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ABSTRACT

We report an experiment to demonstrate the crucial effect
of the so-called background reservoir during the propagation
of femtosecond laser pulses in air. The background reservoir
was blocked by allowing only the filament to pass through
a pinhole generated by the filament itself in an aluminum
foil. We observed that the filamentation process is terminated
immediately after the pinhole. Consequently, to achieve long-
range filamentation, it is necessary to maintain the dynamic
energy exchange between the reservoir and the self-foci.

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

1 Introduction

Since its first observation in the 1990s [1-3], the
phenomenon of laser pulse filamentation in air has been a
hot topic because of its wide range of potential applications,
such as pollutant detection [4] and lightning control [5-7].
The fundamental underlying mechanism of the filamentation
process was concluded to be a dynamical balance between
self-focusing induced by the optical Kerr effect and defocus-
ing from the self-generated plasma in the self-focal region.
On this basis, a self-waveguiding model was firstly proposed
to explain the filamentation process [1, 2]. According to this
model a waveguide is created due to the balance of self-
focusing and defocusing, in which the laser beam propagates
as a stable mode. Shortly after, an alternative scenario, namely
the moving-focus model, was proposed by Brodeur et al. [3].
In this scenario each temporal slice of the laser pulse will
self-focus at a different distance according to the power of the
slice. As before, the radial collapse of the slice is arrested by
the generation of plasma at high intensities. The succession
of the self-foci creates a plasma channel, which is referred to
as the ‘filament’. The typical diameter of the self-foci is of
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the order of 100 um in air [1-3] with a maximum clamped
intensity around 5 x 10'3 W/cm? [8-10].

The moving-focus model did not only account for the
beginning of the filamentation process but also for the small
ratio of the filament energy to the total energy observed in
the experiments [3]. Indeed, it has been shown [3, 11] that
the laser beam pattern recorded on a burn paper consists of a
strong tiny spot, representing the self-focus, surrounded by a
weaker background with a much larger diameter. The filament
itself contains about 10% of the total energy only, while most
of the energy is located in the background [3, 11]. This is
consistent with the moving-focus model, in which the strong
central spot arises from the slices that focus in the vicinity of
this point, while the background arises from the majority of
slices that focus at shorter or longer distances.

On the other hand, criticisms of the moving-focus model
were brought forward by Lange et al. [12]. They showed
that the filament in their experiment could persist beyond the
linear focus in a focusing geometry. It seemed contrary to the
moving-focus model, which implies that the filament should
be terminated at the geometrical focus. However, Mlejnek et
al. have advanced the preliminary moving-focus scenario to
a dynamical spatial replenishment model [13, 14], in which
they first presumed that the large-scale weak background is
extending the filament through its re-focusing during the fila-
mentation process. Several subsequent experiments provided
further indications of the importance of the wide background
for the formation of the ring structure [15, 16], during the
transmission of the filament through clouds in the atmosphere
[17] and for the re-focusing during pulse propagation [18, 19].
Recently, Kandidov et al. [20, 21] gave a detailed theoretical
picture of the dynamic energy exchange process taking place
between the tiny self-focus and the large background of
the pulse, which influences the long-range filamentation of
the femtosecond laser pulse. It gave rise to the concept of
‘background reservoir’ (also called ‘energy reservoir’).

In this paper, we report a simple experiment that confirms
the crucial impact of the background reservoir on the fila-
mentation process. To this end, we have blocked the wide
background around the filament by a pinhole in an aluminum
foil, created by the filament itself. The filamentation process is
visualized by the observation of the fluorescence from excited
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nitrogen molecules generated in the plasma column. Our
results show that without the reservoir the filament terminates
immediately after the pinhole.

2 Experimental setup

In the experiments we used a commercial CPA
(chirped pulse amplification) laser facility built by Spectra
Physics. The system emits three simultaneous beams. It
consists of an oscillator (Tsunami, 25 fs at 76 MHz), followed
by a stretcher and a regenerative amplifier that works at 1-kHz
repetition rate. A two-pass amplifier enhances the output from
the regenerative amplifier. The amplified beam is compressed
to 40 fs and gives a maximum energy of 2 mJ/pulse at 1 kHz.
On the other hand, just after the regenerative amplifier, a
pulse slicer is used to pick up one pulse every 100 ms. This
10-Hz seed beam is again split into two beams by a beam
splitter. One part of the seed beam is sent to a two-pass
amplifier and compressed by a portable compressor. After
the portable compressor, 10-Hz laser pulses with an energy
of 10 mJ/pulse and 42-fs duration are obtained. The second
10-Hz seed beam is sent to a four-pass amplifier, which is
followed by a vacuum compressor. The output energy of
this arm can be as high as 80 mJ/pulse having a duration of
45fs. The three outputs are all centered at 800 nm and have
a spectral bandwidth of 30nm (FWHM). To perform the
experiment reported here, we used the second output (i.e.
10 Hz, 10 mJ), which has a diameter of 6 mm at FWHM. The
laser beam was focused by a 5-m focal length lens in air and
a long filament was produced. In all the experiments, the
laser pulse energy was set at 10mJ, which corresponds to
about 80 times the self-focusing critical power in air.

