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1.  Introduction

The propagation of an intense, focused femtosecond laser 
pulse in optically transparent condensed matter is accompa-
nied by numerous complicated processes taking place inside 
the medium. At laser intensities above I  ~1012 W cm−2 the 
main roles played are linear and nonlinear absorption, Kerr 
self-focusing and plasma defocusing. Therefore, due to a 
dynamic balance between self-focusing, plasma defocusing 
and diffraction, when the peak power of the laser pulse (Pl) 
exceeds the critical power (Pcr), a laser filament is fired in 
the medium [1] and the laser-induced shock wave can spread 
around the plasma channel. Parameters of the laser-induced 
shock wave strongly depend on the specific energy delivery. 
Due to this reason, it can be expected that in a tight-focusing 
regime it is possible to build an extreme state of matter. If the 
beam aperture is quite large and Pl >> Pcr, multifilamentation 
occurs. Additionally, the power conserved in the each fila-
ment is about Pcr, thus energy is distributed between the fila-
ments and the energy reservoir is stretched out over a huge 
area [1]. The tight focusing of the laser beam can sufficiently 
increase the laser pulse intensity in the irradiated area (up 
to I  ~1014 W cm−2 [2–5]). Thus, Kerr self-focusing prevails 
over plasma defocusing and diffraction and one continuous 

plasma channel can thereby be formed. A similar effect has 
also been observed in gases [6]. Moreover, at such high laser 
intensities, high-order processes may start to play a signifi-
cant role that, in turn, complicates the scenario of laser-mat-
ter interaction. The nonlinear refractive index also can be 
efficiently changed by molecular vibrations and librations, 
which are excited by resonant laser–matter interactions [7]. 
It should be stressed that currently there are few studies that 
describe propagation of an intense femtosecond pulse tightly 
focused into liquids accompanied by filament formation and 
various post-effects on nanosecond and microsecond times-
cales [1, 8]. There are several studies describing the shock 
waves induced by the femtosecond filament in crystalline 
transparent dielectrics [9, 10] but the absence of the crystal 
lattice leads to different routes in laser energy redistribution, 
which, in turn, reflects on the nature of laser-induced shock 
wave generation and evolution [11].

The main carriers of laser energy to matter are plasma 
electrons. The amount of energy delivered to the medium 
depends on the density of electrons and their mean energy. 
Plasma electron densities achieved in a tight focusing geom-
etry (ne~1020 cm−3) are much higher than in the case of col-
limated or loosely focused beams (ne~1018 cm−3) with the 
same energy [12, 13]. Hence, in a tight focusing geometry, 
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higher energy input to a microvolume is reached and electron 
gas pressure can overcome GPa for liquids and TPa for solids  
[8, 9, 13–15] and as a result, an extreme state of matter is 
formed. Due to such huge pressure, supersonic shock waves 
are emitted from the plasma formation region. The shape and 
initial speed of the shock wave strongly depend on the spatial 
laser-plasma density distribution. To control the shock wave 
one, a special complex pattern of laser-induced plasma can 
be created. One of the possible ways to create such a specific 
pattern is by adding aberrations to the optical scheme, ena-
bling non-uniform shock wave generation in water [16]. The 
strongly non-spherical shock wave can be a useful tool in the 
synthesis of new materials [17], 3D microfluidic chip fabrica-
tion [18], phase separation, new unusual phase transition [4], 
chemical reaction control [19] and a variety of medical thera-
pies such as mechanical optical clearing [16].

In this letter, we report the first, to our knowledge, in situ 
space-time characterization of shock wave changes induced by 
a femtosecond laser-plasma filament in water as a convenient 
prototype for a condensed medium. We focus on a study of fea-
tures controlling the parameters of the shock wave produced 
in water by a tightly focused femtosecond laser beam with a 
power significantly exceeding critical power (up to 50 Pcr). 
Two major points, namely tight focusing (numerical aperture 
(NA) = 0. 4) and significant overcoming of the critical power, 
provide a unique single filament generation regime with close 
to critical electron density value along its axis, which can-
not be reached in other cases. This provides the advantage of 
increased control over the properties and geometry of the laser-
induced shock waves in a liquid sample. Moreover, we dis-
cuss the aberrations as one of the possible ways to effectively 
increase the filament length and shock impact of the material.

2.  Experimental setup

In the experiments the Cr:forsterite femtosecond laser (wave-
length of 1240 nm, pulse duration of about 140 fs, laser energy 
up to 150  µJ, intensity contrast of about 5   ×   104 ASE and 

repetition rate of 10 Hz) was employed. A shadow photography 
technique was applied to probe the dynamics of laser-induced 
shock waves. In this technique, shadows of the shock waves 
as well as cavitation bubbles were observed on the charge-
coupled device (CCD) camera due to probe pulse scattering on 
the refractive index modulations, caused by the acoustic pres-
sure. The experimental scheme is sketched in figure 1.

