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1. Introduction

When ultrashort intense laser pulses
propagate in optically transparent media,
such as in air, intensity-dependent nonlin-
ear effects, for example, Kerr focusing,
absorption, and gas ionization, lead to
pulse reshaping and the formation of fila-
ments, which can sustain nonlinear effects
over several tens of meters.[1,2] Laser fila-
mentation in ambient air has attracted con-
siderable attention in recent years owing to
its central role in several applications, such
as the formation of stationary localized
waves,[3] electric-discharge steering,[4–6]

machining,[7] control and guiding of
lightning,[8–11] atmospheric control,[12–14]

remote sensing,[15–17] pulse compres-
sion,[18] optical communication,[19–22] and
the generation of coherent radiation in
hardly accessible spectral regions such as

the deep UV and THz.[23–29] Filaments modify the gas density
in which they propagate through different nonlinear light–matter
interaction pathways, such as by excitation of molecular
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Cumulative effects are crucial for applications of laser filaments, such as for
the remote transfer of energy and the control of electric discharges. Up to now,
studies of cumulative effects in the air of high-repetition-rate pulse trains
have been performed at lower rates than 10 kHz. Herein, the nonlinear effects
associated with short plasma filaments produced by pulses of moderate energy
(0.4 mJ per pulse) and repetition rates up to 100 kHz are experimentally char-
acterized. With increasing repetition rate, a decrease in absorption, fluorescence
emission, and breakdown voltage and concurrently an increase in peak intensity
and third-harmonic-generation efficiency are observed. Hydrodynamic simula-
tions of the heated gas show that the observed decreases are directly related to a
quasi-stationary state of reduced gas density in the filament. However, further
investigations are required to fully understand the physics underpinning the
observed sharp reduction of the breakdown voltage at 100 kHz repetition rates.
The results may prove relevant for energy and information delivery applications
by laser-induced air waveguide or electric discharge and lightning control.
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dynamics.[30,31] However, the most significant gas density change
comes from the photoinduced plasma’s thermalization.[1] The gas
ionization concurrent with the filament formation develops over
the short (nanosecond) time scale of electron recombination.[32] In
contrast, the gas hydrodynamics evolves at the rate of air mole-
cules’ thermal diffusion, that is, for up to milliseconds. This
long-lasting effect is responsible for the low-density gas channel
that accompanies filamentation[33–35] and plays a dominant role
in the triggering and steering of high-voltage discharges and light-
ning control.[36–39] The temporary reduction of the density was also
shown to enable energy transfer via air–waveguide guided
lasers,[34] to open communication channels through fog,[19,20]

and may be employed to improve remote spectroscopy.[40]

Common sources employed for filamentation are Ti:Sapphire–
amplified lasers with high pulse energies (>10mJ) and low repe-
tition rates (≤1 kHz). In these conditions, thermal, acoustic, and
plasma-mediated pulse-to-pulse interactions are highly sup-
pressed. Such effects have, however, been observed in those cases
where gas ionization ormolecular alignment can be induced at the
microjoule levels, as they can be readily operated at megahertz rep-
etition rates. One relevant case is gas-filled hollow-core photonic-
crystal fibers, where inter-pulse interactions have been observed at
repetition rates as low as 50 kHz.[41] There have been interesting
recent studies of the evolution of the atmosphere following the
passage of a filament. Most of these studies probed the atmo-
sphere in the millisecond time span following filamentation. A
radial shock wave leaves behind a depleted density distribution
that has been exploited for guiding an auxiliary beam.[42]

Cumulative effects on the electric breakdown have been reported
at a 1 kHz repetition rate, highlighting the role of long-lived oxy-
gen ions.[43] The cumulative effect of pulses separated by 1ms has
also been recently investigated by Isaacs et al.[44] There is, however,
a qualitative and quantitative difference between cumulative
effects at 1, 10, and 100 kHz. It has been known since 2012 that
filaments produced by a train of pulses at 10 kHz are considerably
longer and have a brighter conical emission than observed at
1 kHz.[45,46] Between 10 and 100 kHz, there is clearly a change
in shock wave physics. Shadowgraphy performed on filaments
has shown the shock wave velocity switching from supersonic
to sonic 6 μs after the passage of the ionizing pulse.[47] With
high-energy, ultrashort, high-repetition-rate Yb-based laser sys-
tems now becoming more widespread, investigations on cumula-
tive effects at repetition rates into the kHz range have started. For
instance, effects on THz generation[48] and wake dynamics[49] have
been recently reported.

