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In this work, we demonstrate the coupling and emission of radio-frequency (RF) signals from laserguided discharge in ambient air. The produced 100-cm long plasma-antenna is broadband and can
emit RF signals for more than 2 ms, which corresponds to an enhancement of the plasma-antenna lifetime of 4 orders of magnitude relative to previous demonstrations using laser-based plasma ﬁlamentation. The generation of large diameter plasma-antennas in the air allows to broadcast RF signals
efﬁciently from 10 MHz to few tens of GHz. [http://dx.doi.org/10.1063/1.4985045]
Plasma-antenna technologies are becoming more ruggedized1 and usually employ ionized gas enclosed in a tube
as the conducting element of a transceiver.2–5 These plasmaantennas present numerous beneﬁts in wireless communications and defence applications that standard metallic antennas cannot achieve.3–5 For example, plasma-antennas can
greatly reduce co-site interference by synchronizing/activating on-demand adjacent plasma-antennas, which is important
for many forms of digital communications and radar types.2,5
Another fundamental distinguishing feature is that after
sending a short pulse, the plasma-antenna can be de-ionized,
eliminating the ringing associated with traditional metal
antennas. For defence applications, and in addition to their
broadband and high-speed communication capabilities,
plasma-antennas present stealth features by being quickly
de-ionized when scanned by other radars.5 These concepts
have been widely demonstrated with low density plasma
generated inside dielectric tubes. The physical conﬁnement
of such plasma-antennas limits the speed at which they can
be re-oriented and conﬁgured. To solve these challenges,
plasma-antennas produced with laser beams ionizing the air
were suggested.6–10
The lifetime of long and high-density plasma channels
is a critical parameter for plasma-antennas, since it limits the
maximum duration for the guiding and emission of microwaves. Demonstrations of microwave guiding using laserproduced plasma ﬁlaments in air have been widely conﬁrmed.6–10 The initial laser-produced plasma ﬁlaments, used
for these results, are generated in air when the laser peak
power exceeds a threshold named the critical power for selffocusing.11 During their propagation in air, these ultrashort
and intense laser pulses self-focus on themselves up to laser
intensity sufﬁciently high to ionize the air. Starting from this
zone, an automatic dynamic equilibrium occurs mainly
between the laser self-focusing, plasma generation, plasma
defocusing, and laser diffraction, which creates thin and long
plasma channels left behind the laser path.12–14 However, the
limited lifetime of the plasma column produced by laser ﬁlaments restricted the microwave guiding duration to a few
nanoseconds, constraining considerably the communication
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capability of such plasma-antennas. Previous works succeeded in increasing the laser-produced plasma lifetime by
using an external electric ﬁeld,15,16 and such a combination
allowed the increase of the plasma-antenna lifetime in air up
to 100 ns.17 Recent work reported an increase in the laserguided plasma lifetime up to 2 ms in air by using a hybrid
high-voltage source.18 By using this method, we demonstrate
in this paper the possibility to produce broadband plasmaantennas in air having a lifetime of 4 orders of magnitude
longer than previous laser-based demonstrations.
The plasma-antenna produced in our experiments is initiated by the laser-guiding of AC-discharge,18 generating a
conductive and low density air linear channel having a length
of 100 cm. Following the ignition of this laser-guided AC
discharge, a subsequent DC glow discharge enhances the
electron density and the diameter of the plasma column
through the Joule effect. The hybrid high-voltage source
used in our experiments and the methodology to produce
large diameter and long plasma channels with high conductivity in air are described in Ref. 18. Brieﬂy, it consists of
solid-state Tesla coil (AC high-voltage source) combined in
series with a high load 30 kV capacitance (DC high-voltage
source), allowing us to store a 500-J electric energy.
