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Abstract

Simple and universal relations between the laser pulse energy of the third
harmonic of a Nd:YAG laser source (5 ns) and the pressure at the abla-
tion point are investigated for the ablation of a solid target in air and in
water. Shockwaves propagation are reconstructed using time-resolved shad-
owgraph imaging. The propagation in air is well-described by Taylor–von
Neumann–Sedov’s theory for over-pressure at the shock front larger than ten
times the atmospheric pressure, but the energy distribution appears to be
anisotropic and mostly directed in the normal direction to the target’s sur-
face. We compare the pressure at the shock front deduced from its velocity
using Rankine-Hugoniot’s relation with the pressure deduced from Taylor’s
model only related to the laser pulse energy. Rankine-Hugoniot’s relation ap-
pears more appropriate to evaluate the early pressure in the plasma plume.
The shockwaves velocity in water is hyper-sonic during 50 ns and then reaches
the sound velocity. Pressure values at the shock front are compared using
two different approaches accounting for different state’s equations, namely
the Rice and Walsh’s equation and Tait’s equation. In both cases, the abla-
tion pressure is found out to reach several GPa and increases as the square
root of the laser intensity.

Keywords: Laser Ablation in Liquids, Laser Induced Breakdown
Spectroscopy, Shock waves, Shock blast, Taylor–von Neumann–Sedov,
Rankine-Hugoniot, Pressure measurement
PACS: 52.38.Mf, 79.20.Ds, 52.35.Tc, 43.25.Cb, 43.28.Mw, 43.58.Dj, 47.50.Ef

Email address: david.amans@univ-lyon1.fr (David Amans)

Preprint submitted to Applied Surface Science October 2, 2021

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0169433221026398
Manuscript_714aba9723f925b62a892172a2ff701b

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0169433221026398
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0169433221026398


1. Introduction

In the framework of laser ablation based techniques, reliable and simple
approaches to assess the shock pressure during laser ablation are of great
interest to investigate laser ablation processes, structural modification of the
target and its environment, but also laser-generated plasma thermodynam-
ics. We show that simple approaches, well known for laser-generated shock
wave in bulk fluid (air, water. . . ), can be applied to solid/fluid interfaces in
the framework of the laser source widely used for laser ablation (nanosec-
ond and millijoule pulses). The characterisation of the shock pressure is
relevant in the health field with the development of laser surgery and di-
agnostic on biological tissues [1, 2, 3, 4], in mechanics with laser micro-
machining and laser remelting [5, 6, 7], or more generally with the issue
of laser-induced damages of the target [8, 9] as well as non-thermal phase
transitions induced by laser [10, 11, 12]. On Mars, the SuperCam micro-
phone records the sound from the laser-generated shock wave to determine
the amount of matter removed during LIBS measurement and the softness
of the target [13]. Pressure in laser-generated plasma is also a parameter of
interest for LIBS [14, 15, 16] as well as for the nucleation of particles in plas-
mas [17]. Since the nineties [18], laser ablation in liquids is constantly proving
its reliability and its versatility to produce colloidal solutions of nanoparti-
cles [19, 20, 21, 22, 23, 24], but the characterisation of the thermodynamic
conditions of temperature and pressure remains an open issue [25, 26]. The
measurement of the pressure at the ablation point is no easy task. Laser-
generated plasmas are transient states, with short lifetimes from a few hun-
dreds of nanoseconds in liquids [25] to a few tens of microseconds in air [27],
and usually sub-millimetric. One way to measure the pressure at the ablation
spot is through the measurement of the shock wave dynamics. The shock
wave dynamics in air is described by Taylor’s auto-similar blast theory [28, 29]
for over-pressure at the shock front larger than ten times the atmospheric
pressure [30]. The model is also named the Taylor–von Neumann–Sedov’s
model. In the framework of laser ablation, this model is often discussed,
showing its relevance despite systematic discrepancies between the shock
front dynamics and the pulse energy [31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41].

The dynamics of the pressure field following a laser-induced breakdown
in bulk water has been widely investigated by Vogel et al. [42]. The pressure
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at the shock front can be calculated from the shock front velocity using two
different analytical models: the conservation of momentum at a shock front
accounting the Hugoniot’s curve data determined by Rice and Walsh [43], or
the isentropic Tait’s [44] equation and Gilmore’s model. The second approach
leads to lower values of the pressure [42].