Here, we consider the intermediate case of moderate energies
(�0.4 mJ) and high repetition rates (up to 100 kHz), and we
analyze cumulative effects on energy deposition, nonlinear phe-
nomena, and direct current air breakdown. Using a hydrody-
namic gas model, we elucidate the gas density’s role in the
observed effects.

2. Results

2.1. Energy Deposition and Gas Dynamics

The experiments were conducted using a Yb:KGW–amplified
laser (Carbide 40W, Light Conversion) with a central wavelength

of 1028 nm, tunable pulse repetition (sub-harmonics of
100 kHz), pulse energy of �0.4 mJ, and pulse duration of
�240 fs. A sketch of the experimental setup is shown in
Figure 1a. A linearly polarized beam with a half-width at 1/e
(HW1/e) of 1168� 6 μm was focused by a lens (L1) with a focal
length of f1= 15 cm. to generate a plasma filament in the air. To
measure the energy deposited into the gas system by the filament
at different laser repetition rates, the region between L1 and L4
was enclosed in a vacuum tube with input- and output-fused
silica optical windows (antireflection-coated 1mm thick). The
pulse energy under the focus was measured with a calibrated
photodiode (Pd) in the case of air at atmospheric pressure
filling the vacuum tube (UG) and under vacuum conditions
(<10�3 mbar, UV). This way, we removed calibration uncertain-
ties and other sources of losses that arise from measuring the
energy before and after the focus. During the experiments,
the pulse energy before the focus was kept constant while chang-
ing the repetition rate. The beam size variation with the repeti-
tion rate is<2% over all the tested conditions. The relative energy
loss η= (1�UG/UV)� 100 across the beam focus is shown in
Figure 1b for two different input pulse energies (Uin= 400
and 300 μJ) and increasing laser repetition rate. For the higher
input energy case, there is an evident decrease in the energy
deposited in the gas at increasing repetition rates, going from
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Figure 1. a) Schematic of experimental setup. Pd is a photodiode detector.
L1–L5 are positive lenses with focal lengths of 15, 5, 10, 15, and 10 cm,
respectively. L5 is an f/2.0, 25 mm equivalent focal length camera lens
(Thorlabs MVL25M43). WM and BD are a wedge mirror and a beam
dump, respectively. b) Relative energy loss (1�UG/UV)� 100 as a func-
tion of the laser repetition rate (logarithmic scale) and for two different
pulse energies (400 μJ in red, 300 μJ in blue). The solid curves are a guide
for the eye obtained by fitting the experimental data with a power function.
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nearly 1.3% at 100 Hz to nearly 0.55% at 100 kHz. A similar
trend is also recorded at lower energies, yet with more modest
changes. Losses in the focus result from nonlinear light–matter
interaction, including multiphoton absorption and scattering
from the photoinduced plasma. The nonlinear nature of the
losses is evident from the difference in the relative energy loss
η between the Uin= 400 and 300 μJ cases.

We link the reduction of nonlinear losses to the decrease of the
gas density, a consequence of the volume heating. To support
this claim, we have performed hydrodynamic simulations of
the laser-heated gas volume at different values of absorbed
energy to calculate the steady-state gas volume density. To this
end, we solved the compressible fluid Euler equations in 2D
cylindrical coordinates (neglecting the azimuthal dynamics) with
a source term and accounting for temperature diffusion. The
numerical integration is performed following Refs. [50,51].
Details of the model are reported elsewhere (e.g., in the
Supplementary Materials of Ref. [6]). The numerical model con-
siders an initially heated gas consequent from the absorption of
the energy deposited by the first optical pulse ΔU0, and then

assumes that the energy deposited by successive pulses is pro-
portional to the instantaneous gas density. Figure 2a is represen-
tative of the gas density dynamics for three different repetition
rates and assuming ΔU0= 0.5 μJ employed to heat a 1.5 mm
long (length of the plasma filaments, see Figure 2c) and
40 μm diameter (beam waist) gas cylinder. Figure 2b shows
how an almost steady state is achieved for the gas density at
the high 100 kHz repetition rate.

