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Abstract. Advances in ultrafast optics in recent years have revived a keen
interest in laser-induced dielectric breakdown study. While it is widely accepted
that femtosecond laser pulses with peak powers reaching gigawatts can propagate
over tens of metres under laboratory conditions, the dynamics underlying this
highly nonlinear phenomenon is yet not fully understood. Although initial
research on laser-triggered lightning was started with infrared lasers, it was
found that they are not suitable to initiate lightning. Recent published literature
and experimental work favour the use of ultraviolet (UV) laser pulses as the
appropriate means for laser-induced lightning discharge. An analytical solution
based on Maxwell’s equations has been developed for UV filamentation in air,
arising from a dynamic oscillating balance between self-focusing, diffraction and
plasma defocusing. This model suggests that UV (220–420 nm) 200 ps laser
pulses with a peak power of around 50 MW (or 12.5 mJ input energy) and a beam
size of 100 µm are the optimal tool to trigger outdoor lightning. The laser beam
size remains relatively small (less than 0.3 mm) after a propagation distance of
200 m up into the normally cloudy and damp atmospheric conditions.

1. Introduction

Since time immemorial, mankind has always beheld lightning with great awe. This is mainly
due to the destructive damage caused by lightning strikes. The countless deaths and injuries
to livestock, thousands of forest bush fires as well as untold millions of dollars in damage to
buildings, communications systems, power lines and electrical systems are mainly the direct
result of lightning [1]. In Malaysia, the eastern Malaysian power grid system was struck by
lightning that crippled power stations across the nation, bringing the total damage and cost to an
estimated RM200 million loss [2]! Aircraft and space shuttles are also not immune to lightning
strikes. In 1969, NASA’s Apollo 12 space vehicle artificially triggered two lightning flashes, one
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Figure 1. Proposed layout of a laser-triggered lightning energy storage.

to ground and the other an intracloud discharge, during its launch [3]. Fortunately, the vehicle
survived major system upsets and the crew managed to regain control, and eventually completed
their mission to the Moon successfully. With these potential dangers and threats that lightning
poses, scientists have tried to devise lightning diversion techniques ranging from rocket-triggered
lightning to laser-induced discharges [4]–[6].

Rocket-triggered lightning experiments, which can be seen as a modern day version of
Benjamin Franklin’s kite experiments, have been reported to successfully discharge electrified
clouds in skies up to a success rate of 60% in New Mexico [4]. Using this technique, a rocket,
tied to a large spool of wire connected to earth, was launched into the thunderclouds above. The
time of launching of the rocket was determined by monitoring the electric fields underneath the
thunderclouds.

Although this technique may appear feasible, it has a few setbacks. Firstly, the launching of
numerous projectiles into the sky followed by their potentially dangerous downfall makes it less
attractive to divert lightning from sensitive places like substations and power grids. Secondly,
the rocket must be fired at very great speeds into the sky to prevent an accumulation of space
charges that can effectively shield it. Thus, the rocket speed must be greater than 2 × 105 m s−1,
the downward speed of a stepped leader in a lightning process [7]. These shortcomings could be
easily overcome with a laser-induced lightning discharge. In this technique, a collimated laser
beam is used to ionize the air, thus creating a preferential conducting path for free charges in the
sky to flow down to earth on a faster and more reliable basis.

It follows from the above argument that if lightning can be diverted, it may also then be
possible to store these atmospheric electrical charges through the use of conducting electrodes
and capacitor banks as shown in figure 1 [8]. Once the plasma filament is created through laser
ionization, stray charges are collected from electrified clouds during thunderstorms or from the
ionosphere in clear weather. These charges will flow through a conductive electrode as they
approach the ground to avoid the possibility of artificially triggering a lightning discharge that
may destroy the laser system. This electrode will then pass these charges onto a capacitor bank
to store them. Utilizing this form of atmospheric electricity may provide a new alternative source
of energy in the future, while discharging a thundercloud and thus reducing potential lightning
strikes at sensitive airborne operation and ground installations.
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2. Survey

2.1. Photoionization of air

Air is known to undergo optical breakdown at very high laser intensities, usually beyond
1014 W cm−2. This is a direct consequence of rapid energy deposition into a small interaction
or focal volume of air by the laser. Essentially, there are two main mechanisms responsible for
the photoionization of air: avalanche ionization and multiphoton ionization [9].

