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ABSTRACT We report the first observation of the attachment of two single plasma
filaments created collinearly in the atmosphere by IR femtosecond laser pulses. The
linked filamentary structure is electrically conductive and emits sub-THz radiation
over its entire length. Concatenation is achieved only for a specific time ordering be-
tween the two initial laser pulses. The pulse producing the filament closer to the laser
source must be retarded with respect to the other pulse. This special time ordering is
attributed to the acceleration of light in a self-guided pulse.

PACS 42.25.Bs; 42.65.Jx; 42.65.Re

1 Introduction

Transfer of high laser intensi-
ties over long distances through the at-
mosphere has been a longstanding prob-
lem. The initially proposed high-energy
nanosecond lasers have shown their lim-
itations very early. The high-density
electron plasma produced in air by
such pulses prohibits long-range propa-
gation. Typically, disconnected high-
density plasma strings are produced by
the front of the pulse, which absorb and
diffract the rest of the laser beam. In re-
cent years, the propagation of intense
ultra-short laser pulses in atmosphere
has renewed interest in this problem. For
an incident power above a critical value
(Pcr ≈ 7 GW for a laser at 800 nm),
the femtosecond laser pulse undergoes
beam compression along the three di-
mensions, forming a high-intensity self-
guided structure [1–3]. This process is
the result of a dynamic balance between
two physical mechanisms. The high in-
tensity of the femtosecond pulses leads
to self-focusing through the optical Kerr
effect. When the on-axis intensity be-
comes sufficient to ionize the medium,
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a low-density electron plasma is pro-
duced, which reduces the local index
of refraction, preventing the collapse of
the pulse and restructuring its tempo-
ral shape. Filamentation in a restricted
sense lasts as long as these two effects
compensate.

There are interesting attributes to the
self-guided propagation of femtosecond
laser pulses. Due to the reduced pulse
duration, absorption of laser energy by
the plasma it creates is small. This min-
imizes energy loss via laser–plasma in-
teraction and allows long-range propa-
gation. Furthermore, the highly non-
linear interaction of the pulse with air
molecules leads to an important broad-
ening of its power spectrum, giving
rise to a continuum emission extending
from the UV to the medium infrared.
This continuum has been proposed as
a source for broadband LIDAR meas-
urements in the atmosphere [4]. More-
over, the weakly ionized air plasma fila-
ments that subside in the trail of the self-
guided pulse have been demonstrated
to trigger and guide electric discharges,
with eventual applications in lightning
control [5]. Finally, it has been pre-

dicted that such plasma strings should
emit intense sub-THz electromagnetic
pulses [6]. Very recently, our group has
demonstrated experimentally that fem-
tosecond air plasma strings are indeed
extended sources of coherent sub-THz
radiation [7].

For most applications, including the
ones mentioned above, an important as-
pect concerns the maximum length over
which plasma filaments subsist. Self-
guided propagation over about 200 m
has been clearly demonstrated in ho-
rizontal experiments [8]. Vertical propa-
gation experiments in atmosphere sug-
gest the possibility of pulse self-guiding
over kilometer distances [4]. In such
experiments, the initial laser power
greatly exceeds Pcr. The laser beam
splits into a large number N of randomly
distributed filaments, with N ≈ P/Pcr.
When the power of individual filaments
falls below Pcr, they decay by diffrac-
tion, restituting most of their energy to
a common pool of laser energy, which
in turn forms a new multi-filamentary
pattern. Successive patterns with a grad-
ually decreasing number of filaments
are produced until the reservoir en-
ergy is exhausted. The term optical tur-
bulence has been coined to describe
this high-power propagation regime [9].
Direct experimental evidence of break-
up and fusion of filaments has been
reported [10]. However, the question of
the maximum length of an individual fil-
ament remains unsettled.

In this communication, we report the
first experiment showing that it is pos-
sible to join two single filaments, effec-
tively increasing their length by more
than a factor two. This could provide
a route to producing long single fila-
ments using a sequence of shorter ones.
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2 Experimental

The experiment was per-
formed with a Ti:Sapphire amplified
laser system producing 120-fs 800-nm
pulses with energies per pulse of up to
30 mJ, operating at 10 Hz. A Michelson-
type interferometer divided the initial
laser pulse into two secondary pulses
with almost equal energies of about
4 mJ. The two pulses were then re-
combined to a collinear beam, with
the possibility of adjusting the time
delay between them by using a stan-
dard delay line. Two converging lenses,
with f = 3 m and f = 4 m, respectively,
were used to introduce different wave-
fronts to the two pulses. In this way,
a collinear sequence of two separated
filaments was produced, as schemati-
cally depicted in Fig. 1. Filaments had
typical diameters of about 100 µm and
intensities a few times 1013 W/cm2.

