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ABSTRACT The unavoidable hot spots in a practical terawatt
level laser pulse will self-focus in air at a short distance. The
short distance cannot be changed significantly by only con-
trolling the chirp or divergence. We overcome such early self-
focusing by using a telescope, which enlarges the diameter of
the beam, thus that of the hot spots. The telescope’s effective
focal length is much shorter than the self-focusing distance of
both the enlarged beam and the hot spots. Then, the resulting
filaments merge into the geometrical focus whose position is
controllable by the telescope. This technique also minimizes the
generation of white light.

PACS 52.38.Hb; 42.65.Jx; 52.35.Mw

1 Introduction

It has been foreseen that pollutant detection in
the atmosphere will be one of the most promising applica-
tions of the filamentation phenomenon [1, 2]. It is due to
the fact that after the filamentation process, an intense ultra-
short laser pulse self-transforms into a new light source with
stunning characteristics, such as ultrabroad spectrum band-
width (white light laser [3], from 230 nm to 4 µm [4, 5]) and
fairly high intensity (intensity clamping [6, 7], in air, it is
∼ 5 ×1013 W/cm2). Accompanying the occurrence of the fil-
amentation, a plasma channel, which is normally referred to
as ‘filament’ [8], is left behind by the laser pulse. Therefore,
with a light detection and ranging (Lidar) technique, the pol-
lutants in the atmosphere can be identified through recording
their fingerprint fluorescence spectra emitted following the
plasma recombination process [2]. This proposal has been
successfully confirmed by using ethanol vapour as a tentative
contaminants [9].

Another recent work [10] has demonstrated that the max-
imum contrast between the fluorescence signal and backscat-
tered white light background [11] can be found at the begin-
ning of the filament. Thus, to ensure the sensitivity of remote
pollutant detection, it is necessary to control the filaments
and have the filamentation occurring at a desired distance as
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far as kilometers in the atmosphere. This knowledge will be
helpful for the remote laser-induced breakdown spectroscopy
using filamentation [12, 13] and the generation of the third
harmonic light at a remote distance too [14, 15]. However,
though experimental observation of filaments at 2 km distance
in the atmosphere has been reported [16], the ability to consis-
tently control the filament location over long distances and to
distinguish the plasma fluorescence from the white light back-
ground are still an experimental challenges. For example, we
found in our previous experiments that despite the effort of
changing the initial chirp and divergence of the beam, there
were difficulties in moving the filaments more than 50 m away
from the output of our laser system [10]. A similar result has
been reported in [17], where the filament could be moved
away to a maximum distance of 250 m by chirping the pulse
to 6 ps. But more lengthening of the pulse would not help to
move further the filaments. We suspect that this phenomenon
is due to the effect of the commonly existed small hot spots
in a terawatt (TW) level laser beam profile. Because the hot
spots may contain powers exceeding the critical power for
self-focusing ( a few gigawatts (GW) in air) and their sizes are
considerably small, they can easily lead to the filament forma-
tion at a short distance. The distance is normally much shorter
than the one predicted according to the whole beam diameter.

In this letter we discuss an inexpensive and efficient way
to solve this problem. Essentially, we let our laser beam pass
through a telescope. This telescope serves two purposes. First,
it is convenient to achieve a variable effective focal length by
changing the distance between the divergent and convergent
optical components. The other, and more important, is to en-
large the laser beam diameter, hence that of the hot spots. It
will be shown that by this technique, the impact of the hot
spots on the filament formation is minimized. It gives rise to
a better control of the filament location over a long distance.

2 Experiment and results

The experimental setup is shown in Fig. 1. Our
telescope consists of a 5 cm diameter convex mirror, whose
focal length is −50 cm, and a focusing lens with focal length
of 100 cm (diameter of 8 cm). The focusing lens was installed
on a computer controlled motorized stage, allowing us to
change the effective focal length of the telescope. For con-
venience, an effective focal length D will be cited in the fol-
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FIGURE 1 Experimental setup

lowing discussions to denote the distance between the convex
mirror and the geometrical focus of the telescope. Its value can
be easily calculated according to the displacement between
the convex mirror and the focusing lens.

