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Lightning discharges between charged clouds and the Earth’s surface 
are responsible for considerable damages and casualties. It is therefore 
important to develop better protection methods in addition to the 
traditional Franklin rod. Here we present the first demonstration that 
laser-induced filaments—formed in the sky by short and intense laser 
pulses—can guide lightning discharges over considerable distances. 
We believe that this experimental breakthrough will lead to progress in 
lightning protection and lightning physics. An experimental campaign was 
conducted on the Säntis mountain in north-eastern Switzerland during the 
summer of 2021 with a high-repetition-rate terawatt laser. The guiding of 
an upward negative lightning leader over a distance of 50 m was recorded 
by two separate high-speed cameras. The guiding of negative lightning 
leaders by laser filaments was corroborated in three other instances by 
very-high-frequency interferometric measurements, and the number of 
X-ray bursts detected during guided lightning events greatly increased. 
Although this research field has been very active for more than 20 years, 
this is the first field-result that experimentally demonstrates lightning 
guided by lasers. This work paves the way for new atmospheric applications 
of ultrashort lasers and represents an important step forward in the 
development of a laser based lightning protection for airports, launchpads 
or large infrastructures.

Lightning has fascinated and terrified humankind since time imme-
morial. Based on satellite data, the total lightning flash rate world-
wide—including cloud-to-ground and cloud lightning—is estimated 
to be between 40 and 120 flashes per second1, causing considerable 
damage and casualties. The documented number of lightning fatalities 
is well above 4,000 (ref. 2) and lightning damages amount to billions of 
dollars every year3. The most widely used external protection against 
direct lightning strikes is still the lightning rod, also known as Franklin 

rod or lightning conductor. The lightning rod, whose invention in the 
18th century is attributed to Benjamin Franklin, consists of a pointed 
conducting mast connected to the ground. It protects buildings and 
their immediate surroundings by providing a preferential strike point 
for the lightning and guiding its electric current safely to the ground.

A method to initiate lightning discharges with a small rocket trail-
ing a long, grounded conducting wire was demonstrated by Newman 
et al. in 1965 (ref. 4). In contrast to the classical lightning rod, which 
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laser pulses over long distances. Along these filamentary regions, air 
molecules are rapidly heated by the absorbed laser energy and expelled 
radially at supersonic speed, leaving behind long-lived channels of air 
with reduced density13–17. These low-density channels of millisecond 
duration have higher electronic conductivity and consequently offer a 
privileged path for electric discharges. Metres-long electric discharges 
triggered and guided by filaments have been demonstrated in the 
laboratory18–23 and they have been shown to compete successfully with 
traditional lightning rods24. The ionized length of filamentation can 
reach a hundred metres when the initial pulse power of picosecond 
duration is in the terawatt (1012 W) range25,26. The filamentation process 
can be controlled so that it starts up to a kilometre away from the laser 
source26,27. It is therefore conceivable that filamentary channels can 
serve to guide and possibly even to trigger lightning discharges under 
appropriate weather conditions.

In our experimental campaign performed during the summer 
of 2021, a Yb:YAG laser emitting pulses of picosecond duration and 
500 mJ energy at a wavelength of 1,030 nm and at 1 kHz repetition rate28 
was installed in the vicinity of a 124-m-tall telecommunications tower 
located on top of the Säntis mountain in north-eastern Switzerland (see 
refs. 29, 30, Methods, and Extended Data Figs. 1 and 2 for a description 
of the experimental set-up). This tower, which is struck by lightning 
about 100 times a year, is equipped with multiple sensors to record the 
lightning current, electromagnetic fields at various distances, X-rays 
and radiation sources from the lightning discharges (see refs. 31–34 
for a detailed description of the lightning instrumentation). The laser 
pulses were directed upward, with a propagation path passing in the 
vicinity of the tip of the tower, which is equipped with a Franklin rod 
(see Fig. 1). Relying on the results of a preliminary horizontal propaga-
tion campaign in laboratory, the laser conditions were adjusted so that 
initiation of filamentary behaviour started close to, but above the tip 
of the tower, and had a length of at least 30 m.

