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Abstract: Dynamic characteristics of femtosecond laser-generated shockwaves are investigated
in ambient air. The experiments are performed using a 360-fs pulsed laser at a wavelength of
1.03 µm, with laser intensities up to 5× 1014 W/cm2 (corresponding to about five times the air
breakdown intensity threshold). Plasma and shockwave generation and propagation are visualized
using a time-resolved transmission microscope. The maximum propagation velocity is in the
order of Mach 30. By implementing a simple theoretical model, we find an initial pressure
loading in the GPa range and shockwave pressure dropping down to MPa following propagation
over few micrometers away from focus.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The unique features of femtosecond (fs) laser interaction with matter have enabled a wide, still
expanding, range of applications [1,2]. This interaction has been the topic of intense research
in the past decades [3–5] and although far from being fully understood, a general scenario is
widely accepted. Following the fs laser-induced ionization, energy is deposited in a well localized
volume. As a result, matter is brought to an extreme thermodynamic state with highly energetic
electrons surrounding cold ions. In the direction of restoring the thermodynamic equilibrium,
these electrons transfer their energy to their environment. Thus, an important gradient of
pressure and temperature builds up inside the volume of the irradiated area, resulting in a violent
decompression through emission of a shockwave (SW) which is a pressure wave propagating in
the material with a speed faster than that of the local speed of sound. Fs laser-generated SWs
can be used in various applications. Among them, a considerable number concerns gaseous
media and in particular air. An example of SW application is dry cleaning of surfaces from
various kinds of particle contaminants [6]. In that case, a fs laser is first focused in air at a certain
distance away from a polluted wafer with its propagation axis being parallel to the wafer surface.
The resulting SW interaction with the contaminant particles results in their removal with an
efficiency strongly dependent on the gap distance between the focal spot and the wafer surface.
Another example is supersonic flow control where a fs laser-generated plasma and resulting SW
modify the air flow resulting in drag reduction [7,8]. Additionally in the case of laser machining
of materials, it has been shown that fs laser-generated SWs in air may have an impact on the
quality of processing [9]. Finally, a unique feature of fs lasers is that thermodynamic effects
take place after the energy deposition ends, in contrast with longer pulses. Therefore, these fs
laser-induced SWs could potentially be used to simulate the effect of local explosions and the
resulting blast waves on their surrounding area, at the microscale level.

While the use of fs-laser-generated SWs in air has been demonstrated, the SW pressure is a
poorly known parameter. Naturally, knowledge of this parameter along with the SW propagation
geometry is crucial in modelling and thus efficient control of the above-mentioned processes.
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Surprisingly and to the best of our knowledge, we found a single study treating this subject,
which shows the capacity of the created shockwave to strongly influence fs pulse propagation in
double-pulse GHz experiments [10]. In contrast with ns pulses that were extensively studied
over the past few decades [11–17], no estimation about the shockwave pressure and propagation
characteristics in gas have been presented so far. Investigation of fs-laser-generated SWs in air
may provide insight into the more general laser-matter interaction topic. Especially in the case of
solids, a plethora of applications would be concerned as fs laser-generated SWs are used for laser
shock peening [18,19] or polymorphic transformations [20,21]. Measurements and knowledge of
their characteristics are also crucial for avoiding detrimental effects during laser-machining as
they might lead to mechanical defects such as formation of cracks around the processing region
[22].

In this work, we thus investigate the generation and evolution of shockwaves in ambient air,
induced by a single tightly-focused fs laser pulse. The incident power is set much below the
critical power in air (Pcr ≅ 5.4 GW at 1030 nm [23]), aiming to address the still unexplored
excitation regime for SW generation and characterization far from filamentation-driven regime
[24]. A home-built time-resolved, transmission microscope operated with visible light allows us
to directly observe both the plasma formation in the first few hundreds of fs and the generation and
propagation of the shockwave in space and time within a few ns range. Based on our observations
of the shockwave propagation, we use the conservation laws and the equation of state of ideal
gas to theoretically model the phenomenon. Following comparisons with experimental data,
our simulations provide the SW pressure evolution in space as a function of time as well as the
fraction of the incident laser pulse energy that is absorbed in air and is used in the generation of
the SW.

2. Methodology

2.1. Pump-and-probe transmission microscope

We have developed a pump-and-probe transmission microscopy technique which experimental
scheme can be seen in Fig. 1. The fs laser source is a diode-pumped linearly-polarized Yb-doped
fiber laser (Satsuma, Amplitude Systèmes) with a fundamental wavelength λ of 1030 nm, 360-fs
pulse duration (measured at full width half maximum), a maximum output pulse energy of 20 µJ
and a repetition rate up to 250 kHz. The laser energy is highly stable with no long-term drift and

Fig. 1. Schematic illustration of the pump-probe experimental setup.
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a pulse-to-pulse root mean square (RMS) stability less than 1.1%, measured at 250 kHz over 16
hours. Even if the pump-and-probe measurements are carried out using single laser shots, this is
important for ensuring good precision and robustness of the experiments when scanning a large
range of different time delays from femtosecond to nanosecond scale.