In this paper, we study the dynamics of the shock waves generated by
nanosecond laser pulses focused on gold, corundum aluminium oxide (alu-
mina) and paraffin targets for a large range of pulse energy. In air, we inves-
tigate the ability of Taylor’s model to describe the shock front dynamics and
the effect of the blast anisotropy on the evaluation of the pulse energy. The
pressure evolution given by Taylor’s model is compared to pressure values
determined from the shock front velocity using Rankine-Hugoniot’s relation.
In water, the initial pressure is determined from the shock wave velocity and
compared with the analytical model developed by Fabbro et al. [45] for the
pressure induced by the formation of a laser-generated confined plasma.

2. Measurement Set-up

Sample

iCCD Camera

Gating 5 ns

Pulsed Laser

9 Hz, 5 ns, 355 nm

Laser

30 mW

Diaphragm

Figure 1: Outline of the measurement apparatus. For the measurements in air, the water
tank is removed.

The third harmonic of a YAG-Nd pulsed laser, a Surelite laser from Con-
tinuum (355 nm, 5 ns, jitter ±1 ns, 9 Hz, 60 mJ per pulse) is focused either
on a mono-crystal of alumina, on a pure target of gold (99.99% from Neyco),
or on paraffin from Roti-Plast to study metals, dielectrics and soft materi-
als close to organics. Corundum alumina was grown by Czochralski (Cz)
technique in our facilities [46, 47]. The ablation is performed at ambient
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conditions either in air or for targets immersed in 1 cm of deionized water.
The laser-induced hemispheric shock wave is observed using a shadowgraph
imaging setup (see figure 1). The light source for the imaging is a 30 mW
cw diode laser (445 nm). The gating of the intensified CCD camera from
Andor (iStar 334T, 1024×1024 pixels, 13 µm size) is set to 5 ns. In liter-
ature, picosecond time resolution are achieved using an ultra-short pulsed
illumination source instead of a continuous laser [48, 49], but 5 ns time reso-
lution appears short enough to observe the shock front position and measure
its velocity in a time range in which Taylor’s model is valid (large overpres-
sure). The delay between the ablation pulse and the camera is controlled by
a digital delay/pulse generator DG645 from Stanford Research Systems. The
time 0 is set by the image showing the native plasma plume, 2.5 ns shifted
to account for the 5 ns integration time of each image. The resolve limit
of the objective (Zoom 6000 from Navitar) is 4.7 µm. The resolve limit of
the imaging system (iCCD and objective assembly) is 5.3 µm. The spatial
uncertainties are not limited by spatial resolution. The uncertainty on the
shock front position at a given delay is mainly determined by the repeatabil-
ity issue from pulse to pulse. For each delay, the positions of the shock front
displayed in figure 2 and figure 3 correspond to the average values deduced
from several repetitions of the measurement (three to five). The error bars on
the shock front positions correspond to the 90% two-sided confidence interval
according to the student’s t distribution and thus account for the number
of measurement used to compute each average position. The pulse energies
are measured with a thermal power sensor from Thorlabs, namely the S470C
head connected to the PM100D console.

Figure 2 (a) shows selected images of the shock wave propagating in air
and following the ablation of a gold target with a pulse energy of 3.1 ± 0.1 mJ.
A narrow band-pass filter (5 nm) centred on the continuous laser wavelength
at 450 nm is added to limit the saturation of the iCCD camera due to the
plasma and to better observe the shock front position at the early delay.

Figure 3 (a) shows selected images of the shock wave propagating in
water and following the ablation of an alumina target with a pulse energy
of 41 ± 2 mJ (70 ± 30 GW/cm2, see supplementary materials). The
oblique shock waves correspond to head waves induced by the propagation
of leaky Rayleigh surface waves, as well as compression waves propagating
in the target close to the interface.

In water, the characteristics of the ablation laser have little importance
on shock waves triggering and they have been observed in many configura-
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tions [50, 51, 52, 53, 11, 54, 55, 56, 57, 58, 59, 60]. The deposited energy
depends on the presence of particles or remaining bubbles from previous
pulses [61], which hinders the repeatability of the ablation from pulse to
pulse. Moreover, the ablation of particles on the laser path leads to spherical
shock waves above the main one [62], complicating the measurement. To
limit these phenomena, the water was changed and the cell cleaned every
forty laser pulses, corresponding to a full time-shift. Every frame recorded
while no ablation sound was heard were discarded. Despite these precau-
tions, the position of the shock wave in water fluctuates much more than in
air. At least three reliable repetitions of the measurements were performed
for each delay to compute the position of the shock front.