Between 21 July and 30 September 2021, the laser was operated 
during a total of 6.3 h of thunderstorm activity occurring within 3 km 
of the tower. The tower was hit by at least 16 lightning flashes, four of 
which—denoted L1, L2, L3 and L4 (see Extended Data Table 1 for a list of 
the lightning events)—occurred during laser activity. All of the recorded 
lightning strikes were upward, in accordance with 97% of the strikes 
observed at the Säntis Tower since 2010 (ref. 35). However, although 
observations at the Säntis Tower over nine years in the absence of a 
laser show 84% negative, 11% positive and 5% bipolar flashes36, the four 
recorded laser events were all positive flashes, connecting the top of the 
tower to a positive charge centre in the cloud. Aaccording to the atmos-
pheric electricity sign convention, a positive (negative) lightning flash 
is produced by a positively (negatively) charged cloud and generates 

is intended to be struck by lightning that approaches the protected 
structure, the rocket-and-wire technique is intended to trigger light-
ning artificially. Rapidly inserting a wire into the strong electric fields 
near the ground below a thundercloud results in a field at the tip of the 
wire sufficiently enhanced to produce electrical breakdown. If the small 
rocket is fired at the right moment when conditions for lightning are 
met, this method can initiate lightning with a success rate of up to 90% 
(ref. 5). However, it requires expendable rockets and wires, the falling 
debris of which presents a danger.

The idea of using a laser to trigger lightning was first suggested by 
Ball6. A first attempt to trigger and guide natural lightning with lasers 
was made by Uchida et al. in 1999 using a combination of three lasers 
with kilojoule energy to form a 2-m-long plasma spark7–9. In this Article 
we present results of a campaign relying on the use of laser filamenta-
tion. The principle of the filament lightning rod is the following: intense 
and short laser pulses are sent toward the clouds. They undergo a fila-
mentation process during their propagation10–12. The laser pulse first 
shrinks in size because of the laser-induced change of the refractive 
index of the air, which acts like a self-generated series of increasingly 
converging lenses. The laser pulse eventually becomes sufficiently 
intense to ionize air molecules in a high-field process. Further propa-
gation of the laser pulse is ruled by a dynamic competition between 
beam self-focusing and the defocusing effect due to the presence of 
free electrons. This competition maintains narrow channels of ionizing 

50 m50 m
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Fig. 2 | Snapshots of the lightning event of 24 July 2021 (L2) recorded in the 
presence of the laser. a,b, Snapshot recorded by the two high-speed cameras 
located at Schwaegalp (a) and Kronberg (b). The trajectory of the laser path taken 
subsequently in clear sky through second harmonic generation is also overlaid.

Fig. 1 | Image of the 124-m-high telecommunication tower of Säntis 
(Switzerland). Also shown is the path of the laser recorded with its second 
harmonic at 515 nm.
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a positive (negative) background electric field around the tower; it 
can then induce upward negative (positive) leaders. Only one of these 
four laser events (L2) occurred during a relatively clear sky on 24 July 
2021 at 16:24 UTC, which allowed us to record the path of the lightning 
discharge from two directions with two high-speed cameras located 
1.4 and 5 km from the tower, respectively. Snapshots of this event are 
displayed in Fig. 2. They show that the lightning strike initially follows 
the laser path over most of the initial 50 m distance (see also Extended 
Data Fig. 3). Notice that the discharge is not completely straight along 
this initial segment, as it would be when triggering lightning with a 
rocket trailing a wire. This difference is, however, well known from laser 
triggered and guided discharges performed at High Voltage facilities37. 
The reason is that the current displacement is much more complex in 
a distribution of moving charges than along a wire. For instance, the 
moving charges create space charges that locally screen the electric 
field. Figure 3 shows time-resolved sequences of ascending negative 
leaders for two upward flashes, one (L2) that occurred with the laser in 
operation and the other without the laser on 2 July 2019 at 00:22 UTC. 
Note the absence of branching during the laser guiding stage (lowest 
vertical section) of L2.

A lightning storm is the source of emission of electromag-
netic waves spanning a broad frequency range from radio waves to 
gamma-rays. Very-high-frequency (VHF) activity (of 1–10 m wave-
length) is particularly useful for the study of discharges during their 
formation stage. A VHF interferometer system developed by New 
Mexico Tech was installed during the 2021 summer measurement 
campaign in the vicinity of the Säntis Tower38. This system consists of 
inverted V-shape antennas recording the phase differences between 
incoming VHF radiation sources due to their different locations. By 
using a cross-correlation algorithm39, the location of the source can 
be obtained in a two-dimensional space (azimuth, elevation). The 
system was capable of tracking the lightning leader propagation with 
a spatial resolution of several metres and a time resolution on the 
order of microseconds. Figure 4 compares the VHF sources located 
by the interferometer for two flashes: one (L1) with the laser active 
and the other without the laser (N07). In the former scenario, an accu-
mulation of radiation sources located along the laser path is observed 
over a distance of approximately 60 m (other events are presented in 
Extended Data Fig. 4). As presented in Extended Data Table 2 and Fig. 
5, the standard deviation of the distance from the sources to the laser 
is reduced by 45% over the same 60 m when the laser is on.

