-
ergy reservoir plays a crucial role in the survival and further
propagation of filaments. The size and energy of the energy
reservoir are important parameters in long-range free prop-
agation of fs laser pulses in air. Most of the energy located
in the background serves as an energy reservoir. In our ex-
periment, the energy conversion efficiency of the frequency
doubling is only about 10% by using simplest method. But
there is great potential to enhance the efficiency of frequency
doubling of 800 nm fs laser pulse to about 50% level by us-
ing more advanced technology [29–31]. So we expect that
up conversion of laser frequency is a possible way to gener-
ate high quality filaments in air.
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