A beam splitter divided the initial laser beam into two 
beams: pump and probe. The half-wave plate with a Glan 
prism was used for attenuation of the incident pulse energy. 
The pump beam was tightly focused into a water cell (wall 
width of 100 µm) by two different aspheric lenses manufac-
tured by Philips (for CAY033, the NA was 0.4 and the focal 
length was 3.3 mm; for CAY046 the NA was 0.4 and the focal 
length was 4.6 mm). The different lenses were selected to real-
ize different regimes of plasma formation. For the CAY033 
lens, the focal spot diameter was 4 µm and the Rayleigh length 
was 15 µm measured in air conditions. Taking into account 
linear absorption of water at 1240 nm at about 1.16 cm−1, only 
61% and 50% of incoming energy was delivered to the focal 
waist in case of CAY033 and CAY046 lenses, respectively. 
For visualization on a CCD camera the frequency of the probe 
pulse was doubled in a beta barium borate (BBO) crystal. 
Then, the probe beam was scattered by a diffuser plate for uni-
form illumination of the water cell and then collected by the 
CCD camera. The optical delay could be changed by moving 
the mirror’s position from zero to 25 nanoseconds. Turning the 
focusing lens at 180° with respect to laser radiation allowed us 
to artificially add spherical aberrations to the scheme. To char-
acterize focusing conditions, the experiments were carried out 
in air and in water. When the aspheric lens was placed in air, 
a bright spark 4 µm in diameter and about 30 µm in length was 
observed. However, in water, a plasma channel (length more 
than 100 µm) was formed. To avoid aberrations in other cases, 
the aspheric lens was placed inside the water cell.

Examples of the shadowgrams are provided in figure  2. 
To improve image quality, ten images were averaged and the 
background was subtracted. Using this technique, we observed 
the shock wave dynamics on a nanosecond timescale. It is 

Figure 1.  Experimental setup. The incoming femtosecond laser pulse splits into two channels. The pump pulse is tightly focused by 
aspheric lens into the water cell. The energy of pump pulse is varied by a half-wave plate and a Glan prism. The second harmonic is used as 
a probe pulse and is scattered in a matted plate. After it is passed through the water cell with a shock wave, the probe radiation is collected 
by microscope objective on the CCD matrix. The temporal resolution of this scheme is about 200 fs, and the optical delay can be changed 
by moving of mirror’s position from zero to 25 nanoseconds.
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well known that there is a threshold of shock wave forma-
tion that can serve as an ionization breakdown indicator. The 
laser energy of the shock wave formation threshold was meas-
ured as 6  ±  1  µJ from the shadow pictures captured for the 
lens with 3.3 mm focusing length. Taking into account linear 
absorption, the ionization breakdown threshold was equal to 
3.6  ±  0.2 µJ (the laser intensity was about 1013 W cm−2). This 
is in a good agreement with results obtained by other methods 
using similar focusing geometry, both in water and in other 
transparent dielectrics [20].

For contrast shock wave creation, it is necessary to deliver 
extreme energy to a microvolume. In the case of loosely 
(NA less than 0.2) focused or collimated beams, the simple 
increase of laser radiation power fails to achieve high plasma 
densities. When the peak power of the laser radiation is sig-
nificantly higher (supercritical regime, P  ~50  Pcr) than the 
critical power of self-focusing [1], a dynamic balance between 
self-focusing, plasma defocusing, and diffraction occurs and 
thus a laser filament is formed. In this case, at such high peak 
powers of laser radiation, small-scale self-focusing results in 
the laser beam falling into multiple thread-like, separate living 
filaments [21]. The electron density in each filament is about 
1018 cm−3 [8]. Thus, the pressure, achieved in the ideal electron 
gas at such densities and electron energies (about several eV), 
is about several kilobars (p = ne kT). For such low shock pres-
sures the speed of shock waves are slightly above the speed of 
sound and shock wave’s amplitude is low. Consequently, such 
shock waves are not detectable by the shadow photography 
technique since the modulation of the refractive index is pro-
portional to the shock wave amplitude. Our preliminary exper-
iments in loose focusing conditions showed that in the regime 
of multiple filamentation there were no detectable cavitation 

bubbles and laser-induced shock waves. For 0.2 < NA < 0.3, 
energy localization along the optical axis grows and com-
petition occurred with a strong energy exchange between 
different filaments [1, 21]. This led to random filament dis-
tribution across the laser beam and each filament launches a 
shock wave; however, they did not form one contrast wave. In 
case of tight focusing geometry (NA ≥ 0, 3), electron density 
was about 0,1ncr (ncr = meω2/4πe2 ≅ 7.3  ×  1020 cm−3) and the 
plasma electron energy was sufficiently larger than in loose 
focusing geometry [13]. The electron gas pressure in this case 
was about 1 GPa, which led to contrast shock wave genera-
tion. In this regime, the energy was localized in the microvol-
ume that is 4 µm in diameter and thus there are no conditions 
for the multiple filamentation; as a result, a single continuous 
filament was created [6, 16]. The length of the femtosecond 
filament depends on the energy absorbed from the laser pulse. 
Increasing the energy of the laser pulse leads to an increase 
in the length of the filament. This growth is limited by linear 
and nonlinear absorption in medium. Varying the energy of 
the laser pulse, we determined two different regimes. At ener-
gies slightly above the threshold, one spherical shock wave 
is formed (see figure 3(a)). With the increase of laser pulse 
energy, a single, stable pulse-to-pulse laser filament is fired. 
Each point of the filament becomes the centre of shock wave 
and cavitation bubble generation. The superposition of these 
spherical shock waves builds the cylindrical shock wave [22]. 
Shock wave diameter evolution with the laser energy can be 
restored from shadow pictures (see figure 3). The subsequent 
shock wave dynamics can be completely described by hydro-
dynamic equations [23].