The lightning current, electric fields and X-rays were observed for 
the L1, L3 and L4 events. Results for L1 and L3 are presented in Fig. 5 and 
compared to an event with the same positive polarity measured in the 
absence of laser. The X-ray detector field of view was pointing toward 

the laser trajectory. The three events presented here were compared 
with two other positive upward events during 2021 before the laser 
installation. They exhibited similar current and electric field waveforms 
in terms of amplitudes and step intervals. On the other hand, the num-
ber of X-ray bursts in the presence of the laser beam (4.3 per event) was 
much higher than in its absence (one per event). Note that most of the 
X-ray bursts observed with the laser on are detected during the time 
corresponding to the laser-guided leader propagation (first 500 µs). 
Unpublished experiments performed at the Laboratoire d’Optique 
Appliquee, show that metre-long guided discharges emit an X-ray burst 
in the forward direction. This suggests that these X-ray bursts were 
emitted during straight sections of the discharge (see Fig. 2).

Discussion of the results
Before the 2021 campaign described in this paper, a few attempts at 
guiding and/or initiating lightning using short laser pulse filaments 
with terawatt peak power were made in New Mexico in 2004 (ref. 40), 
and in Singapore in 2011. These earlier campaigns failed to produce 
evidence of laser guiding or initiation of lightning discharges. This 
raises the following two questions: (1) why was the Säntis campaign 
more successful than the two previous attempts? And (2) why were 
only upward negative leaders (associated with upward positive flashes) 
guided by the laser during this campaign?

We conjecture that an important factor contributing to the suc-
cess of the Säntis campaign is the repetition rate of the laser, which 
was higher by two orders of magnitude when compared with previous 
attempts. Before a lightning flash at Säntis, the electric field is typically 
varying very slowly (tens to hundreds of milliseconds). This is because 
most of the flashes are self-initiated41. Using a kilohertz repetition rate 
therefore allows interception of all of the lightning precursors devel-
oping above the tower. Furthermore, during filamentation, a small 
fraction of the free electrons created by high-field ionization is cap-
tured by neutral oxygen molecules. At high laser repetition rates, these 
long-lived charged oxygen molecules accumulate, keeping a memory of 
the laser path42. Electrons captured by neutral oxygen molecules have 
a trapping potential of 0.15 eV (ref. 43) instead of 13.62 and 15.58 eV for 
electrons bound to oxygen and nitrogen molecules, respectively, and 
they can therefore easily be set free by heat or inelastic collisions with 

t1 = 250 µs t1 = 375 µs t1 = 915 µs t1 = 2,750 µs

50 M

a With laser

t2 = 200 µs t2 = 400 µs t2 = 900 µs t2 = 3,000 µs

50 M

b Without laser

Fig. 3 | High-speed camera images of upward leaders. a, Images of the lightning 
path in the presence of the laser recorded on 24 July 2021 (L2) at 250, 375, 915 and 
2,750 µs after initiation of the discharge. b, Images of the lightning path recorded 
on 2 July 2019 in the absence of a laser 200, 400, 900 and 3,000 µs after initiation 
of the discharge.
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Fig. 4 | Measurements with VHF interferometer. a,b, Two-dimensional maps 
of the VHF sources emitted during the lightning event L1 with the laser on (a) and 
event N6 without the laser (b). The telecommunication tower is in black whereas 
the laser path is in red (continuous red line when the laser is present, and dashed 
red line when the laser is off). Each point corresponds to a VHF emission. The 
colour scale bars displayed on the right correspond to the timescale. The violet 
section shows the region in which laser filamentation is expected.
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energetic electrons accelerated by the ambient electric field. Labora-
tory experiments have provided evidence of the presence of such free 
electrons in filaments at kilohertz laser repetition rate44. Filaments 
with an accumulation of positively and negatively charged molecules 
as well as free electrons form a polarizable medium. Charge migra-
tion inside the filament strings, induced by the atmospheric electric 
field, can produce a reinforcement of the electric field, promoting the 
formation of discharge segments45. More campaigns and theoretical 
work are necessary to confirm this conjecture.