3 Results and discussion

Several different diagnostics
were used to follow the filamentation
process. Direct evidence of the ionized
channel at the trail of a self-guided fil-
ament was obtained using the simple
electric conduction technique described

Filament A Filament Bf = 3 m f = 4 m
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FIGURE 1 Experimental scheme. A Michelson-type interferometer provided a sequence of two
collinear pulses. A different curvature was given to each laser beam using two lenses with f = 3 and 4 m,
leading to the formation of two separated filaments (A and B) in space. An optical delay line controlled
the time ordering of the two pulses. BS: Beam Splitter
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FIGURE 2 Electric conductivity (a), (b) and THz emission at 94±1 GHz (c), (d) measurements along
the laser propagation axis. In (a), (c) the points were obtained for pulses (A) and (B) launched separately.
In (b), (d) the squares correspond to ∆t = +100 fs, and the triangles to ∆t = 0 fs. A connected filament
was observed for ∆t = +100 fs only

in [11]. Two electrodes with small holes
in their centers were placed in the fil-
aments path. A potential difference of
typically 1000 V was applied between
the two electrodes separated by 3 cm.
In the presence of a conducting chan-
nel, the electric circuit was closed. The
induced current was monitored across
a load resistance of 8.2 kΩ. The ion-
ization curve of each individual fila-
ment (A) and (B) was recorded by dis-
placing the circuit along the propaga-
tion axis, keeping the inter-electrode
distance constant. The corresponding
curves are shown in Fig. 2a. Each fil-
ament alone left in its trail an ionized
channel with nearly homogeneous elec-
tron density over its length of about 1 m.
The electron density was estimated to be
in the range 1016–1017 cm−3 [11]. The
results of Fig. 2a indicate that the two
filaments were well separated spatially.
The same conductivity measurements
could be performed in the presence of
both pulses for different initial time
delays between them. The results for
zero time delay between pulses (A) and
(B) are represented by the triangles in
Fig. 2b. The two filaments were still es-
sentially disconnected. Similar results
were obtained for other time delays ex-

cept for a specific time ordering. When
pulse (A) was retarded by about 100 fs
with respect to pulse (B), the two fil-
aments merged into a single one with
nearly constant electronic density over
a distance ranging from the head of the
first filament to the end of the second
one, as shown by the squares in Fig. 2b.
In the latter case, an enhanced white
light continuum was observed visually
for the connected filament, as expected
from the increased nonlinear interaction
length.

Another non-invasive method for
measuring the length of a filament is
to record the secondary emission from
the plasma channel in the sub-THz fre-
quency range. As shown recently [7],
femtosecond-laser-produced filaments
in air provide extended sources of co-
herent sub-THz radiation. The sub-
THz emission from a plasma string
results from the electric dipole mo-
ment induced by the radiation pressure
force [6]. The dipole moment is oriented
along the string axis, leading to radial
sub-THz coherent radiation.

A simple heterodyne detection sys-
tem was used to measure part of the
emitted THz radiation. Its spectral de-
tection band could be adjusted to ei-
ther 94 ±1 or 118 ±1 GHz. The detec-
tor was placed in a direction perpen-
dicular to the plasma string. Two iden-
tical Teflon converging lenses with f =
80 mm were used to image the emission
of the plasma string on the detector.

As discussed in more details in [7],
the signal obtained by placing the het-
erodyne detector at different distances
along the propagation axis is propor-
tional to the electron density. Thus,
recording the THz emission provides
a complementary technique for plasma
string diagnostics. A comparison be-
tween conductivity and THz measure-
ments under similar experimental con-
ditions is shown in Fig. 2a and b, and
Fig. 2c and d, respectively. The THz
emitting plasma string length was found
to be slightly shorter, but the concate-
nation process was reproduced for the
same time delay. Measurements pre-
sented here were performed at 94 ±
1 GHz. Comparable signal amplitudes
were obtained at 118 ±1 GHz.

Additional proof of the interconnec-
tion of the two filaments can be obtained
by studying the beam intensity profile
in the intermediate region between the
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two filaments. Due to the high inten-
sities involved, we adopted an indirect
experimental technique to visualize the
beam intensity profile. A simple glass
(BK7) plate oriented perpendicular to
the filament axis was introduced in the
path at z = 330 cm, in the middle of the
interconnection region. About 600 shots
were accumulated in a run, until an op-
tical damage on the surface of the glass
plate was well apparent, which provided
information on the beam intensity pro-
file. Measurements were performed for
different time orderings between the
two initial pulses, using a fresh sample
in each run. Subsequent observation of
the damage spots shows clear evidence
of the interconnection of the two fila-
ments, but again only for ∆t = +100 fs,
as shown in Fig. 3b. The filament, due to
its high intensity, created a damage track
in the bulk (Fig. 3b), while for other de-
lays (Fig. 3a and c) a smaller damage
pattern localized on the surface was ob-
served. Notice that surface damage is
a highly nonlinear effect and thus only
qualitative information is provided by
this technique. The damage spot size
and shape for the interconnected fila-
ment (Fig. 3b) was essentially the same
along the entire propagation distance
from z = 250 to 450 cm.

