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Electrical conductive properties of femtosecond laser
filaments are of significant interest for applications
such as remote arc suppression and discharge guiding.
We transmitted electrical current through a DC-biased
air plasma channel formed in the wake of an energetic
femtosecond laser pulse and observed an increased rate
of change of the charge transmitted through the ion-
ized channel with laser energy when crossing from the
single- to the multi-filament regime. This behavior is
attributed to the confluent effects of greater electron
density and increased cross-sectional area of the multi-
filament plasma structures. As the laser energy is in-
creased, the formation of additional conductive chan-
nels in the multi-filamentation regime becomes a sig-
nificant contributor to the rapid increase of conductiv-
ity. These observations suggest a potential path to at-
tractive applications such as efficient energy transfer in
air mediated by femtosecond laser-produced filaments.
© 2019 Optical Society of America
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The phenomenon of femtosecond laser filamentation [1-3] has
continued to generate research interest ever since its discov-
ery [4]. The use of filaments as conductive wires [5-7] presents
an attractive concept, since such plasma structures exhibit un-
usual characteristics; among them, they are insusceptible to me-
chanical stress or melting due to Joule heating and can be readily
reconfigured. Filaments can be extended to long ranges [8] and
accurately delivered to a desired location. The applications in
which femtosecond laser filaments are used as conductors would
benefit from improved understanding of their physical proper-
ties for varying laser peak powers in the multi-filament regime.
For example, it is still not fully understood how the conductive
properties of the filament scale with laser pulse energy and how
the changes in electron density and filament geometry could
affect this scaling. In the laser filamentation process, an intense
filament core develops, which excites and ionizes the propa-
gation medium to form a plasma. The core is surrounded by
a lower-intensity energy reservoir [3]. Such plasmas therefore
exhibit a significant radial variation of electron density. Ad-
ditionally, filament plasmas have a nonuniform axial electron

density distribution caused by the successive self-focusing and
defocusing of the laser pulse as well as absorption of the laser
energy by the medium. However, the filament cannot be treated
as a single conductive channel in the multi-filament regime. In
this regime, which occurs when the incident laser peak power
greatly exceeds the critical power (P.) for self-focusing [2, 3],
a more complex plasma structure is observed, where multiple
plasma cores nucleate from noise and beam instabilities.

The current research in femtosecond air filaments also aims
to enable applications such as remote arc suppression [9], dis-
charge guiding [10-15], radio wave transmission using filament-
based radio-frequency antennae [7], and others. A common
goal among most of these applications is to enhance the con-
ductive properties of the filament. Earlier research on this
topic has shown that ultraviolet laser pulses create longer and
more conductive plasma columns when compared to infrared
pulses [16, 17]. More recently, a comparative study of filament
conductivity in the near- and mid-infrared regimes was per-
formed [18], demonstrating significantly lower conductivity of
mid-IR filaments when compared to their near-IR counterparts.
Various techniques have been developed to increase the conduc-
tivity of the filament channel; for example, a second, longer (ns—-
ps) laser pulse may be used to reduce electron recombination
by the oxygen molecules [19], reheat the filament channel [20],
or achieve a combination of both [21]. An alternative approach
relies on HV biasing [22, 23], or low-AC current [24] guided
discharges.

Here, we investigate how the onset of multi-filamentation
impacts the conductive characteristics of femtosecond filaments.
We find that the rate of change of the transmitted charge in-
creases with increasing incident laser energy from the single
to multi-filament regime. Furthermore, we compare the rate
of change of transmitted charge to the rate of change of con-
ductivity with energy and attribute the observed differences
to the different geometric configurations of the plasma cores
in the multi-filament regime. The results are relevant for fun-
damental understanding of charge propagation in the overall
multi-filament structure, as well as discharge- and wave-guiding
applications.

The experimental setup is shown in Fig. 1(a). Ti:sapphire
(800-nm central wavelength, 40-fs pulse duration, 0.5-kHz rep-
etition rate) laser pulses were focused in air using a 1-m focal
length lens (f/100), which produced a filament plasma. Two
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Fig. 1. (a) The design of circuit used to study DC conductive
properties of the filament; (b) photograph of the filament prop-
agating over two electrodes.