To explain why only negatively charged ascending leaders (posi-
tive lightning flashes) were observed in the presence of the laser beam, 
it is instructive to consider the electric field conditions required to 
generate a discharge bridging the gap between the lower tip of the 
filamentary path and the metallic rod at the top of the tower (see 
Methods for details on the model). Consider first the case in which the 
background electric field is generated by positive charges in the cloud. 
In this scenario the gap could be bridged either by negative stream-
ers emanating from the tower tip or by positive streamers generated 
by the lower tip of the laser filament. Our calculations, based on the 
conditions necessary for the initiation and propagation of streamer 
discharges (see Supplementary Information), show that bridging 
the gap by positive streamers emanating from the bottom tip of the 
filament takes place at a lower background electric field (denoted 
Epos-filament) in comparison with the electric field needed to bridge the 
gap by negative streamers. Note that this scenario will give rise to a 
positive lightning flash.

Now let us consider the case in which the background electric field 
is generated by negative charges in the cloud. Again, two scenarios are 
possible: the gap could be bridged either by positive streamers initiated 
from the tower tip or by negative streamers initiated from the lower tip 
of the filament. As before, positive streamers—emanating now from the 
tower—bridge the gap at a lower electric field denoted Epos-tower, giving 
rise to negative lightning flashes. Furthermore, our calculations show 
that Epos-filament < Epos-tower. This means that positive lightning flashes are 
more likely to be initiated in the presence of the laser filaments than 
negative flashes. Note that the same tendency has been observed in 
the laboratory, where the triggering of metre scale discharges by laser 
filaments was studied with positive and negative polarities24.

In conclusion, the results of the Säntis experimental campaign in 
the summer of 2021 provide circumstantial evidence that filaments 
formed by short and intense laser pulses can guide lightning dis-
charges over considerable distances. These preliminary results should 
be confirmed by additional campaigns with new configurations. The 
use of a Franklin rod with a minimum distance from the laser path could 
increase the probability to guide lightning flashes of both polarities. 

The use of visible laser wavelengths (obtained by second harmonic 
generation) could also increase the guiding efficiency of the filament. 
Also note that, based on the results presented in this paper, displac-
ing the onset of filamentation toward charge centres in the cloud 
might result in an increase in the guiding capability of the laser or even  
the initiation of lightning discharges. This is the subject of future 
experimental work.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41566-022-01139-z.
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Methods
Laser system
The laser system operating during the campaign—fully described in  
ref. 28—is a Yb:YAG Chirped pulse amplification laser system developed 
by TRUMPF Scientific Lasers. It is capable of delivering laser pulses at 
1,030 nm with 720 mJ of energy per pulse, a pulse duration of 920 fs 
at a repetition rate of 1 kHz. Due to the configuration of our set-up, 
which features a long propagation before the sending telescope, the 
output energy was reduced to 500 mJ and the pulse was chirped to a 
pulse duration of 7 ps to prevent damage to the optics. In Extended 
Data Fig. 1b, an lithium triborate crystal46 was used to produce a beam 
at the second harmonic at 515 nm wavelength.

Experimental set-up
The campaign was performed at the top of the Säntis mountain 
(2,502 m altitude) in north-eastern Switzerland, on the summit of 
which stands a 124-m-tall telecommunication tower. A general view of 
the experimental set-up is presented in Extended Data Fig. 1. The laser 
system was located in the radome building, sheltered in an air-tight, 
air-conditioned and thermally isolated tent. After exiting the tent, 
the laser output was directed downwards by a conduit through the 
radome wall to the terrace, where a 4′ folding mirror directed the beam 
into a beam-expanding sending telescope featuring a 7.14 magnifica-
tion ratio. The entire laser path toward the telescope—presented in 
Extended Data Fig. 1a—was protected by an isolated aluminium hous-
ing to prevent any beam leakage and to reduce the perturbation from 
the environment.

The telescope was composed of an additional folding mirror, a 
secondary 100 mm spherical mirror and a 430-mm diameter off-axis 
aspheric (elliptic) primary mirror29. The beam output, which had a 
diameter of 250 mm, was sent toward the tower tip with a vertical angle 
of 7°. Translation stages on the secondary mirror allowed us to focus 
the beam near the tower tip in order to set the onset of the filamenta-
tion process in the desired area in which upward lightning is initiated. 
The focal length of the telescope was set to 150 m to produce a dense 
filamentation area of 30–50 m above the tower tip.

