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1 Groupe de Physique Appliquée, Université de Genève, Ch. de Pinchat 22, 1211 Geneva 4, Switzerland
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Received: 22 July 2020 / Received in final form: 21 October 2020 / Accepted: 23 October 2020

Abstract. Lightning is highly destructive due to its high power density and unpredictable character. Directing
lightning away would allow to protect sensitive sites from its direct and indirect impacts (electromagnetic
perturbations). Up to now, lasers have been unable to guide lightning efficiently since they were not offering
simultaneously terawatt peak powers and kHz repetition rates. In the framework of the Laser Lightning Rod
project, we develop a laser system for lightning control, with J-range pulses of 1 ps duration at 1 kHz. The
project aims at investigating its propagation in the multiple filamentation regime and its ability to control
high-voltage discharges. In particular, a field campaign at the Säntis mountain will assess the laser ability to
trigger upward lightning.

1 Introduction

Lightning fascinates due to its destructive power, which
also makes it a major natural risk. It is estimated that
casualties varying from 6000 to 24 000 people per year are
related to lightning strikes worldwide [1]. Lightning also
causes power outages, forest fires and damages to elec-
tronic systems and infrastructure, with associated costs
of billions of Euros each year [2,3]. In spite of consider-
able progress, lightning protection still relies on the nearly
300-years-old concept of the lightning rod, as invented by
Benjamin Franklin [4]. However, many situations such as
mass gatherings or temporary storage of dangerous mate-
rials require to temporarily deploy lightning protection at
locations that do not need and/or cannot afford a perma-
nent lightning rod. Furthermore, the operation of rocket
launchpads and airport runways and taxiways is not com-
patible with the permanent presence of the tall towers
required to protect large volumes and/or wide areas with

FSupplementary material is available in electronic form at https:
//www.epjap.org/10.1051/epjap/2020200243
* e-mail: aurelien.houard@ensta-paristech.fr

a classical lightning rod. A protection system that could
be briefly removed on-demand, e.g., switched off at each
airplane landing, would have much less impact on the air-
port operations. Furthermore, lightning rods only protect
against direct effects of lightning. By attracting lightning
strikes to conduct their transient current to the ground,
they may even increase the incidence and severity of
indirect effects, namely electromagnetic perturbation and
over-voltage on electric or electronic devices and appli-
ances. Preventing such indirect effects would require either
to prevent the occurrence of lightning strikes or to attract
them away from the facility to be protected.

Depending on the effective height of a strike object
(which depends on its physical size and on the topogra-
phy of the terrain on which it is erected), it can be struck
essentially by downward lightning, by upward lightning or
by a comparable fraction of each [5]. Many of the damages
to wind turbines, communication towers and tall buildings
can be attributed to upward lightning. Upward lightning
strikes are also known to exhibit characteristics similar to
those of lightning triggered by aircraft and rockets [6].

Small rockets trailing a grounded conducting wire have
been used to trigger lightning for research purposes since
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the 1960s [7,8]. The success of this approach strongly
depends on the location and the stage of the thunderstorm
as well as the electric field close to the ground at the time
of the triggering attempt. Launchpads are generally fixed
and typically limited to 5 – 10 rockets, although mobile
launchpads have also been used. Furthermore, the rock-
ets fall back to the ground regardless of the success of
the triggering attempt. Finally, while the wire melts away
during successful attempts, a few hundred meters of con-
ductive wire fall to the ground with the rocket in the case
of unsuccessful launches, implying risks for personnel and
equipment on the ground.

A continuously operating technique to trigger lightning
would therefore be highly desirable. Lasers were identi-
fied very early as candidates for this purpose. The first
tests performed in the 1970s using “long” laser pulses of
several nanoseconds or more demonstrated the guiding of
megavolts discharges with lengths of up to 2m [9,10]. An
attempt to trigger and guide natural lightning was made
by Uchida et al. in 1999 using a combination of three lasers
with a kJ-level energy to form a 2m long plasma spark
at the tip of an experimental tower [11]. The researchers
reported two successful events, but this low number of
events did not lead to conclusive proof of the effective-
ness of the lightning triggering technique. This approach
was progressively abandoned because of the discontinu-
ous profile of the plasma generated with such “long” IR or
mid-IR pulses through avalanche ionization and the huge
laser energy required to extend the laser-generated plasma
column beyond a few meters.