stainless steel electrodes were used to guide electrical current
through the filament. The negative electrode was mounted on
a translation stage, so that the distance between electrodes was
adjustable. The filament was used to ablate the top parts of the
electrodes until it reached unperturbed propagation, as depicted
in Fig. 1(b). In this way, the filament plasma remained in close
vicinity to the metal surface, and the pulse energy after fila-
mentation was unattenuated by the introduction of electrodes.
Spark discharges were prevented by limiting the electric field
between two electrodes to <0.6 kV/cm (2 kV over the length
span of 30, 35 and 40 mm). The magnitude of current through
the filament was varied using a high-voltage (HV) source and a
50 pF capacitor. The capacitor was charged using a HV power
supply and discharged through the filament and a load resistor.
The signal was recorded using a 400-MHz oscilloscope and 50 ()
coupling (Waverunner 604Zi, LeCroy) via 1-m long coaxial cable.
The waveform signal was averaged over 1000 laser shots. Spe-
cial care was taken to minimize the effects of electrode ablation,
where free carriers may not originate from air ionization. To do
so, the air turbulence was minimized by enclosing the laser beam
and ensuring current-signal stability after ~20 minutes (6 x 104
pulses) of continuous laser operation, with the filament passing
over the electrodes. A 1:1 imaging system (Fig. 1), consisting of
an achromatic lens (50-mm diameter, 75-mm focal length) and
an ICCD camera (iStar 334T, Andor), was employed in order
to determine the size and lifetime of the filament plasma, de-
fined as its fluorescence lifetime. The filament-plasma lifetime
was determined without the presence of bias voltage and mea-
sured in order to compare with transient current measurements.
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Fig. 2. Current recorded with the presence of the filament
between two electrodes at (a) 40-mm, (b) 35-mm, and (c) 30-
mm separation and 2-kV bias voltage for three laser pulse
energies.

The dominant fraction of molecular emission from air filament
plasma lies near the ultraviolet region [25]; hence a UG11 filter
(Thorlabs) was used to block the scattered laser radiation and
record the time-resolved filament plasma emission. The gate
width was set to 3 ns, and 100 shots were integrated to obtain an
image.

Figure 2 shows the characteristic transient current profiles
measured at different laser pulse energies and electrode separa-
tions. A typical peak current for this experimental configuration
is on the order of 1 A, while the shot-to-shot signal fluctuations
were about 7%. The transient nature of the current indicates
short persistence of free electrons within the ionized channel,
which is similar to a recently reported result [9]. This behavior
can be directly correlated to the lifetime of filament fluorescence;
we measured the filament UV fluorescence lifetime to be ~10 ns
without the presence of DC bias (Fig. 3), in good agreement
with the typical duration of the first positive half-period of the
current waveform signals. Figure 4 shows the dependence of
the transmitted charge and conductivity on the laser pulse en-
ergy. The charge transmitted by the filament is approximated
by integrating the area under the current profile within the first
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Fig. 3. Side-on filament profiles recorded with an ICCD cam-
era at (a) 2.5 mJ and (b) 4.2 mJ, without the UG11 filter; (c) a
typical time evolution of filament fluorescence recorded
through the UG11 filter and averaged over 100 shots.

10 ns after the laser pulse. We point out that, due to considerable
impedance mismatch that causes signal reflection and electrical
noise (Fig. 2), both the measured charge and conductivity may
need to be corrected by an unknown calibration factor. For the
range of pulse energies used in our experiments, the filament
undergoes gradual transition into the multi-filament regime,
previously measured to occur near 2.5 m] in this setup [26]. We
observe no change in transmitted filament charge up to this tran-
sition energy, regardless of the electrode separation. However,
beyond the 2.5-m] transition energy, we find that the transmit-
ted charge shows an increased rate of change. The transmitted
charge changes more rapidly with electrode separation in the
multi-filament regime than in the single-filament regime, where
this dependence is nearly linear. A possible reason for this phe-
nomenon may be the nonuniform axial profile of the filamentary
structure, which would result in a change of effective area of the
conductive plasma region with the change of electrode separa-
tion.

We next determine the conductive properties of the filament
structure in the range of energies over which we observe the
transition into the multi-filament regime. Microscopically, the
conductivity is governed by the balance between acceleration
of charge carriers (dominantly electrons) in an applied electric
field and their collisional deceleration. Filament conductivity
(0f) is given by 0y = 1/py, where py is the filament resistivity.
We calculate the filament resistivity as py = nr’R r/L where r
is the radius of the conductor (Fig. 3), L is the conductor length,
and Ry is the filament resistance. We estimate the filament resis-
tance from the Ohm’s law using the amplitude of the measured
current (Fig. 2) and the applied voltage and also assume a cylin-
drical symmetry in the filament structure. The dependence of
the filament-plasma peak conductivity on incident laser pulse
energy is shown in Fig. 4b. Similar to the measurement of charge
(Fig. 4a), we observe a notable change in the slope of conduc-
tivity with increasing laser energy occurring near the ~2.5-m]J
multi-filament transition. The transmitted charge (Q) through
the filament scales with conductance (G) as Q=VtG, where V is
the voltage between the electrodes and ¢ is the time needed for
the charge to traverse the filament. The conductance is given by
G = 2N, 7172 / moven L, where N, is the electron density, e is the
electron charge, and . is the electron mass. The electron-neutral
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Fig. 4. Energy dependent transmitted charge over the first