As shown in Fig. 1, the fs laser beam is initially divided into two parts with the help of a
beam splitter (20% reflection, 80% transmission). The most energetic part of the beam (pump
beam), that induces the air breakdown, passes through an energy attenuation system composed
of a half-wave plate and a polarizer. The laser is focused in air with the help of a microscope
objective lens (20x Mitutoyo Plan Apo NIR infinity corrected) with a numerical aperture (NA) of
0.4 and the entrance pupil completely filled. In these conditions, the focused spot diameter of
the gaussian laser beam is calculated to be 2w0 =

0.82×λ
NA = 2.1 µm, at 1/e2 of the maximum

intensity distribution of an Airy disk. Thus, the incident laser intensities I of the pump pulse
on the target (air) in the experiment, range from about 2.7 up to 4.9× 1014 W/cm2 (calculated
as I = Ep

πw2
0τ

, where Ep is the pulse energy and τ the pulse duration). The less energetic beam
part (probe beam) is converted to its second harmonic (at 515 nm) with the help of a type I
second harmonic generation BBO crystal. It is subsequently used for the illumination of the
pump-irradiated area in a perpendicular configuration providing femtosecond temporal resolution
(supposed to be close to the probe pulse duration) and micrometric spatial resolution (0.6 µm
according to the Abbe diffraction limit). The delay of the probe beam with respect to the pump
can be adjusted by changing the optical path of the probe with a delay line, which is composed of
a set of moving mirrors, within a range of about 5.5 ns. The illuminated area is then imaged with
the help of an objective lens (50x Mitutoyo Plan Apo NIR infinity corrected) with 0.42 NA, and
a CMOS camera (CS165MU Zelux, 3.45 µm square pixel size). Moreover, a dichroic mirror
combined with a laser line filter at 515 nm before the camera is used to filter the detected probe
beam from any parasitic light coming from plasma emission, scattering of the pump beam or
even from the illumination of the room.

In order to improve the signal-to-noise ratio and thus acquire precise information about the
change in transmission of the probe beam due to the effect of the pump beam, the probe images
are divided by a reference image, which is obtained exactly in the same operating conditions
but with the pump beam blocked. Using this approach, we observe the phenomenon from the
laser-induced plasma formation in the first hundreds of fs up to about 5.5 ns after laser irradiation
(limited by the length of the delay line), where the evolution of the emitted shockwave can
be observed. As it will be shown later, plasma observation allows precise initialization of the
simulations. The zero-time delay (t= 0) is defined as the instant at which a light-absorbing
plasma is formed following nonlinear absorption of the pump pulse. More precisely, this instant
corresponds to a drop in the probe transmission images.

2.2. Modelling

The commercial software Radioss from Altair Engineering Inc. is used to simulate SW
propagation in air induced by the femtosecond laser energy deposition. It is an explicit finite
element solver based on solid and fluid dynamics. The equation of state of the interaction medium
(air) is described by the perfect gas law. The evolution of the pressure P is provided by the Law6
software modulus [25] which is expressed in its simplified form (Eq. (1)) as a function of the
internal energy (per unit reference volume) ε of the system:

P = (γ − 1) ×
ρ

ρ0
ε (1)

In eq. (1), γ indicates the specific heat capacity ratio, taken equal to 1.4 considering air as a
diatomic gas, ρ is the density of air and ρ0, its initial unperturbed value at atmospheric pressure
equal to ρ0= 1.204× 10−3 g/cm3.
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Numerical 2D axisymmetric around (optical) z-axis simulations are further performed following
the arbitrary Lagrangian-Eulerian approach. As schemed in Fig. 2, three spatial domains are
defined. The first domain (in blue) corresponds to the initial volume in which the laser energy is
swiftly deposited in air, further leading to the shockwave generation. This volume corresponds to
the size of the experimentally observed laser-induced plasma (Fig. 3 b)). It is assumed ellipsoidal
with the parameters “a” and “b” defining its two semiaxes. Note that these quantities vary
insignificantly with respect to the laser excitation energy range (from 3 µJ to 5.5 µJ) considered in
this work and so they will be kept constant in the modelling, set to 5 µm and 0.75 µm respectively.
It is noteworthy to mention that the initial transverse size b of the laser energy deposition
volume is below the diffraction-limited laser spot (approximately 1 µm at 1/e2) because of the
predominance of multiphoton absorption in air at atmospheric pressure.