Ultrashort laser pulses of 0.15 J, from a portable chirped
pulse ampliﬁcation Ti:Sapphire system,19 were focused
using a 3-m focal length lens to produce a bundle of plasma
ﬁlaments in air having a total length of 1.5 m. The conductive laser ﬁlaments were generated 1 cm above the electrodes
distanced by a 100-cm air gap [see Fig. 1(a)]. The ﬁlament
bundle was positioned so that it started slightly before the
high-voltage electrode. The highest plasma density ﬁlaments
produced by the laser around the lens focus were positioned
at the center of the radio-frequency (RF) coupler and passed
above the grounded electrode. The RF coupler used to inject
the RF signal into the plasma column is shown in Fig. 1(b).
The RF coupler is made of 5 turns spaced by 5 mm and
coiled around a 35-mm outside diameter tubular insulator
(inner diameter of 15 mm) having a relative permittivity of
3. The RF coupler is encapsulated in a cylindrical Faraday
cage to minimize the RF leakage in the absence of the
plasma-antenna. The synchronization between the laser pulse
and the hybrid high-voltage source was optimized for the
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FIG. 1. (a) The schematic of the experimental setup for monitoring the plasma-antenna produced by laser-guiding of hybrid high-voltage discharges. (b)
Schematic representation of the plasma-antenna traversing the RF coupler.

maximum laser-guided length (>95%) over the 100-cm air
gap [see Fig. 2(a) for a side-picture of the laser-guided
plasma channel]. During all measurements, the laser ﬁlaments and the surrounding laser energy reservoir20,21 did not
impact the electrodes. Temporally resolved images of laserguided discharges were captured using a high-speed camera
with time resolution down to few microseconds per frame.
Concurrently, a photomultiplier tube (PMT) with a large
ﬁeld of view and a 1 ns resolution was used to monitor the

FIG. 2. (a) Color image taken by a high-speed camera of the laser-guided discharge over the 100-cm air gap. (b) Plasma ﬂuorescence strength detected by a
photomultiplier tube (PMT). (c) Temporal waveform of the RF signal detected
with the distant reception antenna without activating the transmitter and (d) by
activating the transmitter (Note: RF signals are vertically shifted for clarity).

light emission over the whole length of the plasma column.
Finally, a standard 25 W transmitter (Motorola Maxar 80)
used as the RF source around 173 MHz was connected to the
RF coupler. A typical 40.6-cm long metallic antenna used as
the reception antenna was positioned at 4 m from the plasma
column. The RF signal emitted by the plasma-antenna was
collected by the reception antenna and directly recorded with
a 2 GHz oscilloscope without using a RF ampliﬁer or ﬁlter.
Figure 2(b) presents the temporal evolution of the
plasma ﬂuorescence strength, which stands for more than
2 ms and is nearly proportional to the square of the current
ﬂowing in the plasma channel.22 The short ﬂuorescence peak
around time zero in Fig. 2(b) corresponds to the ﬂuorescence
emitted by the initial laser-guided leader and the discharge
of the AC high-voltage source.18 The time zero corresponds
to when the laser pulse passes between the electrodes and
generates a bundle of plasma ﬁlaments. Following the AC
discharge, the AC electric ﬁeld vanishes after few tens of
microseconds, but a conductive and low air density channel
remains along the laser path and this will allow the subsequent 500-J DC discharge from the high load capacitance.18
The high impedance of this discharging circuit takes some
time to build up the high-current, making the ﬂuorescence to
peak 350 ls after the laser pulse. This peak of ﬂuorescence
corresponds to a peak current of 100 A, and the resulting
Joule heating induces a hydrodynamic expansion transverse
to the channel axis. The plasma column diameter quickly
increased from 100 lm to 4 mm (full width at 1/e2) at the
peak current. Afterward, the current decreased but the Joule
heating was sufﬁcient to increase the plasma column diameter up to 7 mm at the end of the DC discharge.