In contrast, sub-100 fs laser pulses are short enough to
prevent electron avalanche. The generated plasma remains
therefore transparent to the laser pulse. As a conse-
quence, ionizing self-guided filaments can exceed 100m
in length. Filamentation is a self-guided, non-linear prop-
agation mode that relies on the dynamic balance between
the optical Kerr effect that tends to focus the laser beam
and self-defocusing, mainly due to the plasma generated
when the pulse intensity becomes sufficiently high [12–16].
It results in the long range propagation of a pulse with
multi-GW peak intensity. A plasma track and a low air
density channel are left in the wake of the pulse. These
ionized light filaments can be generated at a distance of
several kilometers [17], and can cover a length of more
than a hundred meters [18] by an adequate choice of the
laser parameters. They can be directed to any position
in the atmosphere by sweeping the beam using a steering
mirror. In the 2000s, several groups demonstrated their
capability to trigger high-voltage discharges over several
meters with laser pulses of only 100mJ [19–21]. By electri-
cally connecting two electrodes that were several meters
apart, the laser filaments reduce the breakdown voltage
by 30% [21], triggering the discharge in conditions that
would not have allowed them to without the laser. These
triggered discharges are guided along the laser filaments
rather than following the erratic path typical of a classi-
cal electric discharge. Furthermore, filaments are able to
divert a discharge from its preferential path [22].

Based on these successful results on a laboratory scale,
a mobile, femtosecond-terawatt laser, “Teramobile”, was
developed [23,24]. In a field campaign at the Langmuir

Laboratory of the New Mexico Tech on the South Baldy
Peak, micro-discharges synchronized with the laser pulses
were detected, showing that laser filaments initiated
corona discharges in thunderclouds [25]. However, the
short lifetime of plasma filaments (typically a few ns)
prevented the initiation of upward leaders similar to the
mechanism of rocket triggering. Increasing the plasma life-
time by heating the filament plasma with an additional,
high-energy nanosecond laser was proposed by several
groups [19,26–29]. However, this requires an additional
laser of high energy, typically in the joule range. Coupling
such a beam into the filament proved to be unpractical
over distances exceeding a few meters.

On the other hand, filamentation initiates a low-density
(air-depleted) channel [30–33]. For a low-repetition rate
multi-TW laser, the air density is initially reduced by a
factor of 5 over a typical length of a few meters. The
density depletion still amounts to typically 10% of the
ambient pressure after 1ms. These straight, low-density
channels favor the triggering and guiding of electric
discharges in the atmosphere at a 60% reduced volt-
age [22,34]. At repetition rates in the kHz range, the
depletion of the air density due to filamentation is ampli-
fied by a cumulative effect [32]. As a result, increasing the
repetition rate of 100mJ, 1030 nm laser pulses from 10Hz
to 1 kHz reduces the laser-induced breakdown voltage by
a factor of 3 [35]. Therefore, a terawatt laser at a kilohertz
repetition rate would allow the formation of a permanent
low-density channel likely capable of guiding discharges
over long distances.

Based on these results, we decided to investigate the
impact of laser filamentation at a kHz repetition rate on
lightning strikes, in real scale. More specifically, within the
Laser Lightning Rod (LLR) project [36] we focus on devel-
oping a kHz-terawatt laser system and assessing its ability
to stimulate upward lightning flashes from the grounded,
123m tall telecom tower at Säntis, Switzerland, in order
to initiate and guide the lightning strikes.

2 High peak- and average-power laser source

Research on laser filamentation for atmospheric applica-
tions has long been based on Ti:Sa lasers due to the high
peak power of their pulses with a duration on the order of
tens of femtoseconds [15,16,24]. These femtosecond lasers
are well suited to study the formation and the dynam-
ics of laser filaments, because the 3GW critical power for
self-focusing in air [37] is already reached at energies of
a few mJ, limiting the cost, effort, and complexity of the
experiment [16].