Note that during the entire laser operation time, the airspace was 
closed by the air-traffic authority. Furthermore, air traffic was moni-
tored by an automatic dependent surveillance–broadcast transceiver 
automatically switching off the laser in case of aircraft incursion into 
the temporary closed airspace zone.

High-speed camera measurements
On 24 July, 2021 the L2 event was observed with the two high-speed 
cameras: one operating at 24,000 fps, installed on the Kronberg moun-
tain; and the second operating at 10,000 fps, installed at Säntis Das 
Hotel (Schwaegalp). Note that high-speed camera records of upward 
positive flashes are very rare and there are only a few reported in the 
literature47,48.

Figure 2 displays two representative frames taken from the two 
fast cameras. Several comparative procedures were performed to pre-
cisely calibrate the position of the laser: images from the fast cameras 
in daylight to identify the position of the tower and the surrounding 
topography; high resolution pictures at night with a D810 Nikon next 
to the fast cameras when the laser was operating; and reconstruction 
of the laser direction and position using precise GPS data. In the two 
pictures in Fig. 2, which depict an upward positive flash, an initial 
segment of about 70 m from Schwaegalp and 120 m from Kronberg is 
observed, following the path of the laser beam.

For events without a laser, individual images from one of the 
cameras were available, allowing us to plot the histograms of the 
distances to the laser beam as projected in the plane perpendicular 
to the camera line of sight (Extended Data Fig. 3). The difference 
in behaviour between the event with (L2) and without a laser (N05, 
N08) is apparent.

Leader velocity
The velocity estimated from the interferometer data (between 1 × 105 
and 6 × 105 m s–1) is consistent with estimates deduced from the 
24,000 fps image sequence of the fast camera located in Kronberg, 
which yields a velocity decaying from 4 × 105 m s–1 when leaving the 
tower tip to 9 × 104 m s–1 at the first branching 120 m above it, with an 
average velocity of 2 × 105 m s–1 over this interval. Unfortunately, no fast 
camera image was available under comparable conditions (upward 
positive flash) without the laser during the campaign. This value is, 
however, comparable with the typical reported values for upward 
negative leaders (corresponding to positive flashes): 2 × 105 m s–1 
for rocket-triggered lightning49 and 1 × 105 m s–1 for virgin air50. Note 
that from the fast camera images, the propagation velocity of the 
branches of the laser-free event of 2 July 2019 00:22:46 is estimated to 
be 2 × 105 m s–1, without any discernible acceleration or deceleration 
trend over the first 900 m.

Modelling and simulation of the effect of the filamentation on 
the lightning flashes initiation
To understand the conditions necessary for the initiation of a lightning 
flash in the presence of the laser filament, we will describe below the 
physical processes that are involved51,52. We will start by presenting the 
standard nomenclature used in the lightning literature. When the elec-
tric field in air exceeds the breakdown electric field, the free electrons 
in the air start ionizing other atoms and molecules, giving rise to what is 
commonly known as an electron avalanche. As the avalanche continues 
to grow, a stage will be reached where the accumulated space charge 
becomes so large that it starts creating electric fields comparable with, 
or higher than, the background electric field. At this stage the electron 
avalanche becomes a self-propagating electrical discharge known as a 
streamer. Streamers can propagate in background electric fields lower 
than the breakdown values. The currents in these streamer discharges 
are in the micro- to milliamperes range. Moreover, streamers are cold 
discharges. That is, the temperature of the gas in the discharge remains 
close to the ambient temperature. During the initiation of a discharge, 
many streamers may originate from a common root or stem. As the cur-
rent from all of the streamers passes through this stem, the temperature 
of the stem increases. As the stem heats up, thermal ionization sets in, 
increasing the electron density in the stem. When this electron density 
reaches a critical density, a rapid transfer of energy from the electrons 
to the neutral atoms takes place, raising the conductivity and the tem-
perature of the gas to several thousands of degrees. This conducting 
channel section is called a leader. Being conducting, this channel gets 
polarized in the background electric field, thus enhancing the electric 
field at its tip. From this tip, an electron avalanche starts again, leading 
to the creation of a new section of the leader channel. In this way, with 
the aid of avalanches and streamers, the leader propagates. When 
a downward lightning leader reaches the ground or attaches to an 
upward connecting leader, a ground potential wave called return stroke 
propagates along the leader channel neutralizing its charge. This return 
stroke constitutes the visible and audible phase of the lightning strike. 
The processes that were just described are the main elements that are 
being used to describe the mechanism of lightning flashes.