Figure 2(c) presents two samples of the RF signal
recorded from the distant reception antenna when the transmitter connected to the RF coupler was turned-off. The electromagnetic (EM) noise pulse observed around the time-zero is
produced by the abrupt laser-guided AC discharge. This electromagnetic noise pulse ceases few tens of microseconds after
the AC discharge, and no electromagnetic noise was detected
afterward during the DC discharge. The absence of electromagnetic noise following the AC discharge indicates that the
produced air channel was very conductive and eliminated the
possibility of sparking during the DC glow discharge.
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Figure 2(d) presents ten samples of RF signals recorded
from the distant reception antenna when the transmitter was
continuously producing a carrier at 173.13 MHz. During the
generation of the plasma-antenna, we still observe around
time-zero the electromagnetic noise pulse induced by the
laser-guided AC-discharge and the transient polarity depends
on the AC-voltage polarity at the connection of the laserguided leader between both electrodes. After the transient, a
quasi-constant RF signal at 173.13 MHz was measured and
persisted up to a time of 2.25 ms, corresponding to the end
of the DC glow discharge.
Figure 3(a) presents the RF signal emitted by the 100-cm
long plasma-antenna before and during the laser-guided discharge. Narrow temporal windows of the signal detected are
sampled and expanded in Figs. 3(b)–3(e) for the timings of
200 ls, 100 ls, 1 ms, and 2 ms, respectively. The corresponding power spectra of the sampled regions are presented
in Fig. 3(f). For reference and comparison, the power spectrum of the signal emitted when the plasma column is
replaced by a 100-cm long metallic rod of 5-mm diameter
(black line with grey ﬁll) is also shown in Fig. 3(f). It is interesting to note that the RF power emitted at 173.13 MHz by
the plasma-antenna was only 6 dB lower than for the metallic
rod.17 The power of the RF signal emitted by the plasmaantenna is more than 50 times higher than the leak of the RF
coupler [green line ﬁlled with grid in Fig. 3(f)]. The distribution of the RF power spectrum emitted by the plasma-antenna
is very similar to the RF signal injected into the RF coupler,
pointing out the large bandwidth emissivity of the plasmaantenna. The four RF channels (172.41 MHz–173.34 MHz)
from the transceiver were tested with this plasma-antenna, and
their emitted RF powers were very similar for each channel.
The ﬂuorescence signal of the plasma-antenna shown in
Fig. 2(b) indicates that the current ﬂowing in the plasma column oscillates due to ringing of the inductance and capacitance of the discharge circuit. Nevertheless, the conductivity
of the plasma column remained around 1000 S/m during the
whole discharge.18,23 Since the RF power emitted by the
plasma-antenna was only 6 dB lower than for the metallic
rod having a conductivity of 1 MS/m (1000 times higher
than the plasma-antenna), the coupling of the RF signal into
the plasma column is weakly dependent on its conductivity
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or its plasma density. The coupling of the RF signal to the
plasma column occurs through the induction of EM wave
propagating at the interface between the plasma column and
the surrounding air.8,10,24,25 The surface wave theory indicates that such plasma-antennas are broadband and conﬁrms
that the attenuation at the surface of the plasma column is
weakly dependent from the plasma density as shown in simulations presented in Figs. 4(a) and 4(b). In Fig. 4(a), for a
ﬁxed 4-mm diameter plasma-antenna, the simulated RF frequency ( rf) of the surface wave at which the attenuation is
minimal is inversely proportional to the plasma frequency
(xp) in the limit where  rf  xp. In Fig. 4(b), it is observed
that by changing the plasma density by two orders of magnitude in the simulations, the surface wave attenuation changes
by less than a factor of three for the 173 MHz frequency used
in our experimentation. However, the attenuation of the surface wave coupled on the plasma column is very dependent
on the plasma column diameter, as shown in Fig. 4(b). This
is mainly due to the fact that a larger plasma column can sustain more easily the surface mode for long RF wavelengths.