However, the average power typically provided by com-
mercial Ti:Sa systems is limited to a few watts. The 30%
quantum defect of Ti:Sa induces a substantial heat load,
the dissipation of which is limited by the finite thermal
conductivity of sapphire. Furthermore, the radiative life-
time of the Ti3+ ions is as short as 3 µs to 4 µs [38],
requiring complex and expensive pumping schemes around
500 nm.

Yb-doped laser crystals have emerged as the material
of choice for high-average-power applications since the
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Fig. 1. Scheme of the LLR thin-disk based CPA laser system. The main laser components are based on the industrial solutions
from TRUMPF Laser GmbH. The seed pulses are stretched in a chirped fiber Bragg grating (CFBG) and pre-amplified in an active
fiber. The energy of the chirped pulses is increased in the subsequent regenerative amplifier delivering >200mJ of pulse energy.
The multipass amplifier consists of four thin-disk laser heads and it is capable of boosting the pulse energy to the Joule level.
Pulse recompression down to ≤ 1 ps pulse duration is performed in a Treacy-type grating-based compressor. SLM: Spatial Light
Modulator; BBO-PC: Beta Barium Borate based Pocket Cells; HWP: Half-Wave Plate; TFP: Thin Film Polarizer; SHG: Second
Harmonic Generation; THG: Third Harmonic Generation.

advent of very powerful and brilliant InGaAs pump laser
diodes [39], providing kilowatts of optical power around
the main absorption band of Yb-doped crystals at 940 nm.
Exceptionally low heat is generated owing to the small
quantum defect (∼9%), while their long fluorescence life-
time (∼0.9ms) and excellent thermal conductivity allow
for cw pumping and operation at very high average power
levels [40].

The thin-disk geometry has been established as one
of the most successful candidates for high-power scaling,
providing multikilowatt laser output power [39]. Invented
in 1993 by Adolf Giesen [41], the technology has been
matured and industrialized by TRUMPF Laser GmbH
over more than two decades, focusing on industrial appli-
cations. The main advantage of the thin-disk is in the very
efficient cooling capacity, enabled by thermally contact-
ing the large disk surface by means of diamond or copper
heat sinks, which results in a one-dimensional heat flow,
co-directional with the laser-optical axis, thereby greatly
minimizing thermal lensing and thermally-induced wave-
front aberrations. From a single disk, up to 4 kW in the
fundamental mode [42] and up to 12 kW in multimode
operation can be achieved, with an optical efficiency as
high as 70% [43].

Recently, the thin-disk technology was also imple-
mented in the field of ultrafast lasers. In particular, large
mode areas allow for high pulse energies at reasonable
fluences while the short propagation distance through
the gain medium keeps the nonlinearities low. With the

advent of “cold” material processing and micromachining,
the demand for powerful and highly energetic ultrashort
pulsed lasers has pushed their development in the
industrial domain, leading to commercial micromachin-
ing lasers with pulse energies up to several millijoules at
repetition rates of hundreds of kHz, with pulse durations
well below 1 ps [44,45]. Driven by the need for powerful
pump lasers for optical parametric chirped pulse ampli-
fiers (OPCPA), scientists applied the industrial thin-disk
laser components to build ultrafast lasers aiming at tens of
millijoules of pulse energy at repetition rates between 5–10
kHz [46]. Recently, pulse energies above 200mJ at multi-
kilowatt average powers have been demonstrated from
advanced thin-disk based regenerative amplifiers [47].

The layout of the LLR laser system is shown in Figure 1.
The seed pulses are produced by an industrial fiber-
based ultrafast laser, typically used for micromachining
(TruMicro 2000). The ultrashort pulses are stretched by a
chirped fiber Bragg grating and pre-amplified in an active
fiber. A Dira 200-1 regenerative amplifier [48] serves as
the first high-power amplification stage, featuring a thin-
disk laser head, a BBO-based Pockels cell, and a cavity
supporting only the fundamental mode in a ring-type con-
figuration. The output pulse energy of 200mJ is further
amplified in a specifically-developed amplifier implement-
ing another four thin-disk laser heads in a multipass
configuration. Each thin-disk laser head of the multipass
amplifier can be pumped with more than 10 kW of opti-
cal power. Here, multiple thin-disk passes are achieved
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Fig. 2. Characterization measurements of the laser system. (a) Amplification slope of the multipass amplifier. The measured output
power is plotted as a function of the seed power. (b) Near-field beam profile of the uncompressed output of the multipass amplifier.
(c) Measured autocorrelation trace of the compressed output pulses at 720mJ pulse energy. Assuming a Gaussian temporal pulse
shape, the pulse duration is 1 ps. (d) Near-field beam profile of the compressed output.

