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Abstract
Our experiments show that external focusing and initial laser energy strongly inﬂuences ﬁlament generated by the
femtosecond Ti–sapphire laser in air. The experimental measurements show the ﬁlament length can be extended both by
increasing the laser energy and focal length of focusing lens. On the other hand, the plasma ﬂuorescence emission can be
enhanced by increasing the laser energy with ﬁxed focal length or decreasing the focal length. In addition, the collapse
distance measured experimentally are larger than the calculated ones owing to the group-velocity-dispersion effect. In
addition, we ﬁnd that the line widths of the spectral lines from N2 is independent of ﬁlament positions, laser energies
and external focusing.
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at a range of few kilometres in the atmosphere[20–22] , making
the remote sensing possible. Since the intensity of plasma
ﬂuorescence is related to that of the laser beam, plasma
ﬂuorescence spectra along the propagation path can be used
to characterize the femtosecond ﬁlamentation process. More
importantly, the ﬁlament-induced ﬂuorescence technique can
be used to identify different substances at different positions,
even remotely, which can also open perspectives for transmitting optical data in ambient air.
In this work, the plasma ﬂuorescence generated by femtosecond laser pulses is measured along the propagation path
to investigate the femtosecond ﬁlamentation process. The
inﬂuence of pulse energy and focal length of the external lens
on plasma ﬂuorescence emission as well as ﬁlamentation
process in air is studied.

1. Introduction
A stable plasma channel will be formed when the Kerr
self-focusing and plasma defocusing resulted from the multiphoton ionization reach a dynamical balance, which is
called ﬁlament. Since the laser beam can propagate a
few kilometres or tens of kilometres[1] , ﬁlaments itself and
the appearance of nonlinear effects, such as supercontinuum spectrum generation[2, 3] , terahertz radiation[4, 5] , highorder harmonic generation[6, 7] , have important value both
in the study of basic physics and in practical applications
such as the LIDAR[8] , remote sensing[9–11] , laser triggered
lightning[12, 13] , rain and snow precipitation[13, 14] and so on.
The plasma generation balances the Kerr self-focusing
effect and leads to a limited beam diameter as well as limited
peak intensity around 5×1013 W/cm2 (Refs. [15, 16]), which
is known as intensity clamping. The intensity of ﬁlament is
high enough to stimulate and ionize air molecule thus emitting the characteristic spectral line of atoms and molecules,
which has found applications in sensing atmospheric trace
species[9–11] . In previous works, experimental research in
the ﬁeld of ﬁlamentation created ﬁlaments typically a few
metres in the laboratory[17–19] and over hundreds of metres

2. Experiment setup
Experiments are carried out using a Ti:sapphire laser system,
which generates femtosecond laser pulses with a central
wavelength of 800 nm, a repetition rate of 1 kHz and a pulse
duration of 50 fs at full width at half maximum (FWHM).
The input diameter (1/e2 ) of laser beam is 5 ± 0.1 mm. The
experiment setup is shown in Figure 1. The combination of
a half-wave plate and a Glan laser polarizer attenuates laser
energy to the desired value. The lenses L with focal length
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groups of 500 shots’ accumulation so as to reduce the error
and thus improve the signal-to-noise ratio.

3. Results and discussion

Figure 1. Schematic of experimental setup to measure the plasma
ﬂuorescence generated during the femtosecond ﬁlamentation in air. G: Glan
prism; H: half-wave plate; L: focusing lens; R: rectangular diaphragm; F:
optical ﬁbre.

of 40 and 100 cm are used to achieve the focal geometries
(numerical aperture (NA)) of f /40 (NA = 0.00625) and
f /100 (NA = 0.0025). The ﬁlament-induced ﬂuorescence is
collected by lenses (fused silica f = 50 mm) and the spectra
are guided to the spectrometer (Spectra Pro 500i, PI Acton,
and the grating is 2400 and 150 grooves/mm) through an
optical ﬁbre ﬁxed on the moving stage. The ﬂuorescence is
detected using an intensiﬁed charge coupled device (ICCD,
PI-MAX, Princeton Instruments) with 1024 × 1024 pixels.
A rectangular diaphragm (1 mm × 10 mm) is placed 10 mm
away from the ﬁlament axis to resolve longitudinally the
ﬂuorescence signal along the propagation path. Each data
point throughout this paper is typically an average of 20