In avalanche ionization, or sometimes known as cascade ionization, the bound electrons
in the valence shell of air molecules usually have an energy bandgap greater than the incident
laser photon energy. However, a small number of free electrons exist. These free electrons
may be generated through high altitude ionization of air molecules, radicals, break-up of aerosol
molecules, thermal ionization or multiphoton ionization. These free electrons constitute the
required seed electrons for avalanche ionization. Although these free electrons may exist in small
number initially and have low kinetic energy, through a process called inverse bremsstrahlung,
they can be accelerated to gain enough kinetic energy to impact ionize a molecule in collision,
resulting in more free but slower electrons. The whole process repeats itself with more electrons
gaining higher kinetic energy, exceeding the ionization potential of the bound electrons, to impact
ionize even more molecules, leading to an avalanche with the resultant formation of a plasma.
In this inverse bremsstrahlung process, the free electrons absorb photons through the laser field
when they collide with atoms or molecules. A free electron does not absorb laser energy directly
without any collision. This is because the free electron simply quivers in the oscillating laser
field, and when averaged over an optical cycle, it does not gain any net energy [10].

Based on a classical electron oscillator model, an ionization intensity threshold for avalanche
ionization, It, can be estimated [11]:

It ∝
(ω2 + p2

eff )
τppeff

(1)

where peff is the effective momentum transfer rate between the free electron and heavier colliding
molecule and τp the laser pulse width of frequency ω. A closer look at this relationship will
tell us that the ionization intensity threshold will be lowered if the laser pulse width is increased
along with a lower laser frequency. Realizing that the effective momentum transfer rate, peff ,
increases with the density of neutral molecules, ρn, and therefore with increasing gas pressure, P ,
it follows that the ionization intensity threshold will be further decreased for higher gas pressures
(assuming a typical case of ω � peff ). Thus, avalanche ionization will be greatly enhanced by
longer laser pulse widths smaller frequencies (or longer wavelengths) and higher gas pressures.

The other dominant photoionization mechanism is the multiphoton ionization process.
Through this process, bound electrons may absorb several laser photons simultaneously to
overcome their ionization potential, UI . To determine the number of photons required in an
n-photon ionization of a molecule, n is simply UI divided by hυ (the laser photon), rounded up
to the next integer, where h is Planck’s constant of 6.63×10−34 J s. As can be seen, multiphoton
ionization depends largely on the laser operating frequency. For an ultraviolet (UV) KrF laser
with a central wavelength of 248 nm, a laser photon has 5.013 eV of energy whereas a far infrared
CO2 laser with central wavelength of 10.6 µm has a photon energy of 0.1173 eV. Thus, for a
nitrogen molecule with an ionization potential of 15.58 eV, the number of photons needed to
ionize a nitrogen molecule is four (rounded up to the next integer) for the UV laser, or 133 for a
far infrared laser.
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Generation of free electrons through multiphoton ionization obeys the relationship
below [12, 13]:

dρe

dt
= (ρ0 − ρe)σ(n)I(t)n (2)

where ρe is electron density, ρ0 density of neutral molecules, I(t) intensity at time t and σ(n) the
n-photon ionization coefficient. When the volume of air under consideration is assumed to be
unsaturated, which is typically the case, ρ0 � ρe, equation (2) can be rewritten as

dρe

dt
= ρ0σ

(n)I(t)n. (3)

The solution of equation (3) has been found to be [13]