Now let us consider the problem at hand. We shall estimate 
whether there will be electrical breakdown between the lower end of 
the laser filament and the tower tip, a step which is necessary for the 
initiation of a lightning discharge by the laser filament. This evaluation 
contains many steps and it is not possible to describe all of them in 
detail here. The interested reader may find a full discussion in refer-
ences51–53. However, we will describe the essential elements here while 
at the same time providing the references for the interested reader 
to go deeper into the analysis. First, for a given background electric 
field, the electric field in the gap between the tower tip and the lower 
tip of the filament is calculated using the charge simulation method. 
This is a standard technique to calculate the electric field in a region 
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the assistance of the laser filament. This also shows that the presence 
of the laser filament will not substantially change the number of nega-
tive flashes striking the tower, but it will make the initiation of positive 
lightning flashes possible at electric field values which would not allow 
them in the absence of the laser filament. We have also analysed the 
maximum gap distance where the laser beam is capable of influencing 
the lightning initiation. For laser filament lengths equal to 10, 20, 30, 
40 and 50 m, the maximum gap lengths where the laser can influence 
the lightning initiation are 6, 7.5, 20, 22 and 25 m, respectively. The 
reason why the gap length increases significantly for laser filament 
lengths larger than 30 m is because for these laser filament lengths, 
positive leaders are initiated at the laser filament tip and the breakdown 
is mediated by positive leaders.

Data availability
The datasets generated during and/or analysed during the current 
study are available from the corresponding author on reasonable 
request.
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where the potential boundaries are given54. Second, the growth of 
electron avalanches in the high electric field region where the electric 
field exceeds the breakdown electric field is studied55. The growth of 
avalanches is investigated using the Townsend ionization coefficient 
corresponding to the ambient pressure and temperature. Third, if the 
number of positive ions at the electron avalanche head exceeds the 
critical value of 108, within a roughly spherical region of 50 µm radius, 
the avalanche is assumed to be converted to a streamer discharge56. 
Fourth, once a streamer is initiated, its propagation distance into the 
gap is estimated using the value of the critical electric field necessary 
for streamer propagation. For the propagation of positive stream-
ers at mean sea-level pressure, a background electric field of about 
500 kV m–1 is required and, for negative streamers, the required field 
is higher: 1 MV m–1 to 2 MV m–1 (refs. 57, 58). Both of these values have 
to be scaled by a factor of 0.75 to take into account the 0.75 atm pres-
sure at the 2,500 m altitude of the Säntis Tower. Once the extension of 
the streamers in the gap is estimated, the charge associated with the 
streamer burst is estimated following the procedure used by Becerra 
and Cooray59. If the charge in the streamer burst is larger than 1 µC, the 
streamer burst will give rise to a leader discharge56. Leaders can propa-
gate in fields larger than about 150–200 kV m–1 which is much lower 
than the threshold necessary for streamer propagation57,58,60. Based 
on this procedure, the analysis to be presented below is carried out.

Consider the location of a laser filament above the tip of the tower. 
The geometry relevant to the calculation is shown in Extended Data 
Fig. 6. In the case of a laser filament fully polarized by the background 
electric field, the conditions necessary for the initiation of a lightning 
flash are the following. First, a streamer burst has to be initiated from 
the lower tip (the tip closest to the tower) of the laser filament. This 
streamer burst will propagate towards the tower tip and, if the aver-
age electric field over the streamer length is below the threshold field 
necessary for streamer propagation, it will stop before bridging the 
gap. As mentioned earlier, this threshold is different for negative and 
positive streamers. If the average electric field between the lower tip 
of the laser filament and the tower tip is larger than the threshold field 
necessary for streamer propagation, the streamer burst will travel 
across the whole gap distance between the laser tip and the tip of the 
tower. This situation is called the final jump condition. In this case, 
the electrical breakdown between the laser filament and the tower tip 
is unavoidable, and this generates the conditions necessary for the 
initiation of a lightning flash. If the average electric field in the gap 
is below the streamer propagation threshold, still a leader could be 
generated at the tip of the laser filament and this leader could bridge 
the gap between the filament and the tower. It is important to point 
out that if positive streamers from the laser filament cross the gap and 
initiate a lightning flash, the result will be a positive lightning flash. If 
negative streamers from the laser filament cross the gap and initiate a 
lightning flash, the resulting lightning flash will bring negative charge 
to ground, that is, a negative lightning flash.