In the middle of the filament a piece of aluminum foil was
inserted. First, the most intense part of the laser beam induced
ablation of the aluminum foil and a hole was punched through
the thin metal film. After the hole has been created and stabi-
lized, it acts like a pinhole, which has a diameter determined
by the transverse scale of the self-focus, for the following
pulses. Thus, the weak background of the later pulses do not
pass through the foil.

The detection system employed in this experiment is illus-
trated in Fig. 1a. An intensified CCD camera (ICCD, Princeton
Instruments, PI-MAX 512) was applied to image the nitrogen
molecule (N,) and the nitrogen ion (N, 1) fluorescence emitted
from the filament. The nitrogen fluorescence has been proved
to be generated in the plasma column [22] and is therefore a
direct visualization of the filament [23]. A band-pass filter was
placed in front of the camera (4-mm-thick UG11, Corion) to
integrate the light emission over the strongest N»/N,* bands
around 350 nm while rejecting the scattered light from the
pump laser. There is a good overlap between the band-pass fil-
ter transmission curve and the strongest N»/N,* bands around
350 nm [23].

The fluorescence signal was collected and imaged onto the
ICCD detector by using a single plano-convex lens made of
fused silica with a focal length of 63 mm and a diameter of
38.1 mm. To allow the imaging of a long filament length, the
ICCD system was installed in an off-axis configuration, at an
angle of ~ 45° with respect to the laser propagation axis. With
this configuration, about 2.5 m of the laser propagation axis
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FIGURE 1 The experimental setup used to image the nitrogen fluorescence
signal

was covered by the ICCD detection system. On the other hand,
the geometry of the experimental setup shown in Fig. 1b eluci-
dates that because of the off-axis configuration, the aluminum
foil masks a small portion of the filament before the foil. The
signal due to scattering from the pinhole is unavoidable.

The setup of the present experiment is similar to that of
an earlier experiment [3], in which the moving-focus model
was proved. But, the current setup differs from the previous
one in two aspects, which are decisive for gaining a deeper
understanding into the role of the wide background on the
filamentation process. First, in the earlier experiment a pre-
fabricated metal pinhole was used, which is replaced here
by the laser self-created pinhole. Therefore, the new setup
not only avoids the uncertainty of the pinhole alignment, but
moreover the pinhole size is more precisely fitted to the rather
sharp boundary between the intense spot of the filament and
the much weaker pedestal of the background. Thus, the self-
created pinhole blocks the wide background more efficiently.
This certainly requires a high shot-to-shot stability of the laser
system and of the filamentation process. We have therefore
carefully observed that there was no significant change in the
size of the ablated hole in the aluminium foil for interaction
periods varying from 30 s up to 10 min. All our measurements
are performed within that period. Second, instead of moni-
toring the filament energy passing through the pinhole [3],
in the present experiment the filamentation process is visu-
alized via the fluorescence measurement, which allows us to
demonstrate visually and convincingly the effect of the back-
ground reservoir on the filamentation of the laser pulse along
the propagation axis.

3 Results

In Fig. 2a we present the fluorescence picture taken
by the ICCD camera for the filamentation process without the
aluminum foil inserted into the beam. The picture is the re-
sult of a 1000-shot accumulation. The laser propagates from
the left to the right of the picture. The scales are given in
Fig. 2 and all distances are given with respect to the f = Sm
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focusing lens. It is seen from the figure that the onset of ni-
trogen fluorescence emission and, hence, the beginning of the
filament occurs just after the laser pulse enters the field of
view of the camera on the left-hand side. Along the propa-
gation axis one can see two bright lines with a minimum in
between, indicating re-focusing [9, 17], before the fluores-
cence signal slowly decreases towards the right-hand side of
the picture, indicating the end of the filamentation process.
The fluorescence image shown in Fig. 2b was obtained
with a piece of aluminum foil placed at 2.75 m behind the
focusing lens; the position of the foil is indicated by the arrow.
The inset on the right-hand side of the figure shows the image
of the aluminum foil under the microscope (operated in the
transmission mode) after being exposed to the laser beam. It
shows three holes, two of them being connected. Each hole has
a diameter of approximately 280 um and the overall vertical
dimension of the opening is slightly larger than 1 mm. The
ablation pattern on the aluminum foil was similar to the single-
shot beam pattern recorded by a burn paper. This shows that
the multiple holes are not due to beam-pointing wandering but
indicate the presence of multiple filaments. We should point
out that the holes created through ablation have diameters
larger than the reported filament size (i.e. the diameter of
the plasma column). We relate it to the different nonlinear
intensity dependences of the two processes. The ablation of
the aluminum foil is a lower order intensity process compared
to the multiphoton/tunnel ionization in air. It is reasonable that
the ablation process will produce a larger-dimension hole than
the filament itself. Thus, it is expected that a certain amount
of energy of the background reservoir will leak through the
larger hole. Even with that certain leakage of the background
reservoir, the filamentation is stopped after the foil. It is in
agreement with the results of one recent investigation, where
it is shown that the self-focus, after being blocked, may regain