ρe = Kτpρ0σ
(n)In

0 (4)

where K is the shape factor that can be calculated for any shape, I0 is peak or initial intensity
of the laser pulse, τp laser pulse width. For a square pulse shape, K = 1. The multiphoton
ionization coefficient, σ(n), depends largely on the laser operating frequency with σ(n) values
for UV laser pulses being very much higher than those for IR laser pulses. This dependence of
σ(n) on laser frequency can be seen from the reduced number of photons needed to photoionize
a neutral molecule directly for higher laser frequencies as can be seen above. σ(n) is often
regarded as the effective ionization cross section of a neutral molecule. The greater its value,
the greater the ionization rate. Typical values for σ(n) for n-photon ionization for molecular
oxygen are 1.91 × 10−28 s−1 cm6 W−3 (with λ = 248 nm) and 2.88 × 10−99 s−1 cm16 W−8

(λ = 800 nm) [14]. Furthermore, when the laser pulse width is so short that no cascade ionization
of a neutral molecule can occur, multiphoton ionization dominates the photoionization process.
Thus, the multiphoton ionization process will be the dominant photoionization mechanism at
higher intensities (and thus shorter pulse widths), shorter wavelengths (or higher photon energies)
and lower gas pressures.

2.2. Effectiveness of shorter laser pulses

Scientists have toyed with the idea of using power lasers to induce electrical discharges in gases
and air since the 1960s [15]–[25]. The preconception back then was that the likelihood of air
breakdown occurring due to the photoionization of air depended solely on the power of the laser
pulse used, not its intensity. Although it was shown that powerful CO2 infrared laser pulses
could guide an electrical streamer in air up to a distance of 71 cm [26], long gap guided electrical
discharges in air remained elusive. Using CO2 gas lasers of long pulse duration, optical beads
were formed along the propagation path of the laser pulse, rather than a long continuous ionized
path. These beads were formed through avalanche ionization. A similar process takes place in a
transparent solid material in which irreversible damage takes place when the critical density of
free electrons in the material reaches 1018 cm−3 [10]. This transparent material breaks down and
becomes opaque, absorbing energy from the laser field as the resultant plasma heats up. Thus,
the optical plasma beads formed in air through avalanche ionization will limit the propagation
distance of long pulse lasers. To penetrate these opaque beads, the laser frequency ought to be
higher than that of the concomitant plasma.

To avoid this additional requirement in the laser design, a shorter laser pulse width should
be used. Ultrashort laser pulses have much higher intensities compared to continuous wave and
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long laser pulses. Consider a laser beam of radius 100 µm with an initial input energy of 1 mJ.
A laser pulse width of 100 ms will produce a laser beam of 0.01 W power and 320 kW m−2

intensity. On the other hand, a laser beam of 100 fs pulse duration produces 10 GW of power with
an intensity of 3.2×1017 W m−2, 12 orders of magnitude higher than that of a 100 ms laser pulse
width! Because of their high intensities, ultrashort pulse lasers are generating a wide interest in
a variety of potential applications, such as laser ablation and micromachining, remote sensing
and light detection and ranging (LIDAR), and laser-triggered lightning [5]–[8, 10, 11, 27, 28].

Because of the high intensities generated with ultrashort laser pulses, multiphoton
ionization of air takes precedence over avalanche ionization. Here, the photoionization rate
of air is controlled more easily, simply by controlling the intensity of the ultrashort laser
pulses. With n being the number of photons needed to ionize a neutral molecule, the n-
photon ionization rate of air is proportional to the nth power of intensity, In, as seen in
equation (4). On the other hand, avalanche ionization may take a longer time to build up.
However, once the ionization threshold is reached, the cascade or chain reaction of the free
electrons may only be suppressed by lowering the air pressure, which is almost impossible in
triggering outdoor electrical discharges. Also, for ultrashort pulses, the heat diffusion length
is shorter [10]. Thus, air turbulence does not much affect the formation of the ionized path
as the photoionization of air molecules remains in a small localized area along the beam
path [29]. Table 1 shows recent experimental advances in the propagation of ultrashort laser
pulses in air [27, 28, 30]–[39]. By simply utilizing femtosecond laser pulses, intense laser
pulses may propagate as far as 10 km into the sky with a 6 × 1011 cm−3 electron density
ionized path trailing the laser pulses [35]. Furthermore, the electron density values in all the
aforementioned experiments exceed the minimum electron density of 5×1011 cm−3 for lightning
initiation [5, 28].