Based on the criteria outlined in the previous paragraph, the 
magnitude of the background electric fields necessary to initiate: 
(1) a laser-assisted positive lightning flash; (2) a laser-assisted nega-
tive lightning flash; and (3) a tower-initiated negative lightning flash 
without the assistance of the laser filament are estimated. The results 
are shown as a function of the gap length between the laser filament 
and the tower tip and for four different lengths of the laser filament in 
Extended Data Fig. 7. Note that the polarity of the background electric 
field necessary to initiate a positive lightning flash is opposite to the 
background electric field necessary to initiate a negative lightning 
flash. First, observe that the background electric field necessary for the 
generation of a laser-assisted positive lightning flash is always below the 
background electric field necessary to initiate a laser-assisted negative 
lightning flash. Second, observe that at background electric fields that 
are large enough to initiate a laser-assisted negative lightning flash, the 
tower itself is capable of generating negative lightning flashes without 
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Extended Data Fig. 1 | Experimental set-up. a, Layout of the experimental setup on top of the Säntis Mountain. b, Photography of the experiment with the second 
harmonic of the laser beam used to visualize the laser path.
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Extended Data Fig. 2 | Locations of the different measuring equipments. The 
Säntis lightning measurement system consists of two fast electric field sensors, 
a field mill, three full HD cameras, two high speed cameras and two X-rays 
sensors. Data from the weather radar covering the Säntis Tower area are also 
made available by MeteoSwiss. Lightning currents of strikes to the tower were 
measured by a set of Rogowski coils and B-dot sensors located at two different 
heights along the tower (see refs. 32, 34 for more information on the Säntis 
Tower instrumentation). The lightning activity was detected, located in azimuth 
and elevation, and GPS-time-stamped by a radiofrequency interferometer 
in the 1–160 MHz band38 whose upper cutoff was limited to 84 MHz to avoid 

interference from FM radio transmitters in the area. We checked that, without 
electric activity in the atmosphere, the interferometer is fully insensitive to the 
laser system and to the laser induced filaments. An X-ray detector located in the 
radome measured the X-rays emitted in the range 20 keV-1 MeV. Electric field 
measurements were performed 20 m and 15 km away from the tower. Finally, 
two high-speed cameras were installed from two viewing angles to provide 
direct imaging of the lightning strikes in case of clear weather under elevated 
thunderclouds. Located in Schwägalp and Kronberg, they operated, respectively, 
at 10,000 and 24,000 frames per second.
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Extended Data Fig. 3 | Analysis of high-speed camera measurements. Projected 2D histograms based on single image, comparing a, event L2 with N08 viewed from 
Säntis, and b, L2 with N05 viewed from Kronberg.
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Extended Data Fig. 4 | VHF sources position. Still images could be obtained 
in only one lightning strike while the laser was flashing, due to the exceptional 
visibility conditions required. In contrast, the RF interferometer also displays 
guiding for the 3 recorded events with laser (L1, L3, L4), in the form of a high 
density of VHF sources close to the laser beam. Typical results with laser (events 
L1, L3, L4) are presented respectively in panels a–c. Events without laser (N02, 
N06, N07) in panels d–f. Each panel displays 2D (vertical and horizontal distances 

from the top of the tower) maps of the sources constituting lightning strikes on 
the tower. The colour code displayed on the right corresponds to the timescale. 
The Säntis Tower is represented on each plot in black, the laser path in red, and 
the part of the laser path over which filaments are expected in violet. The dashed 
red line in the lower panels represents the path that the absent laser beam would 
have followed.

http://www.nature.com/naturephotonics


Nature Photonics

Article https://doi.org/10.1038/s41566-022-01139-z

Extended Data Fig. 5 | Histograms of VHF source distance to the laser beam. 
Comparison of the cumulated histograms of distance to the laser beam per 
height slice of 30 m for all events with and without laser. a, b and c correspond 

respectively, to the height slices 0–30 m, 30–60 m, and 60–90 m. When the  
laser is on, the distribution is centred closer to the laser beam, and narrower,  
as compared to when the laser is off.
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Extended Data Fig. 6 | Geometry considered for the simulation. The laser filament is assumed to be located vertically and directly above the tower tip. Left panel: 
conditions associated with a positive flash. Right panel: conditions associated with a negative flash.
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Extended Data Fig. 7 | Simulation of the effect of laser filamentation on 
the lightning flashes initiation. Magnitude of the background electric fields 
necessary to initiate laser assisted positive lightning flashes (red curves marked 
‘a’) and laser-assisted negative lightning flashes (blue curves marked ‘b’), as a 
function of the gap length between the lower tip of the laser filament and the 
tower tip. The curves marked ‘c’ depict the magnitude of the background electric 
field necessary for the tower to initiate a negative lightning flash without the 