To provide a point of comparison between the model results
and experimental data, we considered the simple assumption
that absorption has a density-dependent component as
Uout(R)=Uin�κUin�δ(R)Uin, where Uout is energy of pulse
after filamentation, δ(R)= αρ(R) is a density (ρ)-dependent com-
ponent which varies with repetition rate R, and κ is a constant
pertaining to a fixed loss component. Thus, the relative energy
loss, as found experimentally in Figure 1b, can be written as
η(R)= 1�Uout(R)/Uin= α[ρ(R)�ρ0]þ η0, where ρ(R) is the den-
sity which we calculated via the hydrodynamic simulations in
the steady state and on axis, ρ0 is the density of the unperturbed
gas, and η0= κþ αρ0 captures losses that are not dependent on
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Figure 2. a) Numerical simulation of the gas density dynamics for an initial ΔU0= 0.5 μJ energy deposited as heat into the gas, and for three different
repetition rates. b) Comparison between gas density dynamics after several pulses for the three repetition rates shown in (a), highlighting the onset of a
quasi-stationary condition at 100 kHz. c) Comparison between experimental data, same as in Figure 1c, and the results from the predictions from the
hydrodynamic gas model for three different initial energies heating the gas.
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the repetition rate. We investigated the relative loss for a range of
initially absorbed energies (ΔU0), that is, the energy the first
pulse of the excitation train converted into heat, and found that
the relative losses η(R) match the values found experimentally, as
shown in Figure 2c for ΔU0= 0.5 μJ. To perform the fit, α was
considered a fitting parameter and η0 was constrained by the
experimental observations. Results of simulations performed
with different initially absorbed energies are shown for
comparison.

There is no direct measurement of ΔU0, the energy of the first
pulse converted into heat. Our model matches the experimental
data when 1/10th of the energy lost in the filamentation process
at 100Hz (when cumulative effects are negligible), that is, ≃5 μJ,
is converted into heat. It is worth noting, however, that this value
is strongly dependent on the geometry of the heated gas assumed
in the model. There is significant uncertainty on the geometrical
parameters defining the heated gas cylindrical region, and non-
linear pulse propagation should be modeled to identify the
heated volume properly. In addition, a full 3Dþ 1 hydrodynamic

simulation should be employed to allow for a quantitative com-
parison between simulations and our experimental results. Not-
withstanding, the remarkable matching between the experimen-
tal data and our simplified model supports the claim that the
repetition rate dependence of the energy lost by the plasma
filament is a consequence of the decreased gas density driven
by plasma-induced heating.

2.2. Filament Length

We have investigated the repetition rate dependence of the
plasma filament length. The plasma-induced fluorescence was
imaged on a CMOS camera (Zyla, Andor), and the input slit
of a compact spectrometer (HR4000, Ocean Optics). The
acquisition time for both instruments was changed with the rep-
etition rate to record a cumulated signal from the same number
of pulses. The images from the CMOS camera were then ana-
lyzed, and the results are shown in Figure 3. It can clearly be
seen that at increasing repetition rates, the fluorescence signal
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Figure 3. a) Spatially resolved fluorescence signal for three repetition rates. The signal is acquired by integrating the same number of pulses in all the
cases. The shaded curve is the fluorescence profile expected from multiphoton absorption. The pulses propagate from negative to positive values of the
horizontal axis. b) Integrated fluorescence signal for varying repetition rates (logarithmic scale). Results from the hydrodynamic model for three different
initial heating energies are also shown. c) Filament length measured as the root-mean-square (rms) extension in the propagation direction of the fluo-
rescence signal. The red curves in (b) and (c) are a guide for the eye obtained by a smoothing interpolant fit of the experimental data (dark blue crosses).
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decreases—Figure 3a,b. At the same time, the filament is distorted
further away from the focusing lens, resulting in a slight
increase in the filament length—Figure 3c. The fluorescence sig-
nal for the low-repetition-rate case—blue dot-dashed curve in
Figure 3a—matches the expected one considering a
multiphoton absorption process with I∝ Ik and k= 10
(Ui,O2

≃ 12eV, hν ≃ 1.204 eV) and considering linear propaga-
tion (HW1/e in the focus of �23 μm), depicted in Figure 3a with
a grey curve and shaded area. The recorded decrease of the fluo-
rescence signal with increasing repetition rates shown by the blue
crosses with the red interpolant curve in Figure 3b matches the
prediction of the hydrodynamic model—yellow curve in
Figure 3b—for the same parameter ΔU0= 0.5 μJ that best fits
the absorption losses described in Figure 2b. This comparison
is made assuming that the fluorescence yield is proportional to
the gas density. Results expected for the other two values of
ΔU0 are also shown in Figure 3b for comparison. The distortion
along the propagation direction can be interpreted as the conse-
quence of a nonuniform refractive index.