2.3. Choice of laser wavelength

A comparison between ultrashort infrared (IR) and UV laser pulses in table 1 also indicates that
lower input energies are needed to reach similar electron densities in the UV regime as those
obtained in the IR regime. Lower input energies, in turn, translate into lower filament intensities
in the UV regime (a few orders lower than that in the IR regime). This may be attributed to
the much higher ionization cross-sections of the UV radiation compared to that of the infrared
radiation [37]–[39]. It should be noted that in the UV regime, there is no spectral broadening or
conical emission loss as reported by Schwarz et al [39]. Therefore, propagation losses or power
attenuation should be smaller in the UV regime. The associated power loss with IR ultrashort
laser pulses in the form of continuum generation is extensively investigated and exploited for
LIDAR or remote sensing systems [27, 28, 35, 40]–[45].

Thus, UV laser pulses seem to be naturally the best choice for artificial initiation of lightning
discharges. Since UV wavelengths are shorter, in the spectral range from 220–240 nm, they suffer
less beam diffraction, hence allowing a narrower beam than a corresponding IR laser over the
same propagation distance. Shorter wavelength laser pulses also have higher photon energy. This
means that fewer photons are required to ionize a particular neutral molecule. Furthermore, the
photoionization scenario for a UV beam will more likely be a multiphoton process, with higher
multiphoton ionization coefficients. This means that, as a direct consequence of equation (2),
UV laser intensities need not be very high for a given electron density produced by an IR laser
pulse, as evident in table 1.
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61.6Table 1. Recent experimental investigations into propagation of ultrashort laser pulses in air for both IR and UV regimes.
(Empty space indicates an absence of reporting, and does not necessarily mean an absence of a particular phenomenon.)

[30] [31] [32, 33] [34] [27, 28, 35] [36] [37, 38] [39]

Laser:

Wavelength, 775 800 800 800 790 1053 795 248 248 800
λ (nm)

Pulse length (fs) 200 150 ∼220 120 84.93 445.9 50.96 382.2 4246 1100 200

Input energy, 20 30 10 5 160 10–20 2 15 0.2 2
Ein (mJ)

Peak power, 80 160 36 33 1503 20–40 150–300 4.2 2.8 0.145 8
P (GW)

Critical power, 1.7 3.4 6.1† 3.6† 3.3† 1.9† 0.122 0.098 1
Pcr (GW)

n2 (cm2 W−1) 5.6 × 10−19 3 × 10−19 1.57 × 10−19 2.8 × 10−19 5 × 10−19 8 × 10−19 10 × 10−19

Filaments:

No of filaments 3 ≥2 1 Several 10–20 3–4 17 m−1

(max)

Filament size 80 80–100 250 190 100 50–2000 150 100
(µm)

Propagation 30 50 111 100 ≥10 km <100 ≥200 4 12
distance (m)

Energy content/ 0.75 0.7–1 0.34 ∼0.5 0.8 0.2
filament (mJ)
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61.7Table 1. (Continued.)

[30] [31] [32, 33] [34] [27, 28, 35] [36] [37, 38] [39]

Electron 1016 ≥6 × 1011 1016–1017 1016 3 × 1015 1.5 × 1014

density (cm−3)

Filament 7 × 1013 1014 1014 1014 1013 1011 1.9 × 1012

intensity
(W cm−2)

Rayleigh range, 2.6 3.9 24.5 14.2 4 1190 1580 28.5 12.5
zR (cm)

Observations:

Conical Yes Yes None
emission

Spectral Red-shifted White 300–4500 None
broadening light nm

continuum spectrum

† Based on the moving focus model, Pcr is taken to be Pcr = (3.77λ2)/(8πn0n2).
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3. Ultraviolet pulse model

