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ABSTRACT We present a new method to measure the length of
a filament induced by the propagation of intense femtosecond
laser pulses in air. We used an antenna to detect electromagnetic
pulses radiated from multipole moments inside the filament os-
cillating at the plasma frequency. The results are compared with
the values detected from the backscattered fluorescence induced
by multiphoton ionization of nitrogen molecules excited inside
the filament. The values are found to be in good agreement.

PACS 42.65.Jx; 42.68.Ay; 42.68.Wt

1 Introduction

Remote sensing, lidar (light detection and rang-
ing) [1–3] and lightning discharge control [4–8] are poten-
tial applications of propagation of intense femtosecond laser
pulses in air. Experimental results in the laboratory have
shown that such pulses can propagate tens of meters in air
and up to several kilometers in the atmosphere, beyond the
Rayleigh range of the laser beam [9–19]. There are sev-
eral models to explain the phenomenon, including self-guided
pulse propagation [9–13], the moving focus model [14–17]
and dynamic spatial replenishment [18]. When an intense
femtosecond laser pulse propagates in air, the air acts as a Kerr
nonlinear medium and focuses the beam (self-focusing). In
the focusing region, the peak intensity increases and multi-
photon ionization (MPI) is induced, resulting in plasma gen-
eration. The dynamical balance between the self-focusing and
defocusing by the plasma yields a narrow (∼ 100 µm diam-
eter) and long plasma column (filament) up to tens of meters
or more. The balancing act results in a maximum peak in-
tensity, which we call intensity clamping. In air, it is about
5 ×1013 W/cm2 [19–21]. (In fact, R. Sauerbrey from Jena,
Germany was the first to predict this balancing act resulting in
a maximum intensity. Private communication, unpublished,
March 1993.)

Having accurate knowledge of the length of a filament is
essential in lightning control and remote sensing. Since the
intensity inside the self-focusing laser pulse is very high, in-
corporating measurement devices directly into the beam is
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very difficult and it would damage the optical instruments. In
this work we examine different methods to indirectly measure
the length of a filament.

The plasma produced inside the filament contains free
electrons and ions that are displaced from each other along the
propagation direction [22]. This results in a multipole oscilla-
tion yielding radiation. This radiation was detected by a linear
antenna for a single filament [22]. A simple theoretical model
has been made for the dipole radiation [23]. In this work, we
tested a new detector, a wire antenna, to detect this radia-
tion. We call this the electromagnetic pulse (EMP) detection
technique.

Other known techniques are measuring the conductivity
of the filament [2, 24] and backscattering fluorescence (BSF)
measurement [25]. In this work we compare the EMP and
BSF techniques. We found that the EMP radiation measure-
ment is a fast and more precise method for measuring the
length of a filament as compared to the BSF method. How-
ever, the EMP detection method is not practical for very long
horizontal propagation measurements and impossible for ver-
tical propagation, while the BSF method could be applied to
both situations.

2 Experimental setup and results

The versatile multibeam laser system used in
this experiment was built by Spectra-Physics (SP)/Positive
Light. It is a chirped pulse amplification system based on
a Ti:sapphire oscillator (SP, Maitai, 300 mW, 80 MHz),
a stretcher, a regenerative amplifier (SP, Spitfire, 2 W, 1 kHz),
a two-pass Ti:sapphire amplifier and a pulse slicer (Pockels
cell). A beam with a repetition rate of 10 Hz is extracted from
the 1 kHz beam using the slicer. This beam is sent to a two-
pass Ti:sapphire amplifier, pumped by the second harmonic of
a Nd:YAG laser (SP, GCR-350, 500 mJ/pulse, 10 Hz). Finally
the pulse is compressed to 44 fs (FWHM). The pulse duration
is measured using a single-shot auto-correlator (Positive Light
SSA). The central wavelength is 810 nm with a bandwidth
of 23 nm (FWHM) and a peak power of 0.2 TW with linear
polarization. The pulse is spatially filtered after the regener-
ative amplifier and before the two-pass amplifier in order to
keep a near-Gaussian pulse shape. The pulse energy is fixed
at 14 mJ.
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In the first step, the experimental setup is designed to
measure BSF as shown in Fig. 1. The laser beam is focused
by a spherical concave gold mirror (CM) with a focal length
of 3.5 m, since without a focusing mirror the filament length
is beyond the dimension of our laboratory. The angle be-
tween the incident beam and the reflected beam is 4 degrees.
This angle is minimized to minimize geometrical aberration.
The filament starts to develop before the geometrical focus
of the mirror and it is weakly visible by the naked eye. The
BSF is detected by a photomultiplier tube (PMT) (Hama-
matsu R74000U, with 1 ns resolution). A broadband dielec-
tric mirror (M2) reflecting at around 800± 25 nm is put in
front of the PMT to eliminate any scattering of the laser light.
Also, a band-pass filter F (UG 11, 5 mm thick, passing 200
to 400 nm) is set between the PMT and the 800 nm dielec-
tric mirror. This band-pass filter transmits only the UV re-
gion, where the major spectral lines are radiated from nitrogen
molecules during the ionization [26]. The PMT is connected
to a 1 GHz bandwidth oscilloscope (Tektronix TDS 7254,
2.5 GHz sampling rate) having a 50 Ω input impedance. Since
the production of plasma inside the filament is a statistical
phenomenon and heavily related to the fluctuations of the
laser energy and air turbulence, we accumulate the waveforms
coming from the oscilloscope for 2000 shots. After averaging