assistance of the laser filament. The lengths of the laser filament used in the 
calculation are given in each diagram. Note that the polarity of the background 
electric field necessary to initiate a positive lightning flash is opposite to the 
background electric field necessary to initiate a negative lightning flash. The field 
presented is not the total field but the background electric field. The absolute 
electric field at the tower tip is enhanced due to the presence of the tower by a 
factor of 50 to 100.
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Extended Data Table 1 | Lightning strike events during the campaign, and available diagnostics for each event

Sixteen flashes were recorded by the current measuring system at the Säntis Tower during the experimental campaign from 21 July to 30 September 2021. Due to both the harsh experimental 
conditions as well as intrinsic instrument limitations (optical visibility, buffer size and electromagnetic perturbations), each event could not be recorded by all instruments. The status of the 
laser system and each measuring system, including a high-speed camera (HSC), an interferometer (INT), X-rays sensors (X-ray), an electric field 20 m from the tower (E-field (20 m)) and an 
electric field 15 km from the tower (E-field), for each of these events is given in Table 1. Five out of the 16 flashes were positive (POS), whereas eleven were negatives (NEG). Only three were 
recorded by at least one high-speed camera (two without laser and one with the laser on), whereas all but one were recorded by the interferometer. All investigated lightning strikes were of the 
upward type, like 97% of the strikes observed at Säntis since 201036. All four recorded laser events were positive; by contrast, 85% negative flashes, 12% positive flashes and 3% bipolar flashes 
were recorded during the summer of 2021. Assuming conditions during the campaign similar to the average of the ten previous years, the excess of positive flashes when the laser is on is 
significant beyond 10−3 (P-value = 6.7 × 10−6 obtained with unilateral χ2 test).

Events Date UTC 
Time 

Laser Current Flash 
polarity 

HSC INT X-RAY E 
(20m) 

E 
(15km) 

L1 24.7.2021 16:06:07 ON YES POS NO YES YES YES YES 
L2 24.7.2021 16:24:03 ON YES POS YES NO YES YES YES 
L3 30.7.2021 18:00:10 ON YES POS NO YES YES YES YES 
L4 30.7.2021 18:02:40 ON YES POS NO YES NO NO YES 

N01 30.7.2021 15:17:09 OFF YES NEG NO YES YES YES YES 
N02 30.7.2021 15:22:29 OFF YES NEG NO YES NO NO NO 
N03 30.7.2021 15:30:51 OFF YES NEG NO YES YES YES NO 
N04 30.7.2021 15:35:41 OFF YES NEG NO YES YES YES YES 
N05 30.7.2021 15:38:10 OFF YES NEG YES YES YES YES YES 
N06 30.7.2021 18:04:53 OFF YES POS NO YES YES YES YES 
N07 16.8.2021 02:00:27 OFF YES NEG NO YES NO NO NO 
N08 16.8.2021 02:34:10 OFF YES NEG YES YES YES YES YES 
N09 16.8.2021 05:53:24 OFF YES NEG NO YES YES YES YES 
N10 16.8.2021 10:16:32 OFF YES NEG NO YES NO NO NO 
N11 16.8.2021 15:06:45 OFF YES NEG NO YES YES YES NO 
N12 16.8.2021 15:08:34 OFF YES NEG NO YES YES YES NO 
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Extended Data Table 2 | Standard deviation of the VHF source distance to the laser beam

Using the data presented in Extended Data Fig. 5, we calculated the standard deviation of this distance for different elevations above the tower. For all three height slices, we performed 
a unilateral F-test. For the whole 0–90 m range, the standard deviations of the histograms are significantly different (P-value << 10−15), that is, histograms with the laser turned off are more 
dispersed. Considering the 0–60 m range, we find that the standard deviation of the distance of the sources to the laser is reduced by 45% when the laser is on. Above 60 m, this reduction  
due to the laser filament is much weaker, as expected since the length of the filament is estimated to be 50–60 m.

Elevation 
(m)

laser Number of sources Standard deviation (m)

00-30 OFF 1644 39.7
ON 586 24.2

30-60 OFF 1502 46.0
ON 778 26.4

60-90 OFF 1674 44.1
ON 738 39.6

00-60 OFF 3146 42.7
ON 1364 25.5
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