When propagating in air, intense ultrashort laser pulses are known to self-focus due to the
nonlinear optical Kerr effect. Beyond an intensity threshold, the self-focusing action of the
laser beam overcomes beam diffraction, and the peak intensity of the laser beam increases.
This eventually leads to photoionization and generation of a weak plasma in air. Once the
plasma is formed, it defocuses the laser beam, limiting its intensity [46]. If these competing
dynamics of self-focusing, diffraction and plasma defocusing are balanced, a self-guided beam
scenario emerges with the laser beam propagating over many Rayleigh lengths, as demonstrated
in [27]–[45]. Multiple filamentation for both IR and UV regimes has also been observed in
the propagation of ultrashort laser pulses in air with peak powers several times greater than the
critical power for self-focusing [30]–[39]. These light filaments may propagate as far as 100 m
under laboratory conditions [32]–[34]. A number of models have been proposed in recent years
to explain the highly nonlinear dynamics involved, namely the self-waveguiding, moving focus
and dynamic spatial replenishment models [30]–[34, 47, 48].

In this paper, we adopt a model first proposed by Schwarz and Diels [29] and apply it to the
propagation of ultrashort UV pulses in air. The UV wavelength has been chosen to be 248 nm
(corresponding to a KrF laser) as the most appropriate wavelength for the triggering of electrical
discharges with three-photon ionization of molecular oxygen being the dominant source of free
electrons, as reported in [13, 29] and [39].

3.1. Pulse duration

To induce an electrical discharge outdoors, the laser pulse width should be long enough to create
free electrons through multiphoton ionization, but short enough so that avalanche ionization does
not start to kick in. Thus, the three-photon ionization rate of air at sea level is given as [5, 29]

dρe

dt
= σ(3)I3ρn − βepρ

2
e (5)

which is similar to equation (3), but with the inclusion of the recombination effects in air. βep

is the electron–positive ion recombination coefficient and is taken to be 1.1 × 10−12 m3 s−1

at sea level with corresponding measured values of ρn = 5.4 × 1024 m−3 and σ(3) =
3 × 10−41 m6 s2 J−3 [12, 13, 39]. If we are to consider an equilibrium state, dρe/dt = 0,
resulting in an equilibrium electron density,

ρeq =

√√√√σ(3)I3ρn

βep

(6)

which gives us ρeq = 4.3 × 1021 m−3 for a laser intensity of I = 5 × 1015 W m−2. Substituting
equation (6) into (5),

dρ

dtN
= 1 − ρ2 (7)

where ρ = ρe/ρeq and tN = βepρeqt is the normalized time taken at the equilibrium density.
Putting tN = 1 into equation (7), calculations show that 75% of the equilibrium electron density
has been reached, hence giving us the minimum time required for the pulse duration. Thus,

tN = βepρeqt = 1

t =
1

βepρeq

.
(8)
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Substituting βep and ρeq into equation (8), the minimum time required is found to be roughly
200 ps.

To find the maximum laser pulse width, we need to consider avalanche ionization. In intense
laser fields, an electron gains energy, dE, by inverse bremsstrahlung in time dt according to [29]

dE

dt
=

Ie2λ2vei

2π2c3ε0me

(9)

where I is the laser intensity, e electronic charge, me electronic mass, c speed of light in vacuum,
λ laser frequency, ε0 electric permittivity of free space and vei the electron–ion collisional
frequency, which has a value of 1.67 × 1010 s−1 [29]. Taking the upper limit of dE to be the
ionization potential UI of oxygen as 12.2 eV, we obtain the time interval ∆t beyond which
electron cascade ionization starts to take place in air. ∆t is found to be around 63 ns.

Based on this model, a steady state analysis can be applied to the propagation of UV pulses
with pulse widths ranging from 200 ps to 60 ns. This steady state analysis utilizes a standard
Gaussian beam with a field amplitude [49]

E(r, z) =
w0

w
E0 exp

[
− r2

w2

]
exp

[
−i

(
kr2

2R
+ φ

)]
(10)

with w0 the beam radius at e−2 intensity and k = 2π/λ the wavenumber. The beam radius w,
wavefront curvature R and phase factor φ are defined as follows with z being the laser propagation
distance:

w2(z) = w2
0

[
1 +

(
λz

πw2
0

)2]
(11)