by spatially displacing the signal beam rather than using
a closed optical resonator with an electro-optical switch.
In this way, an arbitrary signal can be amplified to
pulse energies up to the Joule level, while the beam
diameter can be scaled with the pulse energy, only lim-
ited by the aperture of the optics and the thin-disk.
Carefully designed refractive optics are implemented in
order to ensure a collimated and sufficiently large signal
beam during its propagation through the multipass ampli-
fier, thereby operating below the laser-induced damage
threshold of optical components. Finally, pulse recompres-
sion is achieved by double-passing a grating compressor
in Treacy-type near-Littrow configuration, supporting a
spectral bandwidth sufficient to reach a Fourier-limited
pulse duration well below 1 ps [49]. Additionally, a spatial
light modulator (SLM) can tune the residual dispersion
of the output pulses and adjust the pulse duration by
applying temporal chirp.

High-energy amplification was first demonstrated with
two laser heads in the main multipass amplifier [50]. The
pulse energy was boosted from 230mJ to 600mJ before
pulse compression, i.e., an amplification factor of 2.6. By
making use of all four laser heads, the pulse energy has
been increased further towards the 1-Joule level (Fig. 2a).
At 1 kHz repetition rate, the average output power before
compression reaches around 800W, translating to 800mJ
of pulse energy before compression. After recompression,
the pulse energy remains at 720mJ, limited by the diffrac-
tion efficiency of the compressor gratings [51]. The pulse
duration of 1 ps (Fig. 2c) is mainly limited by the avail-
able spectral bandwidth of the high-energy output pulses
due to gain narrowing [52]. Spectral filtering inside the
regenerative amplifier cavity [53] or spectral shaping of
the seed pulses [54] could in the future allow shorter
pulse durations. Typical spatial near-field beam profiles of
the compressed and the uncompressed output laser beam
are shown in Figures 2b and 2d. Note that a magnifica-
tion factor of 4 is to be considered for the mode size of
the compressed beam (D ≈ 28.8mm) with respect to the
uncompressed beam (D ≈ 7.2mm).

Besides the fundamental wavelength of 1030 nm, the
second and third harmonics at 515 nm and 343 nm,

respectively, are also provided via SHG and THG conver-
sion stages after the compressor. Conversion efficiencies of
up to 45% for SHG and 27% for THG have been achieved
by using 50mm diameter LBO crystals (Crystal Laser SA,
France) with this laser system [55]. Furthermore, the use
of UV could drastically reduce inverse Bremsstrahlung,
that is proportional to the wavelength squared [56], maxi-
mizing the ability of the ps-range pulses generated by the
laser to produce avalanche-free filaments [57].

3 HV discharges triggered by dual- and
triple-frequency laser filaments at high
repetition rate

We compared the effect on high-voltage discharges of
the low-density channel created by a laser pulse at the
1030 nm fundamental wavelength, to the one created by
a dual-laser pulse combining the fundamental and the
SHG by using an interferometer arrangement [58]. The
phase shift induced by the low-density channel on a
transverse probe laser is characterized using a wavefront
sensor. The partial conversion of the pulse into the SHG
increases this phase shift φ, indicating that the air den-
sity is more depleted. Furthermore, the depleted channel
is longer (Figs. 3a and 3b). One can therefore expect
that frequency-doubling the laser enhances the ability of
filaments to trigger high-voltage discharges [34].