FIGURE 1 Schematic diagram of experimental setup. M1, M2, M3, dielec-
tric mirrors; CM, concave gold mirror with focal length of 3.5 m; F, UG11
filter; DH, detector holder; GF, geometrical focus; BS, beam stop

FIGURE 2 BSF signal collected by oscilloscope. The first peak is due to
scattering from the last mirror (M3) in the setup and the last peak is due to
refocusing

about 500 shots there was no significant change in the final
result but, to get a more precise result, we averaged the wave-
form for 2000 shots. Figure 2 shows a typical result. The first
peak is due to scattering from the last mirror (M3) in the setup.
The middle curve is the BSF signal from the filament. After
the geometrical focus we observe a third peak, which is the
result of refocusing [26]. In Fig. 2, we consider the geomet-
rical correction factor 1/r2, where r is the distance between
the PMT and the detected part of the filament, to compen-
sate for the decrease of the BSF signal. This factor gives us
the possibility to compare signals from different positions of
the filament. One filament is observed with a total length of
about 135±15 cm. This value is arbitrarily defined between
the 10% level of the maximum amplitude of the BSF sig-
nal [25] (see Fig. 2). We neglect the refocusing part since it is
weaker than 10% of the maximum amplitude according to our
definition. Since the resolution of the PMT is 1 ns (30 cm), it
can not resolve the BSF signal (radiated from the beginning
of the filament) and the scattered light from the last mirror of
the setup. For this reason the two signals are mixed and it is
impossible to determine precisely the starting point of the fil-
ament. We made an extrapolation of the signal by adding a tail
(dotted curve) in Fig. 2 to indicate roughly the starting of the
fluorescence signal.

For the next step we put a 2 m long rail parallel to the laser
beam. We placed a linear antenna on that rail, 5 mm away from
the filament and perpendicular to the optical table as shown in
Fig. 3a. The antenna is the inner core of a 50 Ω coaxial cable
with 15 mm length. One of the waveforms detected by this an-
tenna is shown in Fig. 4a. Each pixel represents 50 ps, which
is the limit of our oscilloscope. This signal is caused by the
electric field radiated from the plasma column [22, 23]. The
antenna was moved by intervals of 2 cm over almost 200 cm.
The amplitude of the signal detected by the antenna is plot-
ted as a function of distance in Fig. 4b. We can see changes
in the plasma density by changing the distance of the antenna
from the geometrical focus. Higher amplitude signals repre-
sent higher plasma production inside the filament. The two
major humps represent refocusing. The small oscillations in
the graph are caused by the dynamics of multipole moments
produced along the propagation direction. Since the forma-
tion of filaments is a statistical process and depends on laser
pulse energy fluctuations, air turbulence, etc., the amplitude
of these small oscillations can change in time; therefore we
made an average of the signal over 20 shots. This data is re-
producible, meaning that those small oscillations will be at
the same position if we keep the same conditions. (We are
now conducting more investigations to understand this phe-
nomenon more precisely.) Since the filament is long and the

FIGURE 3 a Linear antenna and b cir-
cular antenna; these two antennas are
moved along the z direction with a step
of 2 cm (the small dot is the profile of the
filament)
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FIGURE 4 a Sample signal collected with the linear antenna. The signal is
averaged over 20 shots. b Amplitude of the first peak collected with the lin-
ear antenna at different positions with respect to the geometrical focus of the
concave gold mirror

conical emission [16] starts to take place before the geomet-
rical focus, the beam diameter starts to increase and a part
of the beam hits the detector (antenna) at about 45 cm be-
fore the geometrical focus. In this region the intensity of the
beam is strong enough to induce a plasma on the antenna sur-
face, causing an increase of the electrical signal. Therefore,
the signal level will not fall as rapidly as it should and it does
not reach its minimum. In this situation the weak refocus-
ing signal after the geometrical focus is masked. If we put
the detector too far from the filament we can no longer col-
lect the signal. Nevertheless, it suggests a filament length of
156 cm neglecting all the data after point −45 cm. This value
is arbitrarily defined between the 10% level of the maximum
amplitude of the double-Gaussian graph fitted to the data. This
is a major problem of using a linear antenna for measuring
a very long filament length.

To try to solve this problem we designed another simi-
lar detector (circular antenna) by circling the linear antenna
and connecting it to the outer core of the coaxial cable. It has
12 mm diameter and the filament passes through the center
of it, as shown in Fig. 3b. A typical waveform detected by
this detector is shown in Fig. 5a. Again we measured the peak

FIGURE 5 a Sample signal collected with the circular antenna. The signal
is averaged over 20 shots. b Amplitude of the first peak collected with the
circular antenna at different positions with respect to the geometrical focus
of the concave gold mirror

(minimum) amplitude with respect to the distance from the
geometrical focus of the concave mirror. The result is shown
in Fig. 5b. Its general form is similar to that obtained by the
linear antenna. It suggests a length of about 144 cm for the
whole filament, neglecting refocusing after the geometrical
focus. Again this value is measured between the 10% level of
the maximum amplitude of the double-Gaussian graph fitted
to the data. This is in agreement with the length measured with
the BSF technique.

3 Conclusion

We have measured the length of a filament cre-
ated by the propagation of intense femtosecond laser pulses
in air. We show that the lengths of the filament determined by
EMP detection and BSF measurement are in good agreement.
With EMP detection we can see the dynamics of plasma pro-
duction; higher amplitude signals are proportional to higher
plasma production inside the filament. We can not observe
these dynamics with BSF measurement because of the 1-ns
resolution of the PMT detector. BSF measurement is good for
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measuring very long distance propagation in the atmosphere,
whereas this can not be done with the EMP detection method.
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