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The multiple filamentation of terawatt femtosecond (fs) laser pulses is experimentally studied in a natural environment.
A more than 30-m long plasma filament with a millimeter diameter is formed by the collimated fs laser pulse freely
propagating in an open atmosphere. This study provides the first quantitative experimental data about the electron density
of a long range light filament in the atmosphere. The electron density of such a filament is quantitatively detected by using
an electric method, showing that it is at the 1011-cm−3 level.
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1. Introduction
During the propagation of intense fs laser pulse in air,

the filamentation could take place when the self-focusing ef-
fect is saturated by the optical field ionization-induced plasma,
diffraction, higher-order nonlinear effect, and other linear or
nonlinear factors.[1–5] As a result of filamentation in air, a
long conductive channel can be produced. Based on this phe-
nomenon, many potential applications were proposed, such as
guiding of lightning discharge,[6–9] transportation of electro-
magnetic energy,[10,11] laser assisted precipitation,[12,13] etc.
The physical properties of light filaments over a long dis-
tance (hundred meters level and longer) are meaningful for
applications based on the conductivity of a filament. How-
ever, most experiments studied the meter-scale filaments un-
der laboratory conditions by using initial geometric focusing
of fs laser pulse. Several research groups observed multiple
filamentation of collimated intense femtosecond laser pulse in
a range from tens of meters to kilometers.[14–20] The experi-
mental observations showed that the diameter of such a long
filament is at the millimeter level,[16–18] and the electron den-
sity was numerically estimated at 1011 cm−3 ∼ 1012 cm−3.[16]

Some researches confirmed the existence of free electrons in
a filament by detecting the electromagnetic radiation from the
filament.[19] However, there have been no reported quantita-
tive experimental data about electron density of such long fil-
aments in air to our knowledge.

In this paper, we study the long distance filamentation of
a femtosecond laser pulse freely propagating in atmosphere in

a natural environment. Diagnosis of the filament is performed
over a 30-meter propagation distance. The electron density
inside the filament, detected by an electric method is at a 1011-
cm−3 level.

2. Experimental setup
The experiment was carried out in a meteorological ob-

servatory in the Tianshan Mountains of the Xinjiang Uygur
Autonomous Region, China. The local altitude is about 2000
meters. The light source was a 2-TW Ti: sapphire laser system
at a 40-fs pulse duration and 10-Hz repetition rate. The initial
width of the laser beam was about 10 mm, and the beam pat-
tern was recorded by photo paper as shown in Fig. 1(a). When
the collimated laser beam was launched into the sky, a bright
channel was observed as shown in Fig. 1(b).
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Fig. 1. (color online) (a) Initial beam pattern of the TW fs pulse, and (b) long
distance filamentation of TW fs laser pulse in atmosphere.
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The pulse energy used for detecting the electron density
inside filaments was 55 mJ. The laser pulse was reflected from
the laser room to the courtyard wall of the observatory by
several mirrors. The optical path of the laser pulse from the
compressor to the last mirror was about 10 meters. The total
propagation distance of the laser pulse was about 53 meters.
When the laser pulse was compressed to the best condition
of about 40-fs pulse duration, the strong thin multi-filaments
were formed at about a 3-m propagation distance. These thin
filaments could damage any optical elements. Therefore, in
order to protect the mirrors, we applied some negative chirps
to the laser pulse to extend the start position of filamenta-
tion to an over 20-m distance. The intensity distributions of
laser beam at different propagation distances were recorded by
light-sensitive photo paper and it was vertically placed along
the horizontal propagate direction. The electron density of the
filament was detected by an electric method,[21–28] the setup
is presented in Fig. 2. A direct current voltage of 2000 V was
applied to two plane copper electrodes through a 50-Ω divider
resister. The distance between the two electrodes was 13 mm.
There was a 2-mm diameter hole on one of the electrodes on
the side of the laser pulse. When the filament passed through
the hole and contacted another electrode, then the transient
current should be triggered in the circuit if the ionization in
the filament exists, and the electron density in the filament can
be estimated from the voltage signal on the 50-Ω divider re-
sister. It should be noted that the 2-kV applied voltage is still
much lower than the breakdown voltage of the air gap, which
is about 30 kV in the experiment. Therefore, the external volt-
age could not affect the ionization process.[24,26]

fs laser pulse filaments

Cu electrodes

oscilloscope

2000 V

50 W

Fig. 2. (color online) Setup of electron density measurement.