It should be noted that in the experiments, the nearest
distance between the focusing lens L and the optical ﬁbre
probe ﬁxed on the moving stage is d = 36 and 82.5 cm
as the focal length is 40 and 100 cm, respectively. For
convenience, we deﬁne these positions as z = 0 mm; thus,
the actual propagation distance is Z = z + d. Figure 2(a)
shows the variation of plasma ﬂuorescence spectra with z as
the focal length is f = 100 cm and the laser energy is 2.2 mJ.
It is found that along with the increase of z, the intensity
of ﬂuorescence increases ﬁrstly and then decreases after
reaching its maximum value around 80 mm. In order to show
the process more clearly, we select the spectral line around
337 nm at 68, 78, and 94 mm, as shown in Figure 2(b). The
variation of ﬂuorescence spectra is in agreement with that
of plasma density and light intensity obtained in previous
theoretical and experimental work. Besides, it can be seen
from Figure 3 that all the spectral lines show the similar
variation tendency along the propagation direction, which
further illustrates that one of the spectral lines can be used to
characterize the femtosecond ﬁlamentation process. In the
following part, we utilize the 337 nm signal to study plasma
ﬂuorescence emission during ﬁlamentation in air.
Figure 4(a) shows the variation of spectrum intensity
around 337 nm signal (332–341 nm) with z. It can be clearly
seen from the ﬁgure that with the increase of the initial
energy of the laser pulse E in , the onset of ﬁlaments moves
towards the focus of the lens and the ﬂuorescence intensity
increases signiﬁcantly. In addition, the ﬁlament length also

Figure 2. (a) Change of ﬂuorescence spectra with the propagation distance z. (b) Fluorescence spectra measured as z is 68 mm (solid black line), 78 mm
(dash-dotted red line), and 94 mm (dotted blue line). The focal length is 100 cm and laser energy is 2.2 mJ. The pink words marked above the lines correspond
to the signals from the second positive band system of N2 (C 3 Πu –B 3 Πg transition)[23–26] . In the transitions v–v  , v and v  denote the vibrational levels of
upper and lower electronic states, respectively.
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collapse distance L c ) decreases from 125 to 57 mm. For this
phenomenon, we can explain it by the semi-empirical selffocusing formula.
For the Gaussian pulse adopted in our experiment, its
collapse distance L c can be well estimated by the semiempirical self-focusing formula[27, 28] :
Lc = 

0.367k0 w02
[(Pin /Pc )1/2 − 0.0852]2 − 0.0219

,

(1)

 √

where Pin = E in / τ π /2 is initial laser power, and
Pc = 3.77λ20 /8π n 0 n 2 = 3.2 GW is critical power for
self-focusing. Since the focusing lenses are used in our
experiment, the position where the pulse collapse occurs
(corresponding to the highest ﬂuorescence intensity) moves
towards the linear focus of the focusing lens:
Figure 3. Change of 337, 357, and 380 nm spectral lines with z. The focal
length is 100 cm and laser energy is 2.2 mJ.

increases with increasing E in . To investigate the process
more clearly, we present the variation of the intensity of
337 nm spectral line with the propagation distance z, as
shown in Figures 4(b) and (c). We can clearly see from
the ﬁgure that with the increase of laser energy, the position
corresponding to the strongest spectral line (here, we call it

1
1
1
=
+ ,

Lc
Lc
f

(2)

where f denotes the focal length of the lens. Figure 5(a)
presents the collapse distance obtained from experimental
measurement (red circles) and that calculated from Equation (2) (blue squares) when the focal length is 100 cm. It can
be seen from the ﬁgure that the experimental results are in
good agreement with the calculated ones; however, the latter

Figure 4. (a) Variation of the spectrum intensity around 337 nm (332–341 nm) with z as the pulse energy is different; (b) and (c) variation of the maximum
intensity of spectral line at 337 nm with z. The focal length is f = 100 cm.
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Figure 5. Variation of collapse distance when focal length is (a) 100 and (b) 40 cm. The red circles are the experimental values, and the blue squares and
green triangles refer to the collapse distance calculated from Marburger’s law (Equation (2)) and revised Marburger’s law (Equation (3)).

is slightly larger than the former, which can be attributed
to the fact that the group-velocity-dispersion (GVD) effect
plays the defocusing role[29] . It is believed that the difference
will become more evident as the pulse duration is shorter.
By introducing the GVD length L GVD = τ02 /k  (k  = 2 ×
10−29 s2 /m refers to the second order dispersion coefﬁcient)
into the semi-empirical Marburger’s law, Li and Jin proposed
a revised Marburger’s law[30] :
1
1
1
1
=
+ −
.
L c
Lc
f
L GVD

(3)

By using the revised Marburger’s law, the collapse distance
becomes much closer to the experimental results, as shown
by the green triangles in Figure 5(a).
Jim et al. divide the ﬁlamentation into linear-focusing
(high-NA) and nonlinear-focusing (low-NA)[31] regime according to the NA size. In the following, by using the lens
of f = 40 cm, we investigate the variation of ﬂuorescence
intensity around 337 nm in the linear-focusing (high-NA)
case, as shown in Figure 6(a). The spectrum intensity is
stronger than that in the longer focal length case because the
plasma density increases when the focal length decreases[32] .
The ﬁlament length is about 4 times shorter than that in the
longer focal length case and the collapse distance does not
change much. In order to describe the process more clearly,
the variation of the intensity of 337 nm spectral line with the
propagation distance z is presented in Figures 6(b) and (c).