3. Results and discussion

3.1. Propagation in air

The propagation of laser-generated shock waves in air is well described
by the similarity model developed by Taylor for the atomic bombs [28, 29].
In particular, the evolution of the position of the shock wave R(t) is given
by:

R(t) =

(
E

ρ0K

)1/5

t2/5 (1)

with E the energy of the explosion, ρ0 the density of the air, and K is a
dimensionless constant that depends on the heat capacity ratio γ. For a gas
composed of diatomic molecules, γ value is 1.4 and K value is 0.856. The
maximum pressure at the shock front is then given by:

p(R) = 0.155
E

R3
(2)

Figure 2 (b) represents the position of the shock wave generated by the
ablation of a gold target for 5 different pulse energies (0.09 ± 0.01, 0.8 ±
0.05, 2.6 ± 0.2, 11 ± 1 and 51.6 ± 2 mJ) . The position corresponds to the
distance perpendicular to the target between the bottom of the plasma and
the position of the shock wave. The solid lines correspond to Taylor’s model
fitted on the experimental data. The effective energy values obtained from
the fits are respectively E = 0.081± 0.04, 3.73± 0.15, 13.0± 0.5, 43± 3 and
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110± 2 mJ. The model describes very well the experimental data except for
the lower pulse energy where the shock wave velocity slows down faster after
100 ns. For such conditions, the overpressure is too low (less than 10 times the
atmospheric pressure) and Taylor’s model fails [30]. Excepted for the smallest
pulse energy, the energy deduced from the fit using Eq. 1 is systematically
over-estimated as reported in previous works [36, 34, 32, 39]. We find that
most of the energy contributes to the propagation of the blast wave in the
normal direction to the target’s surface. This assumption was introduced by
Hall et al. [31] and often mentioned while not investigated [31, 34, 32, 39].
Figure 2 (d) shows the angular distribution of the energy calculated from
the position of the shock front according to Taylor’s model (Eq. 1) for a
pulse of 7.8 ± 0.2 mJ at t = 300 ns. For each angle, the distance of the
shock wave is measured from the centre of the ablation spot. In red is
represented the angular average of the energy over the hemisphere. The
energy appears to be distributed mostly in the direction perpendicular to
the target’s surface, explaining the model overestimation of the pulse energy
in that direction. The angular average of the energy is very close to the pulse
energy as it is a conserved quantity. Previous works already consider such
anisotropy [31, 40, 41], but without addressing the angular averaging.

Figure 2 (c) shows the excellent agreement between the energy of the
laser pulse and the calculated energy from Taylor’s model averaged on all
the emission angles. The model does not depends on the characteristic of
the target as shown by measurements on alumina (red dots), paraffin (blue
dots) and gold (black dots). It appears that the pulse energy corresponds to
the appropriate parameter in the Taylor’s model to reproduce the average
shock wave dynamics in air, but the pulse energy does not correspond to the
energy stored in the shock wave propagating in air. Indeed, a fraction of the
energy is stored in the shock wave propagating in the target and an other
fraction corresponds to the plasma formation.

Energies deduced from the fits displayed in figure 2 using Taylor’s model
(Eq. 1) are used to compute the pressure as a function of the shock front
position according to Eq. 2 (dashed lines in figure 2 (e)). These values are
compared to the pressure deduced from the shock front velocity us using
Rankine-Hugoniot’s relation:

ps(R) = p∞

(
1 +

2γ

γ + 1

(
M2

s − 1
))

(3)

with Ms = us/c0 the mach number and c0 = 340 m/s the sound velocity
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in air. In figure 2 (e), ps(R) calculated from discrete differential of the po-
sition are represented with dots. Solid lines represent the same data using
the MATLAB lowess smoothing on positions and velocities to improve the
reading.

Taylor’s model and Rankine-Hugoniot’s relation are in good agreement
for pressure larger than 1 MPa as expected. For large pressure, Rankine-
Hugoniot’s relation converges with Taylor’s model. For lower pressure values,
Taylor’s model is no more valid and one should consider other model to
describe the shock-front dynamics[30]. At the earliest time, the pressures
deduced from the velocity of the shock wave reaches a plateau while Taylor’s
model diverges. The initial speed of the shock wave is not as great as expected
by Taylor’s model because the energy deposition is never perfectly spatially
localised nor instantaneously delivered. We find that Taylor’s model fails to
describe the pressure before 20 ns. However, the initial pressure can be easily
estimated by Taylor’s model, injecting Eq. 1 in Eq. 2, for an effective time
t?:

P (t) = 0.141
ρ
3/5
0 E2/5

t?6/5
(4)

with E the pulse energy. In the case of air, t? = 10.3 ns (90% confidence
interval [8.4, 13.7]) and P [MPa] = (38± 10)× (E [mJ])2/5 at 20 ◦C (see sup-
plementary information). Despite a focal point of about 100 µm, the pressure
remains high even after a few mm which can explain the important damages
observed on soft materials like biological tissue in LIBS for instance [63].