FIGURE 2 a—c Nitrogen fluorescence picture recorded
by ICCD from the side of the propagation axis. a Without
aluminum foil; b with aluminum foil at 2.75 m (inset pic-
ture on right: microscope image of the ablation pattern on
the aluminum foil), the arrow indicates the position of the
aluminum foil; ¢ with aluminum foil at 3.15m

energy from a background region exceeding 300 microns in
diameter [24].

It should be noted parenthetically that a single filament
could be achieved at lower laser energies in our experiment (a
few times the self-focusing critical power). However, our laser
beam mode is not good enough to maintain the single filament
with increasing laser pulse energy. It will soon break up into
multiple filaments. So far, we have not found a promising way
to create a single filament at high energy. In the case of the
single filament, the pulse is so weak that it is difficult to punch
a hole in the aluminum foil. Therefore, we had to work with
the multiple-filamentation case.

The fluorescence image in Fig. 2b visually agrees near the
left-hand end with that obtained without insertion of the foil
(panel a), but slightly before the position of the foil (at about
2.6 m) the signal is interrupted, followed by a single bright
spot just behind the foil. Most interestingly, there is no fluo-
rescence signal detected behind the foil (except for the bright
spot); the second bright line, which is present in the case of
the uninterrupted filamentation process, does not occur at all.
Thus, there is no plasma generated behind the foil, suggesting
that the filamentation process is obviously terminated by the
foil. It should be noted that the decrease of the fluorescence
intensity before the foil does not indicate a termination of the
filament already, but it is just due to the experimental setup.
As said before, the ICCD camera system is aligned at a certain
angle with respect to the propagation axis. Part of the fluores-
cence emission (before the foil) will be masked by the foil,
which was about 5 cm in width. It should be noticed that the
bright spot near the location of the foil appears due to scatter-
ing generated from the pinhole ablated in the aluminum foil.

In order to show that this observation is not accidental, we
have repeated the experiment with the aluminium foil placed
at a different position, namely at 3.15 m. The corresponding
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FIGURE 3 Plots of the nitrogen fluorescence signal distribution, integrated
over the transverse direction, along the propagation distance. Dotted line:
without aluminum foil, short dotted line: aluminum foil at 2.75 m, solid line:
aluminum foil at 3.15m

images of the florescence signal and of the aluminum foil
after exposure to the beam are shown in Fig. 2c. We make
the same observations as before; the fluorescence emission
disappears behind the aluminum foil (its decrease before the
foil followed by a single bright spot has the same reasons as
above). The ablation pattern created at this position (right-
hand inset) is similar to the one at the previous position. This
time one can distinguish four holes indicating four filaments.
The dimension of each hole is similar to those at the previous
location, showing that each self-focus has a rather constant
diameter during the propagation.

In Fig. 3 we present a quantitative comparison of the fluo-
rescence signals integrated over the transverse direction, as a
function of the propagation distance (after the focusing lens)
for the three experiments shown in Fig. 2. One can first observe
more clearly the modulation of the fluorescence intensity
along the propagation axis for filamentation without the foil
in the beam path (thick dotted line). By comparing the results
obtained with and without the aluminum foil, it is seen that
the integrated fluorescence intensity is essentially the same
before the foil: up to the first maximum of the integrated fluo-
rescence signal for the aluminum foil inserted at 2.75 m (thin
dotted line) and up to the second maximum for the aluminum
foil inserted at 3.15 m (solid line). Once the foil is inserted in
the beam path and the pinhole is created, the integrated fluo-
rescence signal quickly falls to the background level. This is
an indication that the plasma density is decreased drastically
to almost zero behind the aluminum foil, even though the most
intense part of the pulse passed through the aluminum foil.

As mentioned before, the pinhole is self-created in the
aluminum foil by the intense part of the beam. The pinhole
dimension is determined by the intensity distribution across
the self-focus at which the plasma is produced. Therefore,
our experimental results clearly show that the filamentation
process is terminated immediately when the weak background
reservoir is blocked. This experimental observation leads to
the conclusion that the filament formation over a long distance
of propagation in air strongly depends on the field distribution
localized in the background reservoir and its interaction with
the field in the filament.

4 Conclusions

In summary, we have reported a simple experiment
giving evidence of the crucial role of the reservoir of energy
located in the wide background around the filament during
femtosecond laser propagation. In the experiment, the back-
ground (energy) reservoir was blocked by an aluminum foil,
while the self-focus passed through a self-generated pinhole
in the foil. Under this condition the filamentation process,
observed via fluorescence emission from the plasma column,
was terminated immediately after the pinhole.
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