2.3. Fluorescence

A typical fluorescence spectrum acquired in a plane transverse to
the propagation direction is shown in Figure 4a. Signatures from

transitions between vibrational levels in the second positive band
system (2P) of molecular nitrogen (C3Πu(v 0)! B3Πu(v 00)) and
from the first negative system (1N) of ionized nitrogen
ðB3Σþ

u ðν0Þ ! X2Σþ
g ðν 00ÞÞ are clearly visible. The main visible

branches are for changes in the vibrational quantum numbers
δv= v 00�v 0 = 0,1,2, and 3. The ratio G between the fluorescence
yield for the Nþ

2 ð0 ! 0Þ transition, at ≃391 nm and that for N2

(0!0), at 337 nm, is proportional to the peak intensity of the radi-
ation in the plasma filament according to the empirical relation
I0= 79� (2.6/G�1)�0.34 (TW cm�2).[52] We show in Figure 4b
that such a ratio increases with the laser repetition rate, indicat-
ing an increase in the peak intensity inside filaments. According
to the model provided earlier, the peak intensity increases from
�28 TW cm�2 at 500Hz to �33 TW cm�2 at 100 kHz.

2.4. Spectral Broadening and Third Harmonic Generation

The reduction of energy deposition observed at increasing repe-
tition rates should correspond to a decline of dissipative nonlin-
ear effects, such as plasma generation by multiphoton ionization.
Such effects are loss dependent, and we can, for instance, expect
a reduction in the spectral blue shift induced by the time-varying
plasma refractive index.[53] We have recorded the input and out-
put pulse spectra at varying repetition rates and constant pulse
energies (400 μJ). For the spectral analysis, the beam was colli-
mated and attenuated by Fresnel reflection from a pair of fused
silica wedges and then injected into a spectrometer (Ocean
Optics HR4000). We have measured the reduction of spectral
shift Δλ ¼ λout0 � λin0 , with λ0 the center of mass wavelength, at
varying laser repetition rates and the results are shown in
Figure 5. At low, 500Hz repetition rates—Figure 5a—the pulse
spectrum is blue shifted by nearly 1 nm. Increasing the repetition
rate decreases the nonlinear spectral shift to almost cancel any
reshaping for pulse trains at 100 kHz—see Figure 5b.
Figure 5c clearly highlights how the nonlinear pulse reshaping
is quenched at increasing repetition rates. We interpret this
effect as a consequence of the lower density of gas molecules
resulting from the heated gas dynamics. We note that the spectral
reshaping in our experimental conditions is minimal. This obser-
vation motivated the decision not to model the pulse propagation
considering nonlinear effects, as they are expected to play a
minor role in defining the pulse properties. This is further con-
firmed by the good match of the profile expected from multipho-
ton absorption (grey shaded) and the observed fluorescence
signal (blue dot-dashed line) visible in Figure 3a.

Another significant observation concerns the generation of the
third harmonic. Figure 5d shows how the third harmonic signal
grows for increasing repetition rates and reaches a maximum
conversion efficiency of 0.04%� 0.02%. The third-harmonic-
conversion efficiency has been measured by recording with a cal-
ibrated photodiode (Thorlabs, S120VC), the power of the 343 nm
radiation isolated using a fused silica-dispersing prism (Eksma,
320-1525). The increase in the signal of nearly a factor of 1.5 is
quantitatively compatible with what is expected from the cubic
dependence of the third harmonic from the pulse peak intensity
and the intensity increase measured from the fluorescence
signals detailed in Section 2.3 (1.1793≃ 1.64).
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Figure 4. a) Spectrally resolved fluorescence signal (integrated along the
direction transverse to the pulse propagation). b) Ratio of the fluorescence
for the δv= 0 transition of the first band system of molecular nitrogen ions
( nm) and that of the second positive band system of molecular nitrogen
( nm), as a function of the laser repetition rate and for energies of
μJ pulse�1. The red curve is a fit obtained considering a power dependence
and serves as a guide for the eye. All the fluorescence signals are acquired
over the same number of laser pulses.
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2.5. Gas Breakdown