In the experiments, we determined that shock wave diam-
eter tends to saturation with the square root of incident pulse 

Figure 2.  The shadowgrams of the shock waves, delayed on 18.6 ns. The incident laser pulse energy: (a) 10, (b) 17, (c) 34, (d) 86, 
(e) 6.6, (f) 13.7, (g) 20.5 and (h) 51.3 µJ. The shadow pictures in the left column were observed when a 3.3 mm focusing lens was used. 
The bright region in the centre shows the plasma location. The contour outside the plasma region shows the laser-induced shock wave 
front. The shadow photographs on the right were observed when the aberrations were added to the scheme using a 4.6 mm focusing 
lens. In addition, a bandpass (620  ±  20 nm) filter for plasma radiation blocking was added to the scheme. The dark regions show the 
cavitation area and shock waves.
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energy (see figure  3(b)). This can be explained if intensity 
clamping is taken into account. With the increase of laser pulse 
energy, the intensity tends to saturation due to the dynamic 
balance process taking place in the laser filament. Therefore, 
there is a plateau in the electron concentration [24]. Thus, the 
energy that can be transferred from the laser radiation to the 
plasma and then from the plasma to each shock wave in the 
ionization breakdown volume is limited. For femtosecond 
pulses, the role of plasma shielding is less than in the cases 
where picosecond or nanosecond pulses are used because 
the plasma is formed at the tail of the femtosecond pulse and 
effective shielding cannot be achieved [25]. The shock wave 
energy is the square root of its radius, due to the mass flow 
conservation and its spherical symmetry [26].

Using the experimental dependence of diameter of the 
shock wave on time, it is easy to estimate shock wave front 
velocity. In the simplest case, speed decreases exponen-
tially, reducing to the speed of sound [27]. To estimate pres-
sure at the shock front, an empirical equation was used [28]. 
For the incident laser energy of 130 µJ, the shock wave front 
velocity is 2300   ±   200 m s−1. The shock pressure can be 
calculated as 1.0  ±  0.1 GPa, which is similar to the results 
in [27, 29, 30] and in good agreement with shock pressure 
upper limits corresponding to the electron gas pressure  
estimated by 1 GPa for a density value of 0,1 ncr and the 
electron mean energy about 10 eV.

The last series of experiments were carried out with a 
CAY046 lens when aberrations were added to the optical 
scheme. The aberrations provide an opportunity to create a 
hot spot complex pattern along the optical axis. The inten-
sity of the laser radiation decreases with each following hot 
spot [31]. In this regime, multiple shock waves are gener-
ated. Aberration hot spots become the centres for cavitation 
bubbles and spherical shock wave generation. At low laser 
pulse energies, only spherical shock waves are generated (see 
figure  2(e)). At higher laser pulse energies, several dotted 
sources, isolated from each other, create a complex envelope 
of shock waves (see figure 2(f ), (g) [22]). With the increase of 
laser energy, additional shock waves are generated from new 
plasma, forming a cylindrical shock wave (see figure 2(h)). 
This is caused by filament formation in each hot spot. The 

phenomenon is similar to one observed by using a lens with 
a 3.3 mm focusing length. Thus, aberrations could effectively 
increase the length of the laser filament and the laser-induced 
shock impact on material.

3.  Conclusion

We performed the first spatio-temporally resolved study of 
shock wave changes induced by femtosecond laser-plasma 
filament in water in a supercritical power regime. Laser-driven 
plasma assisted shock wave shaping by varying the femtosec-
ond laser pulse energy and focusing parameters was carried 
out. It was shown that tight focusing of an intense femto-
second laser beam provides the unique opportunity to fire a 
single steady filament in a liquid sample. Redistribution of the 
energy conserved in the filament on a nanosecond time scale 
leads to contrast laser-induced shock wave generation. The 
parameters of such laser-induced shock waves can be easily 
controlled and cannot be realized in a multifilament regime. 
Only at the specific threshold energy were spherical shock 
waves generated. With the increase of laser pulse energy, 
multiple spherical shock waves were generated, forming a 
single cylindrical shock wave. Aberrations added to the opti-
cal scheme lead to multiple dotted plasma sources for shock 
wave formation, spaced along the axis of pulse propagation. 
Increasing the laser energy launches at each dot enhances the 
length of the entire filament and as a result, the shock impact 
on the material. In the plasma assisted regime, the dependence 
of the diameter of the cylindrical shock wave on laser pulse 
energy tends to saturation, which can be associated with inten-
sity clamping (saturation) in the laser filament. The profile of 
the laser-induced shock wave is non-uniform; therefore, when 
aberrations are added to the optical scheme, complex patterns 
of non-spherical shock wave can be generated.
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