R(z) = z
[
1 +

(
πw2

0

λz

)2]
(12)

φ(z) = tan−1
(

λz

πw2
0

)
. (13)

3.2. Power losses

In this UV model, as the laser beam propagates in air, it undergoes self-focusing due to the
nonlinear Kerr optical effect and also defocusing through the generation of electron plasma.
These effects are included in the refractive index of air as [29]

n = n0 + n2I − n3I
3/2 (14)

where n0 is the linear refractive index of air, n2 = 7.8 × 1023 m2 W−1 is the measured intensity-
dependent self-focusing index and n3 the intensity-dependent plasma defocusing refractive index

n3 =

√√√√σ(3)ρn

βep

e2

2n0ω2meε0
(15)

giving us n3 = 3.35 × 10−31 m2 W−3/2 upon substitution of the above values.
Within the constraints of this model, two main mechanisms responsible for the loss in the

beam power are plasma heating [50] and three-photon ionization of oxygen. These losses are
accounted for in [29]

dP

dz
= −

(
KMPI

1
w4 P 2 + Kplasma

1
w3 P 3/2

)
P (16)
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where KMPI and Kplasma are the three-photon power absorption and plasma nonlinear power
absorption respectively given by [29]

KMPI =
( 2

π

)2
(3h̄ωσ(3)ρn) (17)

and

Kplasma =
( 2

π

)3/2n3

l
(18)

with l = c/(2vei) being the mean free path length of electrons in the plasma.

3.3. Beam size evolution

Starting from Maxwell’s wave equation,

∇2Ẽ = µε
∂2Ẽ

∂t2
(19)

the following relationship has been derived [29, 51], assuming a Gaussian beam in a cylindrical
co-ordinate system.

d2w

dz2 = − 4
k2

(
P

Pcr

− 1
) 1

w3 + Kplasma
6l
n0

1
w4 P 3/2. (20)

Pcr is an expression for the critical power for a cw laser beam:

Pcr =
λ2

8πn0n2
(21)

zR = πw2
0/λ. (22)

Taking λ = 248 nm and w0 = 100 µm yields a critical power of 31 MW and a Rayleigh length,
zR, of 0.13 m. Beyond this critical power and in the absence of a balancing plasma defocusing
term (Kplasma = 0), the laser beam self-focuses in air to a singularity at a self-focusing distance
of 0.1033 m, which is slightly smaller than a Rayleigh length.

4. Simulation results and discussion

Equations (16) and (20) fully describe the spatial changes in beam size and power as the UV
laser propagates in air within the constraints of this model. Computer simulation investigating
various initial beam power and radius is presented and discussed here.

4.1. UV beam power and beam size variations in air

Two sets of initial conditions, namely input powers below and above the critical power Pcr, are
chosen to study how the choice of initial beam power affects the propagation dynamics in air.
Taking the initial beam power P to be 20 MW with a beam radius of w0 = 80 µm, figures 2 and 3
are obtained showing the variation of beam size and power attenuation with propagation distance.

One can clearly observe in figure 2 that below the critical power for self-focusing, the laser
beam diverges as it propagates in air. This divergence is simply due to linear beam diffraction.
After propagating a distance of 200 m, the laser beam has a radius of 14 cm (compared to the
initial size of 80 µm). Thus, below the critical power, the laser beam does not remain small and
collimated.
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Figure 2. Beam size variation for input power (Pin) of 20 MW and w0 = 80 µm.
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Figure 3 indicates a linear power attenuation with propagation distance. This power loss
may be attributed to the thermal blooming phenomenon associated with a high irradiance laser
beam propagating in air [18]. This thermal–optical effect can be easily explained: when a high
irradiance laser beam propagates through stationary air, characterized by an initial temperature
T0, density ρ0 and index of refraction n0, air molecules absorb the light photons, and the energy is
quickly released as heat. Thus, the temperature of the air within the beam rises. The hot air near
the centre of the beam axis expands radially outward (at the speed of sound). This expansion
causes a decrease in the mass density, which in turn lowers the refractive index near the beam
axis. The beam undergoes a weak, but nevertheless observable, defocusing similar to that which
takes place when a beam is passed through a concave (negative focus) lens.