Fig. 2. Radioss 2D axisymmetric (around z-axis) numerical simulated configuration. The
optical (laser) axis is along the z-axis. The labels “a” and “b” are the two semiaxes of
the ellipsoid in which the energy deposition process takes place (in blue). The red area
represents the domain where the shockwave propagates in air at room conditions. Silent
bound conditions are shown in green to avoid reflection of waves.

The initial internal energy, which is necessary to define ε in this domain, is considered
homogenously distributed in the ellipsoidal volume. It corresponds to the part of the laser
absorbed energy dissipated to create the shockwave (ESW). ESW is numerically adjusted to
best reproduce the experimental measurements of the shock wave propagation distance versus
time (shown in Fig. 4). In support for that, we have performed a series of pump transmission
measurements (shown in Fig.S1 in Supplement 1). We estimated that the percentage of incident
laser energy that is conveyed to the shockwave channel is comparable with the percentage of
the incident laser energy that is absorbed in air. For example in the case of 5.5 µJ incident laser
energy, we found that air absorbs about 1.5% of it, while the adjusted ESW value corresponds to
approximately 1.3%. Note that, in practice, the SW is physically emitted at the periphery of the
energy deposition volume (limit of the blue region). However, for sake of simplicity and without
any consequences on the results shown hereafter, we suppose that it is emitted at the center of the

https://doi.org/10.6084/m9.figshare.21020938
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blue region. The second domain (in red) describes the area where the SW propagates, in which
initial conditions are set to ambient room conditions (1 atm, 23°C). Finally, the third domain
corresponding to the green layer is a silent bound (simulation condition to avoid wave reflection
at the end of the studied domain).

3. Results and discussion

Applying the aforementioned pump-and-probe transmission microscopy technique, we measure
the evolution of the shockwave propagation distance for four different incident pump pulse
energies Ep, ranging from 3 µJ up to 5.5 µJ. We noticed that air breakdown occurs at about 1 µJ,
corresponding to an intensity of 8× 1013 W/cm2. In the transmission images, the propagation
distance of the shockwave front is defined with respect to its emission coordinates used in the
modelling (corresponding to the center of the energy deposition volume). This propagation
distance corresponds to the size of a fitted ellipse in the compressed area with α and β the
major and minor semiaxis respectively. Figure 3 shows transmission images for a pump pulse of
incident energy Ep= 5 µJ. Initially, at negative delays, at which the probe pulse arrives before
the pump pulse, we cannot observe any feature in the transmission images (Fig. 3 a)). As delay
increases in the first few hundreds of fs, we can observe the laser-induced plasma formation in
air, as a narrow dark region with ellipsoidal shape (Fig. 3 b)). Long after the pump pulse ends,
a supersonic expansion occurs and the shockwave can be clearly distinguished towards 100 ps

Fig. 3. Time-resolved pump-probe transmission images in air for 5-µJ incident pump pulse
energy, with varying probe delays from a) 0.5 ps before pump irradiation, to b) plasma
observation after pump pulse ends, and c) to i) observation of the ellipsoidal shockwave
evolution within a few ns, with 2α and 2β in i) being the major and minor axes of the fitted
ellipse.
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yielding a thin overdense zone at the periphery of the plasma (Fig. 3 c)). Its evolution is observed
within the next few ns (Fig. 3 d) to i)) and its propagation distance (α and β) is measured. The
fitted ellipse has its long axis 2α along the direction of the optical axis and its short axis 2β along
the axis perpendicular to the optical axis (as shown in Fig. 3 i)).

From the transmission images (Fig. 3), we also notice that the expansion of the shockwave is
anisotropic for the two axes, as the ratio of 2α to 2β is not constant for all delays. This denotes
that for our focusing conditions the shockwave does not exhibit the same behavior in the two axes,
at least during the first few ns. We attribute it to our laser focusing conditions, which result in the
deposition of the laser energy into a volume of ellipsoidal shape. Thus, the generated shockwave,
which is emitted from the surface of this ellipsoid, commences its propagation with different
initial velocities in the two directions (α and β) following the difference in deposited energy
density along and transversely to the laser optical propagation. As the shockwave propagates in
air, its pressure drops due to interaction of the compression wave with the medium and associated
rarefaction wave and also the geometrical effect of the wave surface expansion. The velocity of
the wave drops in a non-linear way towards the sound velocity. As a consequence, this anisotropy
is observed during the supersonic expansion of the shockwave, and we expect it to last until the
sonic limit is reached.

Using the model described in section 2.2, the evolution of the shockwave propagation distance
is estimated in Fig. 4 as a comparison between the experimental measurements (colored symbols)
and the corresponding simulated data from our model (colored lines). The simulated SW positions
correspond to the position of the pressure maximum at a given time. This is done for the α and
β semiaxes of the shockwave and for all four used incident energy Ep and their corresponding
initial energy loadings (ESW) used in the model. The error bars in the graph correspond to the
spatial uncertainty related to the determination of the semiaxes of the fitted ellipse. From these
graphs it is evident that the simulated curves match well the experimentally measured data for all
four cases. As expected, the increase of Ep leads to the generation of shockwaves with higher
energy loading ESW and faster expansion. This increase in ESW varies however in a nonlinear
way with Ep from 0.15% for Ep equal to 3 µJ up to about 1.3% of Ep for the case of 5.5 µJ.