After the telescope, the laser beam diameter was increased
from 1.2 cm at full width at half maximum (FWHM) to about
2.5 cm (FWHM). The laser spectrum was centered at 800 nm.
The pulse energy was fixed at 40 mJ/pulse and the dura-
tion was negatively chirped to 2 ps. The laser pulse was sent
through a 100 m long corridor [10]. Since its peak power
(20 GW) was significantly higher than the critical power of
self-focusing (∼ 5 GW [18]), filamentation occurred inside
the corridor. Then, the backscattered light was collected by
a typical Lidar setup [10] and sent to a photomultiplier tube
(PMT). A 0◦ dielectric mirror (made of fused silica) with high
reflectivity at 800 nm and an interference filter centered at
337 nm, which corresponds to the strongest line of the nitro-
gen fluorescence [19], were placed in front of the PMT in
order to isolate the fluorescence signal from the other radi-
ations. The PMT signal was monitored on an oscilloscope.
The recorded fluorescence signal indicated the location of the
filament [10].

A few examples of the waveforms are exhibited in Fig. 2
for different values of D. These waveforms were averaged
over 10 shots. The horizontal coordinate has been calibrated
to be the propagation distance inside the corridor. The origin
is the position of the convex mirror. Figure 2 follows closely
the result discussed in [10] where it was shown that the fluo-
rescence signal is strongly localized in space. It also clearly
demonstrates that the position of the signal, i.e., filament, can
be continuously moved with respect to the change of the ef-
fective focal length from D = 6.4 m in Fig. 2a to D = 91.7 m
in Fig. 2e. Note that the displacement of the fluorescence sig-
nal illustrated in Fig. 2c–e has overcome the barrier of 50 m
encountered in our previous experiments with smaller beam
sizes [10]. In fact, we found that in this work the moving dis-
tance of the filament was only limited by the total length of the
corridor.

We, furthermore, plot the peak positions of the signal
measured in our experiment versus the distance D in Fig. 3
(open triangles). For the sake of helping the observation, we
have also drawn in Fig. 3 a solid line, whose slope is equal to 1
and implies the exact coincidence of the signal peaks with the
geometrical foci. It can be seen that the experimental meas-
urement nicely follows the solid line. Only a small deviation
could be noticed at the long distance (D > 70 m). The slight
discrepancy is associated with the self-focusing and could be

Distance (m)

FIGURE 2 Lidar collected 337 nm signals as function of the distance in-
side the corridor for different sending telescope configurations. D indicates
the distance between the convex mirror ( f = −50 cm) and the calculated
geometrical focus position

seen later (1). Figure 3 reveals that the filament location is
mainly governed by the geometrical focus. At the same time,
the inset of Fig. 3 shows how the signal peak value evolves
when the filament is moved to different distances. The sig-
nal has been corrected by the geometrical factors of our Lidar
system, including the overlap function and distance depen-
dence [10]. The curve in the insert panel in Fig. 3 initially
undergoes a steep decrease up to 30 m and shows almost in-
variable signal after 30 m. We note that there is a modulation
of the result in the range from 60 m to 80 m. It could be ex-
plained by the presence of a strong ventilation exit near that
region [20]. The tendency sketched in the inset of Fig. 3 is in
good agreement with a recent work [21], which concludes that
the plasma density inside the filament will decrease signifi-
cantly with the increase of the external focal length. But if the

FIGURE 3 Comparison between the measured fluorescence peak position
(open triangles) and the calculated geometrical focus (solid line). Inset: The
signal peak value changes with respect to variable effective focal length of
the telescope
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FIGURE 4 2-dimension spectrum recorded by Lidar when D = 45 m. The
inset highlights the spectrum at 45 m

external focal length is long enough, the plasma density will
be independent to the focal length, so does the fluorescence
signal [21].

Evidently, the insert panel in Fig. 3 is opposite to the lin-
ear optics principle, according to which the focus intensity is
inversely proportional to the square of the focal length. For
instance, if only geometrical focusing played the role in our
experiments, to produce the similar laser peak intensity as
the one during the filamentation process (∼ 5 ×1013 W/cm2),
would require a laser energy of 18 J/pulse when D = 100 m.
Apparently, this result given by the plain geometrical sim-
plification is far away from the reality. This argument firmly
confirms it is indeed the self-focusing that gives rise to high
laser intensity and induce fluorescence signal.

In the experiment, we also coupled the Lidar collected
backscattered light into a spectrometer (Acton, SpecPro-500i)
and used the PMT as its detector to investigate the spectral
distribution as function of the propagation distance [10]. The
studied wavelength covered from 250 nm to 600 nm. The ob-
tained two-dimensional (2D) spectrum has been calibrated by
the Lidar geometrical factors as well as the spectral response
of the PMT and spectrometer. The result is depicted in Fig. 4
for D = 45 m. Unlike the previous spectrum in [10], very little
white light contamination is observed in Fig. 4. This feature
is outlined by an inset which shows the acquired spectrum at
45 m. Compared with the spectrum reported in [10], the white
light signal level has been reduced by orders of magnitude.

