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The acoustic wave emitted from the plasma channel associated with a filament induced by a femtosecond
laser pulse in air was detected with a microphone. This sonographic detection provides a new method
to determine the length and the spatial profile of the free-electron density of a filament. The acoustic
wave is emitted owing to the expansion of the gas in the filament, which is heated through collisions with
high-energy photoelectrons generated by multiphoton ionization. Compared with other methods, the
acoustic detection is simpler, more sensitive, and with higher spatial resolution, making it suitable for
field measurements over kilometer-range distances or laboratory-scale studies on the fine structure of a
filament. © 2003 Optical Society of America
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1. Introduction

High-energy femtosecond laser pulses propagating in
air form long filaments, owing to an equilibrium be-
tween Kerr focusing and defocusing on laser-induced
plasma.1 The properties of the filaments open excit-
ing perspectives for applications, such as white-light
lidar2 and laser lightning control.3,4 These applica-
tions in turn stimulate the need for better character-
ization of the filamentation propagation, especially
the need of the precise determination of the length
and the spatial profile of the free-electron density of a
filament. Not only is the laser triggering and guid-
ing of high voltage discharge based on the plasma
channel associated to a filament, but also the back-
scattering enhancement of the white light, interest-
ing for lidar applications, is considered to be due to
the refractive-index gradient induced by free-electron
distribution.5 Some methods have been used to
measure the free-electron density in a filament. An
electric field induced by free electrons has been de-
tected by an antenna.6,7 Fluorescence from excited
N2 molecules and N2

� ions has been measured with a
spectrometer along a filament8 and more recently in

the backscattering direction.9 A diffraction inter-
ferometer has been used to determine the decay of the
free electrons.10 More recently, subterahertz radia-
tion from a filament has been detected with a hetero-
dyne detector.11 The application of these current
methods, however, is mainly limited to laboratory-
scale experiments. On the atmospheric scale,12 a
slightly focused or a collimated beam lead to long
filaments �length exceeding 10 m�. A more sensitive
and simpler operational method is therefore needed.

In this paper, we demonstrate that the acoustic
wave emitted from a long plasma channel associated
to a filament can be detected with a microphone with
high sensitivity, low noise, and high spatial resolu-
tion. Furthermore, the acoustic detection presents a
large dynamic range, exceeding 3 orders of magni-
tude.

2. Experimental Setup and Results

In our experiments �Fig. 1�, a chirped pulse amplifi-
cation �CPA� laser delivered pulses of 120 fs in dura-
tion and 8 mJ in energy with a 20-Hz repetition rate
at 810 nm. The output beam was focused by a
spherical mirror with a focal length of 5 m to initiate
a filament in the laboratory. The beam diameter
was �7 mm �1�e level� on the spherical mirror. A
microphone �bandwidth, �15 kHz together with its
amplifier� was installed inside a shielding tube ori-
ented perpendicularly toward the filament at a dis-
tance of 10 cm from it. The tube had a length of 7 cm
and an inner diameter of 0.6 cm, restricting the di-
rectly measured filament to a length of 1.1 cm.

A pulsed acoustic signal was detected by the mi-
crophone and recorded by a digital oscilloscope syn-
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chronized to a laser pulse by use of a photodiode that
detected scattered light from the spherical mirror.
In Fig. 2 a typical acoustic signal is shown with an
average over 256 laser pulses. The acoustic signal
exhibits an overpressure followed by a underpres-
sure, typical for a shock wave due to an explosion.
After the initial shock wave some secondary peaks
are also detected owing to echo from the surrounding
natural reflectors near the setup. The voltage of the
first peak as a function of the propagation distance z
is shown in Fig. 3. One first notices the slope
changes and signal jumps on the curve at 2.5 and 7 m,
as indicated by the arrows. The beam profile was
checked with impacts on a black paper. The highest
intensity spots in the filament drilled holes in the
paper, while the surrounding intensity whitewashed
the paper. The impacts showed that three small
filaments started around 2.5 m and that beyond 7 m,
the beam intensity was not powerful enough to drill
the black paper. The profile checks also showed the
fusion13 of the three initial filaments into a single
filament around 4.2 m. The jump on the signal
around 2.5 m thus indicates the starting of the
plasma channel �the Kerr focusing collapse point�,
and the rapid decrease of the signal around 7 m the
ending of it. That allows us to determine the length
of the plasma channel of 4.5 m. Before and after the