10 ns after the arrival of the laser pulse (a) and peak electric
conductivity of the filament-plasma (b), measured at three
different separation distances between electrodes. The insets
show (a) the traces of gradual transition from a single fila-
ment into multi-filamentation and (b) measured plasma ra-
dius. Dashed lines mark the transition region. The red line is
a linear fit to the data points in the single- and multi-filament
regime at 30-mm electrode separation.

collision frequency [27] is Vey = 0y N(8kT,/ 7tm, ) /2, where 0epy
is electron-neutral collision cross section, N the atomic num-
ber density, k the Boltzmann constant, and T, the electron tem-
perature. From previous two equations, conductance depends
more strongly on electron density than electron temperature and
also varies with geometry. The peak electron density has been
shown to slowly increase with laser power in single filament
regime [28]. The increased rate of change of transmitted charge
from the single- to the multi-filament regime (Fig. 4a), there-
fore, may result from both an increase in the electron density
as well as an increase of the effective cross-sectional area due
to formation of several filament cores (Fig. 4a, inset). In the
multi-filament regime, the formation of additional plasma cores
(which may increase the rate at which electron density scales
with incident laser energy) may contribute to the greater rate
of change of conductivity with energy in comparison with the
rate for the single filament regime. It is worth noting that the
increased rate of change of transmitted charge (Fig. 4a) with
energy exceeds that of conductivity (Fig. 4b). We quantify the
increased rate of change from the single- to the multi-filament
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regime as the ratio of slopes (1t / Msingle) for each quantity,
charge and conductivity. The ratio of slopes is substantially
larger for charge (~29.9) than for conductivity (~2.3). As men-
tioned previously, charge is directly proportional to conductance
which depends on the geometry of the conductor. On the other
hand, conductivity is an inherent property of the conducting
medium, independent of geometry. The observed difference in
rates of change between charge and conductivity indicates that
a simple determination of conductor diameter based on data
shown in Fig. 3 may not be suitable for the multi-filament regime.
Namely, the effect of averaging multiple side-on images, where
multiple filaments sporadically appear, does not yield represen-
tative cross section areas for conductivity calculations. Since
we measured the average conductivity along the filament chan-
nel, the conductivity differs ~20-30% for different electrode
separations, indicating axially nonuniformity of the filament.
However, this does not affect the conclusion that the scaling
of conductivity with pulse energy changes between the single-
and multiple-filament regime. The formation of several conduc-
tive channels in the multi-filament regime increases the effective
cross-sectional area of the entire structure causing the conduc-
tance also to increase. Increasing cross-sectional area occurs in
conjunction with a slowly increasing electron density with inci-
dent laser energy, so its actual contribution to the greater rate
of change in the multi-filament regime should be investigated
further. Nevertheless, geometric dependence of conductance
in the multi-filament regime offers a new parameter space for
the improvement of conductance: controlling the arrangement
and stability of multiple filament cores may enhance the conduc-
tive properties of the aggregate structure. Several groups have
directed research efforts toward multi-filament control; for ex-
ample, previously studied techniques included the use of phase
plates [29] and deformable mirrors [30].

In summary, the formation of multiple filaments notably en-
hances the conductive properties of the filament plasma struc-
ture in air. From a practical perspective, these results suggest
that the multi-filament regime presents an attractive domain
in which a greater magnitude of current can be transmitted
through air filaments. Moreover, the influence of geometry on
the overall conductance of the multi-filament structure shows
that controlling the formation or arrangement of plasma cores
opens a new parameter space for further improvements in con-
ductive properties. Existing literature already suggests that
controlled arrangement of separate filaments can be achieved
in such multi-filament structures. It remains unclear, however,
how the unstable character of air filaments over longer distances
would affect the conductive properties. Ultimately, these re-
sults present an initial step as well as the motivation for further
research on the conductance of multi-filament structures.
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