In order to understand the mechan-
ism linking the two filaments, it is useful
to examine the situation at the end of the
first filament. For an initial power close
to critical, the end of a filament corres-
ponds to a consumption of enough laser
energy so that the self-focusing from the
optical Kerr effect cannot balance lin-
ear and nonlinear diffraction anymore.
However, beam divergence is still small,
as the power is still near critical. A well-
timed second pulse can bring again the
total power above Pcr. For this energy
replenishment to be effective, the timing

a b c

100 µm

FIGURE 3 Damage impacts of the laser pulses on a glass (BK7) plate, for different time delays, ac-
cumulated over 600 shots. The plate was placed at z = 330 cm, in the gap between the two filaments.
A high intensity filament was obtained only at ∆t = +100 fs, producing bulk damage in the glass (b).
Limited damage on the surface of the plate was observed at other delays as shown in a for ∆t = 0 and
in c for ∆t = −100 fs
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FIGURE 4 a A 0.5-mm-
thick fused silica plate was
placed at z = 310 cm at
Brewster’s angle in the path
of filament (A). b Curve 1
represents the second har-
monic autocorrelation trace
of the initial laser pulses.
Curve 2 corresponds to
the THz emission signal
measured at z = 330 cm as
a function of delay between
pulses (A) and (B) in the
absence of the silica plate.
Curve 3 is the THz signal
measured in the presence of
the silica plate

of pulse (B) is crucial. In particular, the
velocity of the self-guided pulse has to
be carefully taken into account.

Numerical simulations give a clue
to the origin of the delay. As already
mentioned, the filamentation process
leads to a considerable reshaping of the
pulse profile. From the very early stage
of filament formation, highly nonlinear
processes such as space–time focusing
and ionization conspire to break-up the
initial pulse into two sub-pulses with
much shorter duration [12–16]. More-
over, our simulations [12] show an ac-
celeration of the dominant leading pulse
as it propagates. Typically, for a self-
guided propagation in air over 50 cm,
the leading pulse is advanced by about
100 fs compared to a normal regime.
Similar results have been reported from
other groups [13, 16]. It then becomes
clear that pulse (A) has to be retarded by
about 100 fs for optimal temporal super-
position of the two pulses at z = 320 cm.
Trace 2 in Fig. 4b shows the sub-THz
intensity recorded in this intermediate
region (z = 330 cm) as a function of
the delay between pulses (A) and (B).
Curve 1 in the same figure corresponds

to the second-harmonic autocorrelation
trace between the two pulses before
propagation. In addition, we note that
the retarded trace was narrower. This
is consistent with the fact that the sig-
nal corresponds to the cross correlation
between an initial, undistorted fs pulse
and the significantly shorter self-guided
pulse.

To confirm our interpretation, we de-
liberately increased the pulse advance
by introducing a thin dielectric plate in
the path of the first filament (A). Pulse
breaking and acceleration of the lead-
ing sub-pulse has also been observed
for femtosecond filaments propagating
in fused silica [16, 17]. The effect is
amplified in a dense medium because
of the thousand-fold increase of opti-
cal density. For example, a self-guided
propagation over 0.5 mm in fused silica
is equivalent to 50 cm propagation in air.
The experimental scheme is depicted
in Fig. 4a. A 0.5-mm thick fused silica
plate was placed at Brewster’s angle in
the propagation path of the two pulses,
at z = 310 cm. Note that at this position,
only pulse (A) propagated in a self-
guided mode through the silica plate.
The plate was able to withstand the high
intensity during a few shots only, after
which a rapid deterioration of the fil-
ament quality at the plate output was
observed. In order to minimize this dele-
terious effect, the plate was displaced
continuously perpendicular to the fila-
ment axis. The additional acceleration
expected for the self-guided pulse (A)
must translate into an increased posi-
tive time delay. This was demonstrated
by placing the heterodyne detector at
z = 330 cm and measuring the emitted
signal as a function of the time delay
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between the two initial pulses. A max-
imum signal was obtained for a delay of
300 fs, as shown by curve 3 in Fig. 4b.
This additional delay is in agreement
with theoretical estimates. The discrep-
ancy in the signal amplitude observed
between curves 2 and 3 of Fig. 4b is at-
tributed to distortions introduced by the
silica plate.

4 Conclusions

In conclusion, we have shown
that it is possible to connect femtosec-
ond laser filaments in air. Interconnec-
tion of collinear filaments is only pos-
sible for a special time ordering of the
laser pulses. This effect provides a dir-
ect demonstration of the acceleration
of light in a self-guided structure. The
connected filament leaves a homoge-
nous plasma string in its wake over
more than 2 m, and provides an ex-
tended one-dimensional source of sub-
THz radiation. The principle that has
been demonstrated in this communica-
tion could find use in applications such

as multi-component LIDAR detection
or lightning control.
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7 S. Tzortzakis, G. Méchain, G. Patalano, Y.-
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