plasma channel, a pulsed acoustic signal was still
detected over the background acoustic noise, which
was estimated to 0.2 mV in our laboratory. This
noise level is 3 orders of magnitude under the maxi-
mal acoustic signal ��500 mV� that we detected at
the center of the filament, corresponding to a plasma
density 3 orders of magnitude lower than that mea-
sured in the center part of the filament, as we will see
in Section 3. We interpret the signals detected out-
side the filament as being due to the ionization of dust
particles in air. In a dust-free, clean laboratory we
observed a much lower background and, as a conse-
quence, much larger jumps of the acoustic signal in
the starting and the ending points of the filament.
Once the filaments start, the signal increases expo-
nentially �S�z� � exp�0.021z�� and reaches a plateau
at 4.2 m, before the geometrical focal point �see the
insert in Fig. 3�, where the three initial filaments
collapse into a single filament. After the plateau,
the decrease of the signal is quite similar to the in-
crease �S�z� � exp��0.022z��. A check of the black
paper showed a minimal filament diameter in the
range of 100–150 	m in the plateau, where the
acoustic signal reached its maximal value. An en-
ergy in the filament of �0.8 mJ ��10% of the total
energy� was determined by use of a power meter and
a diaphragm that allowed only the filament through.

3. Discussions

It is well known that in a filament with a femtosecond
laser pulse, air molecules �nitrogen and oxygen� are
partially ionized through the multiphoton ionization
�MPI�. The photoionization dynamics in an intense
laser field has been extensively studied.14 It has
been shown that photoelectrons are ejected from mol-
ecules with an initial kinetic energy of a few electron
volts,15 which corresponds to an initial free-electron
temperature in the order of 104–105 °K. An energy
transfer occurs between the free electrons and the
background gas �ions and neutral molecules� owing to

Fig. 1. Experimental setup. The spherical mirror �with 5-m fo-
cal length� was used with a small incident angle �1.2°� to reduce the
astigmatism. The laser beam had a diameter of 7 mm �e�1 level�
at the spherical mirror. The origin of the Oz axis corresponds to
the location of the spherical mirror. The beam dump was located
14 m from the spherical mirror.

Fig. 2. Acoustic signal recorded by a digital oscilloscope synchro-
nized on laser pulses with an average over 256 shots. The origin
of the time axis is the laser pulse.

Fig. 3. Peak acoustic signal as a function of the propagation
distance z. The arrows show the starting and the ending points of
the plasma channel. The insert presents a detail of the signals
between 400 and 500 cm from the spherical mirror.
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elastic and inelastic collisions. The gas in the fila-
ment is then heated to a high temperature when
thermal equilibrium is reached in the filament. The
heated gas expands, leading to a shock wave emis-
sion.

Detailed theoretical analysis of the energy transfer
between free electrons and heavy species �ions and
neutral molecules� in a femtosecond pulse-induced
plasma has been given by V. E. Gusev16 for solid-state
targets and by F. Vidal et al. for the air.17 The au-
thors estimated the time of the energy transfer from
electrons to heavy species in the order of 10�11 s for
typical solid-state targets and in the range of 10�9–
10�8 s in the air. Especially a final equilibrium tem-
perature of approximately 0.1 eV �corresponding to a
temperature of 1200 °K� is reached in a filament in
air 10�6–10�5 s after the exciting laser pulse.17

The relationship between the acoustic signal and
the initial free-electron density has been studied by
some authors. For example, when the acoustic tech-
nique was used to measure the multiphoton absorp-
tion by polyatomic molecules, it has been
demonstrated that the first peak in the acoustic
waveform is proportional to the optical energy ab-
sorbed by the gas.18 For a given gas and a given
excitation wavelength, the absorbed energy is in turn
proportional to the initial free-electron density gen-
erated by the MPI. Therefore in our experiments,
the microphone signal shown in Fig. 3 provides a
direct measurement on the free-electron density pro-
file in the plasma channel. If we define the begin-
ning and the end of a filament as the points where the
acoustic signal jumps and where the slope of the elec-
tron density profile changes �i.e., where the signal
due to the plasma generated in the filament overrides
the noise from the background aerosols�, the simple
and reproducible sonometric experiments yield a
clear measurement of the filament length.