Within the present energy range (0.4–3.1 mJ), the ﬁlament
length increases with increasing laser energy, indicating
that the ﬁlament length can be effectively prolonged by
increasing the laser energy. On the other hand, with the
increase of laser energy, the ﬂuorescence intensity increases
gradually and the position of pulse collapse moves towards
the focus of the lens. As is shown in Figure 5(b), the collapse
distance calculated from Equation (2) is in good agreement
with the experimental value. However, the latter is still
slightly larger than the former due to the GVD effect. On the
other hand, L c calculated from Equation (3) (green triangles)
and that obtained from the experimental measurement (red
circles) are almost consistent with each other.
As is shown in Figures 4(a) and 6(a), when the pulse
energy is 0.4 mJ, the incident pulse power is Pin = 6.4 GW =
2Pc . That is to say, though the ﬂuorescence intensity is
low, it does not mean that there is no ﬁlament. Since
the laser intensity is clamped around 5 × 1013 W/cm2
in the ﬁlamentation process and the diameter of the core
of ﬁlaments is about 100 μm, consequently, along with
increasing laser energy, the initial power will be much larger
than the critical power for self-focusing eventually. In
this case, the ﬁlament will split into multi-ﬁlament, thereby
enlarging the ﬁlament volume. As a result, more excited
nitrogen molecules will be contained within these ﬁlaments,
thus generating stronger 337 nm signal. In fact, in the
case of shorter focal length, the plasma density increases
greatly[32] . By comparing the ﬁlaments generated in the
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Figure 6. (a) Variation of the spectrum intensity around 337 nm signal (332–341 nm) with z; (b) and (c) z-evolution of the 337 nm signal. The focal length
is 40 cm and the laser energy is changed from 0.4 to 3.1 mJ.

Figure 7. Normalized spectrum intensity (a) at 35, 60, and 90 mm as the focal length f is 100 cm and laser energy E in is 3.1 mJ; (b) as f is 100 cm and E in
is 0.7 mJ (z = 114 mm), 1.9 mJ (z = 75 mm), and 3.1 mJ (z = 60 mm); (c) as E in is 3.1 mJ and the focal length is 100 (z = 60 mm) and 40 cm (z = 16 mm).
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linear (NA = 6.25 × 10−3 ) and nonlinear (NA = 2.5 × 10−3 )
focusing cases, it is found that in the linear (NA = 6.25 ×
10−3 ) focusing case, the ﬁlament length is reduced and the
ﬂuorescence intensity is enhanced.
Figure 7 shows the normalized spectra around 337 nm at
different positions, laser energies and NAs. It can be seen
clearly from Figure 7 that these factors do not affect the
width of the spectral line, which is different from those from
atomic ions and atoms. In effect, the same phenomena can
be observed for 357 nm, 380 nm, and other spectral lines
that comes from N2 and N+
2 . For this phenomenon, we can
attribute it to the fact that for diatomic molecules, the energy
difference between different vibrational–rotational state are
constant, independent of internuclear distance R (Ref. [33]),
i.e., the vibrational levels of electronic states are relatively
stable, respectively.

4. Conclusion
In this paper, 337 nm spectral line is used to represent
the ﬁlamentation process in the case of external focusing
lens with different focal lengths. It is found that the
ﬁlament length can be effectively extended by increasing the
laser energy and focal length of focusing lens. However,
there exists something different: the intensity of plasma
ﬂuorescence can be enhanced by increasing the laser energy
in the case of ﬁxed focal length, while it becomes weaker
by increasing the focal length in the case of ﬁxed laser
energy. It is also found that the smaller the focal length
of the focusing lens, the closer the onset of ﬁlamentation is
to the geometrical focus of lens, and the collapse distance
measured is in agreement with the calculated ones by the
semi-empirical Marburger’s law. The former is a little larger
than the latter, which can be attributed to the GVD effect,
and by utilizing the revised Marburger’s law, they become
much closer to each other. In the end, it is found that the line
width of the spectral lines from N2 is independent of ﬁlament
positions, laser energies and NAs which is different from the
spectral lines from ions and atoms.
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