For a RF signal of 173 MHz, the attenuation (a) decreases by
two orders of magnitude when the plasma column diameter
increases from 0.5 mm to 4 mm, for both plasma densities of
5  1016 and 5  1018 cm 3. For a plasma column diameter
larger than 1.5 mm, the attenuation length corresponding to
1/a is longer than the 100-cm long plasma-antenna, indicating that the surface wave is radiated over its whole length at
173 MHz. For a smaller plasma-antenna diameter, the attenuation length is shorter than the laser-guided discharge and
only a portion of the plasma column acts as an antenna,
therefore lowering the emission of the RF signal.
Since the plasma column diameter is an important factor
inﬂuencing the surface wave attenuation, the measured
plasma-antenna diameter produced by the laser-guided discharge is shown as a function of time (logarithmic scale) in
Fig. 4(c). The plasma column diameter increases very rapidly after its ignition by the laser ﬁlaments and reaches a
diameter larger than 1.5 mm after 100 ls. Based on the simulated surface-wave attenuation and the measured plasma column diameter, shown in Figs. 4(b) and 4(c), respectively, the
attenuation of the plasma-antenna could be estimated as a
function of time, and the result is shown in Fig. 4(d).

FIG. 3. (a) Temporal waveform of the RF signal emitted by the plasma-antenna and detected with the 40.6-cm long metallic antenna. (b) Zoomed RF signal
sampled 200 ls before the laser-guided discharge, (c) 100 ls, (d) 1 ms, and (e) 2 ms after the ignition of the plasma column. (f) Power spectrum of the sampled
RF signals.
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compared to previous demonstrations based on laser ﬁlamentation. Due to the high current ﬂowing in the laser-guided
discharge, the plasma column diameter quickly increased up
to a few millimeters in diameter, allowing to transmit efﬁciently the RF signal over a broad frequency range.
Interestingly, we demonstrated through simulations that the
attenuation of the surface wave on the plasma-antenna is
weakly dependent on plasma density, but very dependent on
the plasma column diameter. Finally, we note that a possible
improvement to the current setup would consist in commencing the laser-guiding of the discharge with an initial large
diameter plasma column produced by the ﬁlamentation of
far-infrared ultrashort laser pulses.27–29
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FIG. 4. (a) Simulated surface wave attenuation as a function of the RF frequency (plasma column diameter ﬁxed at 4 mm) and (b) as a function of the
plasma-antenna diameter (RF frequency ﬁxed at 173 MHz). For both ﬁgures,
the plasma densities of 5  1016 cm 3 and 5  1018 cm 3 were simulated.
(c) Measured plasma channel diameter (full width at 1/e2) as a function of
time. (d) Calculated surface wave attenuation at 173 MHz as a function of
time for the tested plasma-antenna by considering two different plasma
densities.

Independently of the plasma density, the plasma-antenna
attenuation is very low 100 ls after its ignition by the laser
ﬁlaments. The higher attenuation for time delays inferior to
100 ls explains the lower amplitude of the 173 MHz signal
detected at these timings, as observed, for example, in Fig.
3(a). Finally, it is important to note that without the highvoltage discharge, the initial plasma column produced by the
laser ﬁlaments has an approximate diameter of 70 lm, a peak
plasma density around 1016 electrons/cm3, and a lifetime of
few nanoseconds.26 Such parameters can guide efﬁciently
surface waves of frequencies higher than 1 GHz only during the limited lifetime of the plasma ﬁlaments. In order to
make broadband laser-based plasma-antennas efﬁcient from
10 MHz to a few tens of GHz, large diameter plasma columns must be produced by enhancing them with an external
high-voltage source. Therefore, using the hybrid highvoltage source has the dual advantages of extending the
plasma lifetime and broadening the spectral range of plasmaantennas.
In conclusion, the highly conductive plasma-antenna
produced in ambient air by the laser-guiding high-voltage
discharge method allowed to transmit efﬁciently a RF carrier
of 173 MHz. The produced plasma column functioned as a
transmitter for more than 2 ms, which is a 4 order increase
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