3.2. Propagation in water

In the case of propagation in water, the shock front appears mostly hemi-
spherical, with low anisotropy (see figure 3 (a)). We will only discuss the
pressure deduced from the velocity of the shock wave in the perpendicular
direction to the target’s surface. The shock wave’s velocity can be related to
the pressure at the shock front as reported by Vogel et. al [42] using (model 1)
the conservation of the momentum at a shock front and the Hugoniot’s curve
data determined by Rice and Walsh [43] or (model 2) the Gilmore model and
the Tait’s equation of state. In the case of the model 1:

ps = p∞ + c1ρ0us

(
10

us−c0
c2 − 1

)
(5)

with c0 = 1483 m/s the sound velocity in water at 20 ◦C, p∞ = 105 Pa
the room pressure, c1 = 5190 m/s, and c2 = 25306 m/s. In the case of the
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model 2:

ps = (p∞ +B)

(
2nu2s

(n+ 1)c20
− n− 1

n+ 1

)
−B (6)

with B = 314 MPa and n=7 for water [42] at 20 ◦C.

Figure 3 (b) represents for 3 different pulse energies (0.8, 2.8 and 27.8 mJ)
the position of the shock front. A second-order polynomial curve fit of the
shock wave position for t < 80 ns (solid lines on figure 3 (b)) provides its
initial velocity used for the pressure calculation at the ablation point. When
there is no ablation (black dots), a pressure wave traveling at the speed of
the sound velocity (red solid line) is still generated because of local heating
and fast dilatation of the target’s surface. The pressure at the ablation point
is reported in figure 3 (c) as a function of the laser intensity [W.cm−2], cal-
culated by dividing the effective pulse energy by its duration and the spot
diameter measured on the initial image. Because of non-linearity, some en-
ergy is lost in water before reaching the target. We estimated the loss to be
30% and independent of the laser intensity as shown in the supplementary
material. The laser intensity reported in figure 3 (c) is an effective laser
intensity, accounting for these losses. For the point at the lowest laser inten-
sity, there is no observed plasma. The pressure obtained are consistent with
a recent report from Senegacnik et al. [60] for similar experimental conditions
(ablation of a target with a nanosecond laser source) and using model 1.

In the case of a confined environment, Fabbro et al. proposed a simple
model to determine the pressure at the ablation point depending on the laser
intensity [45, 64]:

P (MPa) = 10

√
a

2a+ 3
ZI (7)

with Z a function of the acoustic impedance such that 2/Z = 1/Zwater +
1/Ztarget, Zwater = 1.48 × 105g.cm−2s−1, [65] Zgold = 63.6 × 105g.cm−2s−1,
Zalumina = 43.3 × 105g.cm−2s−1, I the laser intensity in GW/cm2 and a
represents the fraction of the pulse energy converted to thermal energy (ET ),
keeping in mind that the pressure is defined as P (t) = 2

3
ET (t). Zgold and

Zalumina are computed from their elastic constants [66].
Figure 3 (c) shows that the pressure follows the square-root dependence

on the laser intensity described by Fabbro et al.. The parameter a is fitted
on the experimental data (solid lines in figure 3 (c)). The model 2 leads to
lower values of the pressure [42] and thus to a lower value of the parameter a:
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a = 0.19 in the case of model 1 and a = 0.07 in the case of model 2. Model 1
uses Hugoniot’s curve data determined by Rice and Walsh [43], valid for
large pressures up to 25 GPa. Model 2 uses Tait’s equation of states which
fits experimental data for pressure values up to 2.5 GPa [67]. The validity
range remains shorter than Rice and Walsh’s data and does not fit fully the
pressure range reported in this work. Moreover n and B parameter values
can vary of a few percent according to authors [44, 67, 68]. Model 1 appears
more reliable. It leads to a value of the parameter a consistent with the ones
reported previously for water confinement and nanosecond laser source, from
0.2 to 0.25 [64, 69].