3. Results and discussion
Figure 3 shows the beam patterns of laser pulse, recorded

by photo paper at different propagation distances. We can
clearly see that the laser pulse split into 2–3 filaments after
a 23-meter propagation distance. The multi-filaments seem to
appear along a line from up-left to down-right, the distribu-
tion of multi filaments is related to the asymmetry of the near
field beam pattern. As the initial beam pattern is recorded by
photo paper shown in Fig. 1(a), it can be seen that the multi-
filament structure is basically consistent with the intensity dis-
tribution of the laser beam. From the spots in beam pattern we
can estimate the diameter of filaments at about 1 mm. When
the filament is formed at tens of meters away from the laser

system, its diameter will be expanded to the mm level due to
the air turbulence. This viewpoint has been verified by ear-
lier experiments[16–18] and explained by simulation.[29] The
farthest observation distance was only 53 meters because the
space was limited; however, the beam pattern at a 53-meter
distance indicates that the filaments are still robust. This indi-
cates that the filament could extend to a further distance.

vertical1 mm

z=49 m z=53 m

z=39 mz=35 m

z=23 m z=29 m

Fig. 3. (color online) Filament structure of laser beam at different propaga-
tion distances.

It should be noted that the orientations of filaments
randomly drift from shot to shot due to the wind and air
turbulence.[29–31] With the increase of the propagation dis-
tance, the drift area of multi-filaments becomes larger and
larger. Figures 4(a) and 4(b) show the images of photo pa-
pers, obtained by continuous irradiation during 10 seconds
(100 shots) at start position of filamentation (23 m) and at the
farthest observation distance (53 m) respectively. At a start
position of filamentation, all of the multi-filaments were dis-
tributed in an area of 6 mm in size as shown in Fig. 4(a), but
at the 53-m distance, the drift area of the multi-filaments ex-
panded to more than 10 mm in size as shown in Fig. 4(b). Due
to the drift of filaments, the electric signal can be detected only
when one of the multiple filaments accidentally passes through
the hole at the front electrode.
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Fig. 4. (color online) Marks on photo papers burned by 10-s irradiation (100
shots) of laser pulse at (a) 23-m and (b) 53-m distances.

When the diameter of the filament is about 1 mm, it can
easily pass through the 2-mm hole on the front electrode with-
out being blocked if there is no drift of its position. The plane
electrode is larger than the whole beam pattern, and the dis-

tance between filaments is always longer than 2 mm, in which
condition, only one of the filaments is allowed to pass through
the front electrode. The filament may be partially blocked by
this hole, in this case the electric signal could be weakened,
and therefore the electric signal is also changed shot by shot.
Figure 5 shows the strongest electric signals at different propa-
gation distances. The strongest signal could be obtained when
most of the filament passes through the hole, and its edge con-
tacts with the electrode. In this case the contact resistance be-
tween filament and electrode is negligibly low in comparison
with that of the filament whose electric resistance value per
unit length (cm) is 1 MΩ/cm. It can be observed that the peak
signal intensity varies at a level of tens mV. The fluctuation of
signal after the main peak is induced by the self-oscillation of
the circuit.
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Fig. 5. The strongest electric signals of filament at different propagation distances.

The resistance of the plasma channel between the two
electrodes can be calculated from the electric signal by Ohm’s
law. Furthermore, we can estimate the electron density of the
plasma channel from the formula for electrical conductivity of
plasma:[26]

σ =
e2ne

meνm
=

l
Rπr2 , (1)

where e is the elementary charge, ne is the electron density,
me is the electron mass, νm = 1×1012/s is the collisional fre-
quency for electrons in laboratory conditions,[26] and R, l, and
r are the resistance, length, and radius of the plasma column,
respectively. In the short plasma column, the electron den-
sity is assumed to be uniform for simplicity. For the filament
of millimeter diameter, its resistance is far greater than the di-
vider resistance, contact resistance, and inner resistance of HV

generator, so the resistance of the plasma channel is approxi-
mately equal to the total resistance of the circuit. Therefore,
the electron density can be easily calculated according to for-
mula (1). Figure 6 shows the peak electric signal intensity (left
vertical axis) and electron density (right vertical axis) along
the plasma channel length direction. The experimental results
of electron density in the filament accord well with the theo-
retical estimation in the earlier work.[16] The deduced electron
density inside this freely propagated filament is at a 1011-cm−3

level, much lower than that of the filament produced by pre-
focused laser pulse (1015 cm−3 ∼ 1016 cm−3). It is also worth-
while noting that the electron density detected by the electric
method is undervalued by comparing with that by the newly
proposed electromagnetic induction (EMI) method.[32]
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Fig. 6. Peak electric signal (left vertical axis) and electron density (right
vertical axis) of filament versus propagation distance.

4. Conclusions
In this work, the light filament with more than 30 m in

length has been produced by freely propagating femtosecond
laser pulses. The multi-filament structure and the drift of fil-
ament are recorded by photo paper. The electron density of
such a long filament has been quantitatively measured by us-
ing the electric method, showing that it is at a 1011-cm−3 level.
This electron density of freely propagating filament is much
lower than that of the filament produced by pre-focused laser
pulse (1015 cm−3 ∼ 1016 cm−3), but the advantage of freely
propagating filaments is that their length can be extended to
the kilometer level,[15,17,19] which is necessary for massive ap-
plications such as lighting control[6] and remote transport of
electromagnetic energy.[10] The electron density and lifetime
of a long range filament can be increased by a fs laser pulse
sequence.[28] However, a lot of research work still needs to be
performed to make the long-range filament applicable.
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