Indeed, the maximum breakdown length between two
spherical electrodes under 26 kV voltage (see Fig. 3c),
increases when the laser is frequency-converted to the sec-
ond and third harmonics. It is limited to 18mm for 120mJ
pulses at 1030 nm, but reaches 21mm when combining
66mJ at 1030 nm and 54mJ at 515 nm. It even increases
to 25mm for 25mJ pulses at 343 nm [55]. These prelimi-
nary results seem to indicate that, given a fixed amount
of laser energy, upconverting the laser light to create dual-
or triple-frequency filaments is beneficial to increase the
breakdown distance, hence to increase the efficiency of
electric discharge triggering. In other words, the increased
triggering efficiency does more than compensating the
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Fig. 3. Phase shift map around the laser filaments, measured at different propagation distances z, 10µs after the laser pulses, for
(a) a laser pulse at 1030 nm with an energy of 120 mJ ; (b) a dual-color laser pulse of 66 mJ at 1030 nm and 54 mJ at 515 nm. (c)
Still image of the filament between the two electrodes of the HV generator without applied voltage on the electrodes. Position z =
0 corresponds to the center of the image. The laser comes from the left.

laser energy losses of the frequency-conversion process.
However, effects occurring due to propagation of the laser
beam through hundreds of meters of atmosphere may
reverse these conclusions. Experiments are in progress
to determine the optimum mode of operation for the
long-distance generation of laser filaments.

4 Lightning research at the Säntis
observatory (Switzerland)

Switzerland has a long tradition of lightning studies.
Starting in the 1950s, extensive experimental data on
lightning were recorded for nearly 3 decades by Berger and
his team [59] on two instrumented towers on the Mount
San Salvatore, Southern Switzerland. The obtained results
suffered, however, from the technological limitations of the
instruments limited by the frequency bandwidth of a few
hundred KHz at the time.

The field experiments of the LLR project will be per-
formed at the top of the Säntis Mountain (Switzerland),
located at 47.249 44 ◦N, 9.343 69 ◦E, and 2481m altitude
(Fig. 4a). This site has a weather station active since 1882.
The summit is accessible by a cable car since 1935, and
hosts since 1955 a radio/TV transmitting station. In 1998,
the station was upgraded and the current 123m tall tower
was built. It has been used for lightning research pur-
poses since 2010. Indeed, the Säntis is one of the lightning
hotspots in Europe, with around 100 events/year [60],
mostly concentrated between May and August. Typically
the only snow free months are August and September.
Typical Summer temperatures (0 ◦C to 10 ◦C), diurnal
amplitudes (∼6 ◦C), relative humidity (RH, 80% – 90%)
and wind gusts up to almost 180 km /h impose severe con-
straints on experiments. This is especially the case for a
sensitive instrument like a high-power ultrashort laser.

Since 2010, two sets of instruments measure both, cur-
rents and current derivatives at 24m and 82m above
ground level (Fig. 4b), under remote control and moni-
toring. Rogowski coils measure the low-frequency current

from 10mHz up to 3MHz, while multigap B-dot sen-
sors provide current-derivative waveforms with a 20MHz
bandwidth. Their design is based on that proposed by
Baum, Breen, Giles, O’Neil, and Sower [62,63]. The mea-
sured signals are transmitted over optical fibers to a
National Instruments PXI-5122 high-speed digitizer that
records each lightning flash over a measurement time win-
dow of 2.4 s at a sampling rate of 50 MS/s [60,64]. The
electromagnetic fields are measured by wideband electric
and magnetic field sensors as well as a field mill installed
inside a dome next to the tower. Wideband field sensors
are also installed at a 14.7 km distance, on the roof of
a 20m tall building. The wideband vertical electric field
is also measured at a distance of 380 km, in Northwestern
Austria, by a flat-plate antenna belonging to the Austrian
Lightning Detection and Information System (ALDIS).

Besides the electromagnetic field measurement sensors,
a Phantom high-speed video camera was installed in 2018
on the Kronberg mountain, some 4 km North of the Säntis
tower (see Fig. 4a). The camera overlooks the tower from
a storage room at the Kronberg Luftseilbahn. Figure 5
and Supplementary Material respectively display a sample
frame and a movie of an upward positive flash recorded
on July 2nd, 2019.

Several other sensors have been temporarily installed
near the Säntis. These include a lightning mapping array
(LMA) that locates in 3D VHF sources along the light-
ning channel, inside as well as outside the clouds. An
interferometer, manufactured by New Mexico Tech [65],
was installed in Summer 2019. It will be used again to
evaluate the impact of the laser on the lightning activ-
ity, by mapping VHF sources in the two angular spherical
coordinates. Other recently installed sensors include scin-
tillation detectors to measure high energetic X-ray and
Gamma-ray radiation.