Fig. 4. Evolution of the shockwave propagation distance based on our experimental
measurements (symbols) and the model (lines) along the a) α semiaxis and b) β semiaxis
of the ellipsoid, for 4 different incident pump pulse energies (Ep) and their corresponding
shockwave initial energy loadings (ESW ) according to the model.
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This indicates that the percentage of Ep that converts into mechanical energy in the form of a
shockwave increases with Ep, resulting from higher degree of ionization of air particles at higher
incident energy density. It is noticeable that the same increasing trend is observed from the pump
absorption measurements in Fig. S2 of Supplement 1).

The very good agreement observed between experiments and simulations for the shockwave
evolution over the whole range of our temporal observations justifies our initial consideration of
air medium behaving as an ideal gas even for the highest energy deposition conditions. As a
consequence, we can further apply the model to calculate the evolution of the SW pressure. The
pressure evolution, derived from the model for all simulated cases of Fig. 4, is presented in Fig. 5
a). From this graph, it is noticeable that the initial pressure loading is in the range of GPa and
within a few ns, the pressure drops about three orders of magnitude into the MPa range. As also
observed previously, the pressure is not equal in the two directions along and perpendicular to
the optical axis (α and β respectively). In all cases the pressure along β direction is higher than
along α one. Recently, it was shown that laser-generated SWs in air can be used for mass/charge
delivery into the optical path of a laser pulse resulting in increased THz emission efficiency [26].
The authors have achieved this by using double fs-laser pulses of 8-µm focal spots separated by
11 µm corresponding to a relative separation (separation distance over the focal spot diameter) of
1.375 times the laser spot. Interestingly, within the framework of our studies we have measured
a maximum density increase of ∼3 times the initial air density, 3 µm away from the center of
the laser spot along Y axis (corresponding to the same relative separation as in [26]) for the
maximum energy used.

Fig. 5. Time evolution of the a) pressure and b) velocity of the shockwaves according to the
model, for the two directions α (solid lines) and β (dashed lines) and for the four different
initial energy loadings ESW (different colors).

It is worthwhile to mention that the pressures reached are comparable with the ns laser-induced
shockwave pressures needed for the cleaning of surfaces. For example, in the study of Kim et al.
[27], a silicon surface is cleaned from alumina particles using a 1.7 MPa shockwave, and in the
study of Kumar et al. [28], a steel substrate contaminated with uranium oxide particles is cleaned
with the help of a 5 MPa shockwave. By reaching such shockwave amplitude with small incident
energy (in comparison to the nanosecond case), femtosecond lasers provide inherent advantages
for efficient small-scale damage-free cleaning as demonstrated in the works of Park et al. [6].

The evolution of the shockwave velocity according to the model can be seen in Fig. 5 b) for
both α and β directions. The speed of sound in air at 23°C room temperature (0.33 km/s) is also

https://doi.org/10.6084/m9.figshare.21020938
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shown for comparison. Like pressure, velocity reaches higher values with the increase of initial
energy loading and exhibits the same asymmetry for the two directions α and β, the expansion
being faster along β direction. The initial velocity of the shockwave ranges between 3.5 and 13
km/s depending on the initial energy loading. Although it quickly drops close to 1 km/s within a
few ns, it still remains in the supersonic regime throughout our observations. This indicates that
the shockwave degenerates into an acoustic wave in a much later time delay. This may be of
importance in perspective of laser material processing in air with multiple pulses [9] and/or at
extremely high pulse repetition rate as now reached by commercial femtosecond laser sources
[29].

4. Conclusions

We have experimentally observed the formation and evolution of fs laser-induced shockwaves
with the help of a time-resolved transmission microscope, from the laser energy deposition up
to 5.5 ns after. The laser energy deposition takes place within the first few hundreds of fs and
the shockwave can be clearly measured at about 100 ps after laser irradiation. The shape of
the generated shockwaves is ellipsoidal with the expansion being anisotropic for the two axes.
This evolution is in very good agreement with our simple modelling approach, based on the
conservation laws and the equation of state of ideal gas. According to our findings, in our focusing
conditions (with NA ∼ 0.4), most of the absorbed laser energy is converted into mechanical
energy in the form of a shockwave with an initial pressure loading in the range of a few GPa and
an initial velocity in the range of a few km/s. The pressure quickly drops in the MPa range within
a few ns, but the shockwaves remain in the supersonic regime throughout the 5.5 ns range after
femtosecond pulse energy deposition.
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