In Fig. 3, we remark that the free-electron density
varies over nearly 2 orders of magnitude along the
channel �actually, �50 times�. This large dynamic
range is due to the high-order nonlinearity of the MPI
process: A small variation of the light intensity in
the filaments leads to a large variation in the free
electron density. By use of an effective power-law
dependence of I
 for the ionization rate on the light
intensity I, and taking a value of 7.5 for 
,19 the
measured variation for the free-electron density cor-
responds to a variation of a factor 1.7 only in light
intensity, which is consistent with the expected in-
tensity clamping in a filament.20

To determine the absolute free-electron density, a
calibration with cross-check measurements is
needed. The calibration can be provided in labora-
tory experiments, for example by the fluorescence8 of
N2 or N2

�, or the electric conductivity measure-
ments.21 However the cross-check calibration might
not be always necessary, because of the self-
organized nature of the filaments, in which the max-
imum free-electron density is determined by the
equilibrium between Kerr self-focusing and defocus-
ing on the plasma. An universal value, or at least a

universal order of magnitude, is found for the maxi-
mal value of the free-electron density, independently
of the input laser pulse parameters. This maximal
value for the free-electron density can also be consid-
ered as a consequence of the intensity clamping in the
filaments, which limits the free-electron density to a
typical value of 3 � 1016 cm�3 �Ref. 21�. In most
experiments, when the input laser pulse parameters
�energy, duration, chirp, or focusing� are changed, the
resulting filaments can have different locations
�starting and ending positions�, lengths, and free-
electron density profiles. The sonographic detection
provides a precise and simple method to determine
these filament parameters.

The particular spatial plasma profile observed in
our experiment is due to our experimental configura-
tion. In particular, the use of a focusing mirror,
which was needed to observe filaments in a short
propagation distance inside of our laboratory, made
the filament diverge rapidly after the geometrical fo-
cus point. That corresponds to the quick decay of
the observed acoustic signal. Even though refocus-
ing8 after the geometrical focus can be observed, a
filament formed with the use of a focusing lens is in
general shorter than a filament formed by a pure
self-focusing in a collimated beam. Before the geo-
metric focus, the filament starts owing to the Kerr
focusing, as described by the moving focus model.22

4. Conclusion

We have demonstrated that the acoustic wave emit-
ted by a filament is a suitable observable for a non-
destructive determination of the presence of the
plasma channel, its length, and its free-electron den-
sity profile. The advantages of the sonographic
method are the simplicity, the sensitivity, and the
high spatial resolution, thanks to the low speed of the
sound. In a field experiment one could take advan-
tages of this simple and sensitive detection method to
perform long-distance propagation measurements,
while in a laboratory-scale experiment one could ben-
efit from the high spatial resolution �within one cen-
timeter� to study the fine structure in a filament.
However, the propagation of the acoustic wave is es-
sentially transverse to the axis of the filament, owing
to the cylindrical form of a filament. This limits the
use of the acoustic detection in the backwards
remote-sensing configuration.
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9. A. Iwasaki, N. Aközbek, B. Ferland, Q. Luo, G. Roy, C. M.
Bowden, and S. L. Chin, “A LIDAR technique to measure the
filament length generated by a high-peak power femtosecond
laser pulse in air,” Appl. Phys. B 76, 231–236 �2003�.

10. S. Tzortzakis, B. Prade, M. Franco, and A. Mysyrowicz, “Time-
evolution of the plasma channel at the trail of a self-guided IR
femtosecond laser pulse in air,” Opt. Commun. 181, 123–127
�2000�.
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