Since the start of the operation of the modern light-
ning measurement system at the Säntis Tower in 2010,
almost 1000 flashes have been recorded and analyzed [60].
They consist of 85% negative, 12% positive and 3% bipolar
flashes. Almost all flashes (about 97% ) are of the upward
type. Most results obtained at the Säntis are related to
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Fig. 4. Experimental site: Säntis station. (a) Situation map, including auxiliary instruments and no-fly zone – background map
Swisstopo. (b) General view of the station and location of the Rogowski coils and B-dot sensors measuring lightning currents –
background image from [61].

Fig. 5. 100µs resolution image of an upward lightning strike on
the Säntis tower on July 2nd, 2019, observed from the Kronberg
mountain. See Supplementary Material for the full sequence.

the physics of lightning, among which the study of pro-
cesses in upward negative cloud-to-ground flashes [66,67],

the characterization of upward positive cloud-to-ground
flashes [68], propagation of lightning electromagnetic
fields over irregular terrain [69], and lightning-ionosphere
interactions [70]. In addition, a significant fraction of
the activity regards the evaluation and development of
lightning detection and forecasting, in particular the per-
formance analysis of the European Lightning Detection
Network for Upward Flashes [14,71] and the forecasting
of lightning occurrence using machine learning (ML) [72].

The latter work aims at deciding the most favorable
laser activation times as well as a posteriori assessing
the laser effect on the lightning initiation. Using a ML
approach, excellent predictors for the occurrence of light-
ning during three subsequent 10-min intervals and within
a radius of 30 km were produced from four local atmo-
spheric measurements: the surface air pressure at station
level (QFE), the air temperature 2m above the ground,
the relative air humidity, and the wind speed [72]. These
parameters, together with the lightning activity data from
MeteoSwiss, were considered for years 2006–2017 with
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Fig. 6. Evaluation of the skill of warnings generated by the machine learning model for long-range lightning activity and for three
ranges of lead times at the Säntis station (POD: Probability of Detection and FAR: False Alarm Ratio).

10min granularity. Each 10-min interval was labeled as a
lightning-active sample if at least one flash was recorded
in that interval within 30 km distance from the tower [72].
Then, the machine was trained with some portion of the
data (training set) to predict the lightning activity given
the meteorological observations. Once trained, it used the
remaining part of the data (testing set) to test the accu-
racy of the warnings. The proposed ML model reaches
a Probability of Detection (POD) exceeding 70% and a
False Alarm ratio (FAR) below 10% (Fig. 6) [72]. POD
is defined as the ratio of the events correctly hit by the
model to the total number of observed events (lighting-
active samples). These results confirm that the model has
statistically-considerable predictive skill for lead times up
to 30min.

5 The Laser Lightning Rod experiment
implementation at Säntis

For the laser to initiate upward lightning from the tip of
the Säntis tower, the filamentation onset should be close to
the tower top. To protect the laser against an adverse envi-
ronment, ensure laser safety of the public in the station,
and comply with environmental constraints, the experi-
ment needs to fit in the existing buildings. Therefore, the
laser will be located in the radome ∼20m away from the
tower (Fig. 7a). More specifically, the laser system, with
a footprint of 3m × 8m, will be installed on the 8th floor
of the radome building hosting telecom antennas as well
as the electric distribution of the station, including addi-
tional emergency power generators. However, this area
does not offer the clean conditions of a laser laboratory.
Furthermore, its temperature typically varies between 5
and 24◦C over the day during the summer. Therefore,
the laser will be further sheltered in a dedicated air-tight
polyester tent equipped with an air conditioning system
stabilizing the temperature at 20± 2◦C and 50% relative
humidity.