3 Discussion

It is well known that in the presence of the exter-
nal focusing, the self-focusing distance z′

f, which is also the
starting point of the filament, is determined by [22]:

z′
f = zf f

zf + f
, (1)

in which f denotes the focal length of the lens and zf stands for
the self-focusing distance for a parallel Gaussian beam given

by [23]:

zf = 0.367ka2

{[
(P/Pcr)1/2 −0.852

]2 −0.0219
}1/2 , (2)

where ka2 represents the diffraction length of the beam, while
P corresponds to the laser peak power and Pcr is the critical
power for self-focusing. Immediately, we see from (1) that if
zf � f , then z′

f ≈ f . Due to the fact that zf is proportional to
the square of the beam radius, increasing the size of the beam
is a more efficient way to fulfill zf � f than only reducing
the peak power. Related to the current work, a parallel Gaus-
sian beam with diameter of 2.5 cm (FWHM) and 20 GW peak
power would self-focus at a distance of about 570 m. On the
other hand, we have known from [8] that when the diameter
of the same laser beam was squeezed to 6.2 mm (FWHM), the
collimated pulse self-focused at 17 m due to the effect of hot
spots. This distance can be considered as the effective self-
focusing distance of the hot spots. With this as a reference, we
can estimate that in the case of 2.5 cm diameter beam, zf for
hot spots would be more than 260 m according to (2). So when
D was smaller than 100 m, the condition zf � f was satisfied
for both the total beam and hot spots. Hence, we were able
to move the filament to any distance inside our 100 m long
corridor.

Comparing the current case to propagating a chirped par-
allel beam [24] or diverging beam with only large diam-
eter [25], the advantage of focusing the laser pulse after en-
larging its diameter is significant. In [24, 25], the appearance
of intense hot spots across the laser beam profile was used to
indicate the formation of the filaments. These hot spots are
widely spaced. Our group has recently pointed out that multi-
ple filaments produced by widely spaced hot spot in a larger
diameter beam can be weak and unstable. It results in ran-
domly fluctuating fluorescence signal [26]. From the point of
view of remotely sensing pollutants in air using the fluores-
cence technique, this situation needs to be avoided. On the
other hand, a smaller diameter beam will most likely lead to
strong and consistent fluorescence emission [27] (but the pos-
ition of the filament cannot be controlled easily because the
hot spots tend to self-focus quickly as mentioned above). This
phenomenon has been elucidated by the scenario of multiple
filaments competition [26]. Since in our experimental scheme
the filamentation starts near the geometrical focus and the
beam size is small at this position, the competition of multiple
filaments will happen in a constructive way [26]. As a result,
consistent and strong fluorescence signal shall be guaranteed.
This is what we observed in Fig. 2.

It is also easy to notice that a short filament will be ex-
pected when the condition of z′

f ≈ f is established since
the filament length (Lfilament) could be approximated by
Lfilament ≈ f − z′

f. In the present work, the overall lengths of
the filaments are less then 1.5 m even near the end of the corri-
dor. It is much shorter than other reported total length of the
filaments in the atmosphere (at least tens meters) [28–30].
Moreover, the self-steepening effect would be considerably
reduced in the sense that we used a not-so-short pulse. Tak-
ing into account both factors, spectral broadening would be
much less pronounced. It leads to the suppressed white light
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contamination as shown in Fig. 4. For the first time according
to our knowledge, we have reported a white light contamina-
tion free backscattered nitrogen fluorescence spectrum in the
course of filamentation in an open air environment.

Up to now, we have proved that by a simple telescope tech-
nique, we have reached the goal of controlling the filament
location over a long distance in air. Based on the intrinsic lin-
ear optics concept of (1) we expect that this technique is also
applicable to kilometer range. For example, to scale our meas-
urements to 1 km away, using (2) we basically need to expand
the laser beam diameter to 8.5 cm (FWHM). That dimension
is still reasonable and affordable in practice.

4 Conclusion

In conclusion, we have obtained an effective and
reliable method to master the filament location in air. The
technique uses a telescope to enlarge the laser beam’s diam-
eter in such a way that a parallel beam with the same diameter,
as well as those hot spots within the beam, should self-focus
at a much longer distance than the effective focal length of the
telescope. Under this condition, the resulting filament merges
into the geometrical focus, which is adjustable by varying the
relative distance between the divergent and convergent optical
components. By this scheme, the white light generation is also
considerably reduced. The main advantage of the technique
also relies on its scalability to kilometer range.
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