Investigations into the filamentation of UV laser pulses with initial peak powers greater
than the critical power of 31 MW, but having equal initial beam size w0 = 80 µm, have been
conducted, as shown in figures 4 and 5.

Figure 4 describes the filament size variation for different input powers ranging from 50 to
400 MW. For 50 and 100 MW input powers, the filament shows a gradual increase in the overall
beam size. On the other hand, the filament experiences an initial contraction in the overall size
for input powers of 200 MW and above. Furthermore, for large input powers (400 MW and
beyond), the filament size tends to grow exponentially after the initial contraction. This sudden
increase in the filament size is caused by the creation of a plasma channel. The initial contraction
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Figure 4. Beam size variation with distance for different input powers but equal
w0 = 80 µm. (a) Beam size variation for input powers of 50 and 100 MW with
w0 = 80 µm. (b) Beam size variation for input power 200 MW with w0 = 80 µm.
(c) Beam size variation for input powers 200 and 400 MW with equal w0 = 80µm.

in beam size results in very large intensities of the laser beam, photo-ionizing the air molecules.
Once the plasma has been formed, the plasma acts to defocus the laser beam (due to the plasma
defocusing refractive index n3). The formation of plasma may be further substantiated by the
marked decrease in the power transmitted through the filament in figure 4(c) for large input
powers. This further reduction of power may be attributed to plasma absorption and heating.
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Figure 5. Power attenuation with propagation distance for input powers 50, 100,
200 and 400 MW.

From figure 5, one can see that the least percentage decrease in power transmitted in the
filament occurs for the least input power, i.e. for 50 MW. As the input power increases, greater
power attenuation takes place. Nevertheless, for the four different initial input powers shown
above (50, 100, 200 and 400 MW), the power trapped in the filament tends to stabilize around
50 MW after propagating a distance of 100 m in all cases.

These observations are consistent with reported experimental results [30]–[39, 52]. The
energy content trapped in a filament in air usually meets the required level necessary to reach the
critical power Pcr, or being slightly higher to overcome various losses when propagating in air.
These losses may be due to dispersion, Raman effects, Rayleigh losses, Brillouin scattering and
plasma thermal absorption [9, 29, 47, 53]. For input powers greater than 100 MW, the drastic
exponential decrease in transmitted power in the filament can be explained with the formation
of multiple filaments. This phenomenon has been reported in experiments for both IR and
UV regimes [9, 29, 30, 31, 35]–[39] and has also been explained theoretically [14, 28, 34, 56, 57].
Schwarz et al [39] have reported the formation of up to 200 UV filaments in air over a distance of
12 m with the average filament length being about 0.5 m and a generation of about 3×1015 cm−3

in electron density. These multiple filaments are also observed to interact with one another,
coalescing at different lengths, giving an illusion of a continuous single filament propagating
in air [47, 48, 57]–[61]. It is on this basis that the dynamic spatial replenishment model is
founded. This model explains that the leading portion of an incident pulse undergoes a self-
focusing collapse leading to plasma generation. Subsequently, the trailing portion of the pulse
defocuses into spatial rings. Upon further propagation, the leading pulse decays due to nonlinear
absorption whereas the trailing portion of the pulse reforms spatially due to self-focusing. The
new emerging pulses gain energy from the outer and trailing parts of the pulse and also from new
pulses, creating an illusion of a single self-waveguided pulse propagating over a long distance.

4.2. Optimal laser parameters

In deciding the best-suited parameters for long distance propagation of UV laser pulses in air,
theoretical investigations have been conducted for the following conditions:

(a) Different beam sizes with the same input power.
(b) Different input powers of the same initial beam size.
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Figure 6. Filament size variation for w0 values of 80, 100, 200, 500 and 1000 µm
for P = 50 MW.
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Figure 7. Power attenuation with P = 50 MW for different w0.