The laser output beam will be directed downwards to
the terrace through the radome skin in a 20 cm diameter
metal tube, leading the beam into an isolated aluminium
housing where a 4” folding mirror directs the beam into a

beam-expanding sending telescope featuring a 7.14 mag-
nification ratio. It consists of an additional folding mirror,
a secondary 85mm spherical mirror and a 430mm diam-
eter off-axis parabolic primary mirror (Fig. 7b). The final
beam diameter is 250mm at 1/e2. Motorized linear stages
on the secondary mirror allow to slightly focus the beam
(100m < f < ∞) close to or beyond the tower tip. The
sending telescope has also been designed such that the
beam exit matches the 7◦ angle with respect to nadir, as
required to reach close to the tower tip. All optical compo-
nents are tri-band coated (1030 nm, 515 nm and 343 nm)
in order to allow experiments with filaments at the fun-
damental wavelength as well as with the second and third
harmonics. The filament onset distance is tuned by con-
trolling the spatial and temporal focusings. The former
is obtained by adjusting the telescope focus. The latter
is achieved by detuning the SLM so as to pre-chirp the
pulse, and adjust the initial pulse duration.

The optical quality of the telescope has been char-
acterized at λ = 632.8 nm by measuring the wavefront
distortions after the propagation through the entire tele-
scope (2 mirrors), with the use of a large calibrated plane
mirror that allowed a double-pass in the telescope. The
wavefront distorsion mostly corresponds to higher-order
Zernike terms, and it stays below λ/2 peak to valley (PtV)
for f = ∞. Simulations using Code V predict that the
additional wavefront distorsion brought by shifting the
secondary mirror to focus the beam is negligible down to
f = 200m and limited to λ at f = 100m. The wave-
front quality at the focus will therefore not be limited by
the optical setup, especially considering that the planned
experiments in thunderstorms imply the propagation of
the beam over more than 100m of highly turbulent air,
with associated wavefront distorsions of at least 3λ.

The experiment implementation imposes 13m propaga-
tion from the laser output to the expanding telescope. A
critical issue is therefore the potential self-focusing and
filamentation ahead of the latter, resulting in damage on
the mirrors. This self-focusing, that critically depends on
the pulse peak intensity [73,74] will be controlled with an
adequate pre-chirping of the pulse, as initially proposed
by the Teramobile group [23]. Indeed, preliminary tests
show that chirping a 650mJ, 1 ps pulse to 4 ps is suffi-
cient to shift the filamentation onset distance from 8m to
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Fig. 7. (a) Principle of the general layout of the laser experiment implementation at Säntis (not to scale). (b) Schematic drawing
of the sending telescope.

15m, beyond the sending telescope. One should note that
group velocity dispersion and temporal lensing effect will
be negligible for a kilometer range propagation of a 1 ps
pulse, similarly to the experiment in reference [18].

To preserve the beam quality by ensuring thermal sta-
bility, as well as to protect optics from precipitation
and ensure laser safety, the beam will be sheltered in a
thermally isolated aluminium construction (Fig. 7b). A
first section will lie horizontally from the radome build-
ing to the telescope housing system. The latter will be
made of two stacked customized 10’ containers. The whole
construction will be anchored on a T-profile frame and
stabilized against tilting and sliding by 20 concrete blocks
of 930 kg each, a setup dimensioned to withstand winds
up to 200 km/h.

Finally, open-air laser experiments require addressing
laser safety, both for air traffic and for the public at and
around the Säntis station. A no-fly zone (see Fig. 4a)
has been defined in coordination with the Federal Office
of Civil Aviation and the Swiss air navigation service
provider (Skyguide) and will be activated before each
experiment. Furthermore, the laser will be installed in
a private zone of the Säntis station, keeping the public
beyond the minimal horizontal distance of 3m required
by Swiss regulations [75]. Finally, the laser beam will be

sheltered all over its way to the end of the sending tele-
scope, ensuring that any reflection or scattering can hit
neither operators nor the public.

6 Measurement strategy

Lightning is highly stochastic. The atmospheric conditions
are rapidly changing during thunderstorms and cannot
be fully characterized. The assessment of a laser effect
on lightning therefore requires a careful statistical analy-
sis, the significance of which is critically impacted by the
laser firing sequence. This sequence should provide laser-
free reference periods of sufficient duration, with similar
atmospheric conditions and natural probability of light-
ning strikes. Furthermore, the firing sequence should limit
biases related to the evolution of the weather conditions
during the experiment, and allow to compare various laser
conditions, including the use of harmonics, the duration of
laser pulse bursts, focusing, or pulse duration (via the ini-
tial chirp). Furthermore, in the absence of a 100% reliable
forecast of the atmospheric state during the thunderstorm,
the firing sequence has to adapt in real time to the actual
evolution of the situation.
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Fig. 8. Principle of the laser firing sequencing.