We finally investigated the pulse accumulation effect of laser-
triggered air breakdown. In our experiment, two tip electrodes
separated by 5mm were used, and the natural breakdown dis-
charge occurred at �6 kV. We investigated how the potential
required for the dielectric breakdown depends on the pulse
repetition rate for a fixed pulse energy of 400 μJ. The results
are shown in Figure 6. While the overall breakdown field
reduction is limited to <5% at low repetition rates, it increases
significantly at 100 kHz, reaching a more significant 20%. To
understand the observed dependence of the breakdown field
from the repetition, we considered both geometrical factors
and the gas hydrodynamics.

We have considered that the electrodes are slightly away from
the filament axis and employed the radial-dependent density as a
function of the repetition rate obtained from the hydrodynamic
simulations discussed in Section 2.1 as a parameter in a model of
the time-dependent carrier density. This way, we obtained the
expected breakdown voltage as a function of the repetition rate

and at different distances from the filament axis. Specifically, we
solved the following system of coupled ordinary differential
equations with the simple assumption that breakdown arises
when the electron density is nondecreasing with time. Toward
that end, the dynamical continuity equations that govern the time
evolution of electron (Ne), positive ion (Np), and negative ion
charge (Nn) densities are as follows [54]

∂Ne

∂t
¼ αNe � γNe � βepNeNp (1)

∂Np

∂t
¼ αNe � γNe � βepNeNp � βnpNnNp (2)

∂Nn

∂t
¼ γNe � βnpNnNp (3)

where α, γ, βep, βnp are constants relating to the impact ioniza-
tion, attachment, electron–ion recombination, and ion–ion
recombination constants, respectively. Such transport parame-
ters depend on the electric field (see Ref. [54]), and so does
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Figure 5. a,b) The pulse spectrum before (orange) and after (blue) the lens focus for Hz and kHz repetition rates, respectively. c) The shift of the center
of weight wavelength of the pulse spectrum after the focus in function of the laser repetition rate (logarithmic scale). The red curve is a guide for the eye
obtained with a power–law fit. d) The third-harmonic-signal function of the laser repetition rate. The red curve is a fit obtained considering a power
dependence and serves as a guide for the eye. The maximum third-harmonic-generation efficiency was measured to be 0.04� 0.02%.
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the time evolution of the charge densities. We note that
avalanche effects are included in the model, as electrons are
accelerated by the external field and gain average energy, which
is accounted for through the field-dependent impact ionization
rate α.

The model partially captures the value of the reduced break-
down voltage and qualitatively reproduces the experimental trend
for an electrodes–filament radial distance of ≃0.65mm, compat-
ible with the experimental parameters. The orange curve in
Figure 6 shows the best match obtained with our model. The
model does not capture the fast decrease observed at 100 kHz,
and our experimental facility does not allow us to investigate
the breakdown effect at higher repetition rates and energies.
Further studies may disclose key contributions from other
physical effects, such as long-lived oxygen ions,[43] which are
not considered in our model.

3. Conclusion

Yb-based high-power ultrafast systems enable research in cumu-
lative effects in filamentation at high, >10 kHz repetition rates,
which were impossible or hardly feasible with Ti:Sapphire
systems. We have investigated the regime of moderate energies
enabled by our laser and identified key effects ensuing when the
repetition rate is increased into the tens of kHz. Significantly, the

reduced density of the filamenting region leads to a quenching of
nonlinear reshaping and losses. At the same time, intensity in
the filament increases, and with that, the third-harmonic-
generation efficiency. Interestingly, we observed a sharp reduc-
tion of the breakdown voltage as the repetition rate approached
100 kHz. This effect, which requires further experimental valida-
tion, possibly with higher energies and repetition rates, appears
not to be a sole consequence of the reduced gas density, suggest-
ing contributions from long-lived ions. Our results pave the
way to further studies in nonlinear optics and atmospheric
control with high-repetition-rate ultrafast lasers, to be further
investigated with different laser systems, possibly at longer wave-
lengths, where the ionization processes are different and succes-
sive laser pulses interact more strongly with any residual ions.
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