4.2.1. Choice of laser beam size. Setting the input power P to be constant at 50 MW for various
beam sizes w of 80, 100, 200 and 400 µm, figures 6 and 7 were obtained.

Based on figure 6, w0 = 100 µm appears to be the best choice for an initial beam size
parameter. For this value, the beam size remains the smallest (and thus higher laser intensity
trapped in the filament) after a propagation distance of 200 m. Figure 7 further consolidates this
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Figure 8. Filament size variation for different w0 of 80, 100, 200, 500 and
1000 µm with P = 100 MW.
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Figure 9. Power attenuation with P = 100 MW for different w0.

choice. Although the power attenuation factor is largest when w0 = 100 µm, the laser intensity
in the beam is the highest (roughly 4.8×1014 W m−2) compared to w0 = 1000 µm (lowest power
attenuation factor) with an intensity of 8 × 1014 W m−2. It is important to remember that laser
intensity (rather than the input power) plays a very important role in the multiphoton ionization
process, generating free electrons that will facilitate the initiation of a lightning discharge, as
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Figure 11. Power attenuation for different input powers with w0 = 100 µm.

supported by equation (2). The laser intensities associated with the remaining beam sizes 80,
200 and 500 µm are roughly 2.69 × 1014, 9.2 × 1012 and 1.3 × 1012 W m−2 respectively.

However, when the input power was set at a constant 100 MW, 80 µm appears to be the best
initial beam size (figures 8 and 9) with an intensity of about 2.7 × 1014 W m−2. This intensity
is still lower than that achieved with a laser beam size of 100 µm and input power of 50 MW
although the energy requirement on the laser has now been doubled. Thus, a 50 MW UV laser
pulse with a beam size of 100 µm is still the preferred choice.

4.2.2. Choice of beam input power. Different input powers (50, 100 and 200 MW) with a
(constant) initial beam size w0 = 100 µm were used to test the validity of using a 100 µm beam
size. The results are shown in figures 10 and 11.

Figure 10 displays a minimal beam size variation when P = 50 MW was used. After a
propagation distance of 200 m, the beam size remains smaller than 0.3 mm in radius. One may
also expect a large beam size modulational instability for input powers greater than 200 MW. In
figure 11, the 50 MW input power filament also shows the least power attenuation factor while
maintaining the largest beam intensity after propagating more than 200 m in air.
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5. Conclusion

Through the simulation work and within the limits of the model presented above, it is concluded
that UV (with a central wavelength of 248 nm) laser pulses with pulse width of 200 ps, peak
power 50 MW and a beam size of 100 µm are seen as the optimal tool to initiate outdoor lightning.
The input energy requirement for such a laser system is 12.5 mJ given by [14]

Ein = Pin × τp

√
π

2
(23)

where Ein is the input energy, Pin is the initial peak power and τP is the pulse width.
One may increase the peak power of a laser pulse by decreasing the pulse duration (or the

pulse width) while maintaining the same input energy. For this reason, the input energy of a laser
beam is vital only for determining the peak power of a laser pulse. As long as the laser peak
power remains larger than the critical power, Pcr, defined in equation (21), self-filamentation of
UV pulses takes place.

It is also evident from the simulation that the laser beam size remains small (less than
0.3 mm in radius) even after propagating a distance of 200 m in air. These optimized laser beam
parameters produce the least power attenuation of the beam and also the least variation on the
overall beam size (as compared with those associated with higher initial peak powers and bigger
initial beam radii).

With high peak powers (larger than 100 MW), the power trapped in the UV filaments
undergoes a drastic decay for the first 30 m before finally reaching a lower power threshold
of 50–60 MW. The overall filament size, at first, decreases to a minimum at a distance of 20–
30 m. Beyond this point, the beam size increases almost exponentially (for the higher peak
powers). Consequently, there is also a concomitant reduction in laser intensity in the filament.
This decrease in the filament power and intensities may hinder the photoionization process of
air molecules at long distances. Nonetheless, it may be postulated that this sudden drop in
power can be attributed to the formation of multiple filaments in the path of the propagating laser
pulses [52].
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