Fig. 9. Potential laser network geometry for aircraft protection during landing and take-off.

Measurements will be initiated as soon as MeteoSwiss
forecasts a risk of thunderstorms. The experimental
sequence will be decomposed into periods of 10min cor-
responding to the granularity of MeteoSwiss data. During
each period, cycles of constant duration Tcycle = Ton + Toff
will be repeated (Fig. 8), alternating laser ON and OFF
times. In each cycle, the laser active time (Ton) will last
at least several seconds to tens of seconds to allow cumu-
lative effects to develop. The reference time will then be
adjusted to Toff = Tcycle − Ton. It should last at least a few
seconds to allow the wind to renew the air parcel swept
by the laser beam, so that the next cycle occurs again in
a fresh air parcel. This cycle will be repeated during the
whole 10-min period to accumulate statistically-significant
data. At each period, Ton and Toff will be changed in a
pseudo-random sequence to help get rid of trends in atmo-
spheric parameters like the external electric field, wind,
temperature, etc., when analyzing the data. The aver-
age duty cycle (Ton / Toff) will be kept close to 50% to
maximize the probability of obtaining statistically signif-
icant differences between the numbers of strikes recorded
during ON and OFF times, respectively, in a binomial
analysis [76].

Besides the differences in lightning strike probability
during times with and without laser, several diagnostic

tools will help assess the effect of the laser. The above-
described interferometer based on radio-frequency
antennas will provide a three–dimensional and
temporally-resolved (3D+t) reconstruction of each
individual lightning discharge, but also of more minor
electric events in the thunderclouds. This reconstruction
will be correlated with the laser beam path. Further-
more, each laser shot will be GPS-time-stamped with
a precision better than 10 µs. These time-stamps will
be correlated with the RF emission detected by the
interferometer, and with the timestamped measurements
of the Rogowski coils and B-dot sensors, that feature
40 µs precision. If unobstructed evidence of a discharge
with sufficient intensity appears in the optical band, it
should be recorded by the high-speed camera. Finally, we
will evaluate whether the operation of the laser influences
the probability of lightning strikes, as compared with
the predictions of the above-described machine learning
algorithm.

7 Outlook

Lightning can have a considerable economical and soci-
etal impact since it causes energy supply outages, forest
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fires, damages, injury and death of humans and livestock
worldwide. As climate change increases temperature gra-
dients in the atmosphere, resulting in more frequent and
severe storms [77], lightning damages are likely to increase
in the future. All these factors call for the development of
new approaches to lightning protection. Diverting light-
ning with lasers would allow the protection of industrial
sites, chemical and nuclear power plants, and increase the
safety of air transport, especially during the take-off and
landing phases. Creating protected corridors along run-
ways (Fig. 9) would reduce breaks in airport operation
during thunderstorms, and therefore limit the associated
flight delays and congestion. Furthermore, avoiding direct
strikes to aircraft and airport assets would significantly
reduce maintenance costs, offering a technological show-
case for equipped airports. In a long term vision, laser
lightning rods could be operated in conjunction with an
early warning radar system locating the active regions of
the thunderclouds. The laser beam would be aimed at
these regions and provide optimal protection.

The authors acknowledge the European Union Horizon 2020
Research and innovation programme FET-OPEN under the
grant agreement no 737033-LLR.

Supplementary material

Video 1 : 100 ms resolution movie of a lightning strike on
the Säntis tower on July 2nd, 2019, observed from the
Kronberg mountain.

The Supplementary Material is available at https://
www.epjap.org/10.1051/epjap/2020200243/olm.
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sur la protection contre les dangers liés au rayonnement
non ionisant et au son, https://www.admin.ch/opc/fr/
classified-compilation/20173129/index.html (accessed Octo-
ber 21, 2019)

76. R. Ackermann, K. Stelmaszczyk, P. Rohwetter, G. Méjean,
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