Depending on the model, one can estimate that between 7% and 19% of
the pulse energy is converted to thermal energy. In comparison, the dynamics
of the bubble generated by the vaporisation of the liquid in similar conditions
can be used to estimate the number of vaporised liquid molecules and the
corresponding latent heat which represents less than 25% of the pulse [70, 71].

4. Conclusion

In the framework of laser ablation, the dynamics of laser-generated shock
waves in air and water is used to determine the pressure at the ablation point.
We show that the propagation of laser-generated shock waves in air, follow-
ing the ablation of a solid target by a nanosecond pulse, is well described by
Taylor’s blast auto-similar theory, also named Taylor–von Neumann–Sedov’s
blast theory, on a broad range of pulse energy from 0.1 to 50 mJ. However,
the shock front is not perfectly hemispherical and goes faster in the direction
perpendicular to the target’s surface. It leads to an overestimation of the
laser pulse energy using Taylor’s model if looking only at the propagation
in the perpendicular direction. However, we show that an angular averag-
ing of the energy distribution leads to a reliable measurement of the pulse
energy on the whole range of tested energies and target materials. Com-
paring the pressure deduced from Taylor’s model to the one deduced from
Rankine-Hugoniot’s relation, we show that both are equivalent after 20 ns,
but Taylor’s model diverges for shorter delay times while the pressure has
reached a plateau. Taylor’s model remains perfectly valid to determine the
pressure at the ablation point in air from the laser pulse energy only, keeping
its value at t ' 10.3 ns.

In water, the shock waves velocity is hyper-sonic during the first 50 ns
and then reach the sound velocity. The early pressure at the ablation point
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is deduced from the initial shock wave velocity. Because of inertial confine-
ment, the pressure is drastically higher than in air and reaches 4 GPa for laser 
intensity of approximately 70 GW/cm2. We show that the initial pressure 
deduced from the shock waves increases as the square root of the laser in-
tensity, following the analytical model developed by Fabbro and co-workers, 
on a broad range of laser intensity, and on both gold and alumina targets. 
One can thus use this simple model considering only the acoustic impedance 
of the target and liquid, and the laser intensity in order to determine the 
pressure at the ablation point.
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Figure 2: (a) Shadographs of the ablation in air of a gold target for different delay times.
(b) Time evolution of the shock front position. Black line corresponds to Taylor’s model

with a time dependence t
2
5 . (c) Comparison between the energy obtained from Taylor’s

model averaged in every direction and the measured energy of the laser pulse. Red line
corresponds to the identity function. (d) Energy determined from the shock wave’s position
for a 300 ns delay according to Taylor’s model for different angles. The pulse energy is
0.53 ± 0.02 mJ. The Black line corresponds to the angular average (see supplementary
information) and the red line is the measured pulse energy. (e) Pressure of the shock wave
determined from the shock front’s velocity using Rankine-Hugoniot’s relation (Eq. 3). Dots
correspond to discrete differential, solid lines are pressures calculated from smooth data as
eye guideline and solid dashed line corresponds to Taylor’s model (Eq. 2) with the energies
fitted on the position in panel (b) and using Eq. 1.
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Figure 3: (a) Shadowgraphs of the ablation of an alumina target underwater. (b) Positions
of the shock front following the laser ablation of a gold target at various laser intensities.
The straight red line corresponds to a propagation at the sound velocity (1483 m/s). The
deceleration observed in the early 60 ns is fitted by a second-order polynomial curve (solid
lines). (c) Evolution of the pressure depending on the laser intensity for gold target (solid
dots) and alumina target (circles) using Eq. 5 (model 1, red) and Eq. 6 (model 2, black).
The solid lines correspond to the fits using Eq. 7 from Fabbro et al. [45] and leading to
a = 0.19 and a = 0.07, respectively.
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Graphical Abstract

Investigation of the blast pressure following laser ablation at a
solid-fluid interface using shock waves dynamics in air and in water

Arsène Chemin, Mehdi W. Fawaz, David Amans
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Highlights

Investigation of the blast pressure following laser ablation at a
solid-fluid interface using shock waves dynamics in air and in water

Arsène Chemin, Mehdi W. Fawaz, David Amans

• The pressure is determined from shock waves dynamics for ablation in
air and water.

• The anisotropy in the Taylor–von Neumann–Sedov blast wave is char-
acterized.

• In air, the initial pressure is defined by the pulse energy.

• In liquids, the initial pressure follows the square root of the laser in-
tensity.

• In liquids, 19% of the energy of a nanosecond pulse lead to thermal
energy.




