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We investigate the dynamic processes of the Nd:YAG pulse laser ablation of fused silica by ultrafast time-
resolved optical diagnosis with a nanosecond time resolution. The evolution process of plasma expansion in
air and shock waves propagation in the bulk are both obtained with spatial and temporal resolutions.
Laser-induced damage in the bulk of fused silica with filaments and shock waves are observed. Thermoelastic
wave, mechanical wave, and shock wave dependence on the laser fluence and intensity of the plasma are
analyzed. The shock pressure P and temperature T calculated through the measured shock velocity D and
the Hugoniot data of fused silica are measured.
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Laser-induced breakdown in the bulk of transparent dielec-
tric materials may generate a hot and dense plasma[1,2],
inducing shock waves and leading to the compression of
materials in extreme conditions of temperature and
pressure[3,4]. Temperature and electron number densities
in the plasma can be determined from spectroscopic mea-
surementsof theoptical emission, and thepressureandtem-
perature of the shocked air behind the shockwave front can
be estimated from its shock wave velocity[5]. Analytical
models of laser-supported detonation wave (LSDW), the
phase expansion theory, and high-speed shadowgraphy
techniques have been successfully applied to explain and
describe the shock wave propagation in air[6,7]. For shock
wave generation and propagation in dielectric materials,
theymuchdependon the temperature gradient ormechani-
cal reaction induced by the exposure of the material[8,9].
Instantaneous velocity measurements of laser-induced

shock waves play an important role in laser-assisted appli-
cations[9]. The shock pressure and shock temperature of
the surface related to the shock wave propagation velocity
are crucial parameters for the study of the phase explosion
process[10]. However, details of shock wave propagation
and shock pressure and temperature in material induced
by laser ablation are unknown. The shock pressure P and
shock temperature T , which are difficult to measure, are
always determined with the shock velocity D and particle
velocity U with Hugoniot–Tankine relations[11]. So shock
velocity D contains important information about the
laser-material interaction, such as that necessary to
calculate the instantaneous shock pressure P and shock
temperature T [12].
In this work, we employ an ultrafast time-resolved op-

tical diagnosis system to capture the evolution of a shock

wave in fused silica and plasma expansion in air. Under the
condition of one-dimensional shock waves, the instantane-
ous shock pressure P and shock temperature T in fused
silica can be calculated with the measured shock velocity
D and the Hugoniot data of fused silica[13]. The experimen-
tal method is helpful in investigating the velocity measure-
ments of laser-induced shock waves in optical materials
and in measuring the corresponding instantaneous shock
parameters in the bulk of a material.

A schematic of the experimental apparatus is shown in
Fig. 1. A fused silica target (10 mm × 7 mm× 2 mm) with
all surfaces polished has been mounted on an XYZ trans-
lation stage and ablated by a nanosecond laser pulse. A
Q-switched Nd:YAG laser (Quanta-Ray, Spectra Physics)
that emits 16 ns (FWHM) pulses with max energies of 1 J
(1064 nm) and 0.5 J (532 nm) is employed as the pump
laser. A Ti:sapphire femtosecond laser amplifier with a
pulse duration of 50 fs and a central wavelength of
800 nm is used as the probe beam. The pump laser beam
is focused through a focusing lens (f ¼ 60 mm), and the
focal-spot diameter varies between 80 and 150 μm at the
surface and in the bulk. The probe beam, which is passed

Fig. 1. Experimental setup.
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through a BBO crystal, is perpendicular to the pump laser
beam and directed to a CCD camera (MegaPlus ES3200).
The images are acquired using microscope systems com-
prised of a long working distance 10× objective and a 5×
zoom lens. The delay timewas obtained using a photodiode
connected to a digital oscilloscope (Wave Surface XS). The
pump laser, probe laser, CCD camera, and mechanical
shutter are electronically synchronized by a digital pulse-
delay generator (Stanford, DG 645). All spot morphologies
are near Gaussian through a 4f system. The peak inten-
sities used in this experiment are much larger than the
surface damage threshold intensity (∼40 GW∕cm2) to
make the breakdown events deterministic.
Figure 2 shows the time-resolved images of plasma ex-

pansion in air and the shock wave progressing into the
material. The ablation region placed at the geometry focal
point (with f ¼ 60 mm) was ionized, and the formed
plasma absorbed the falling part of the laser energy,
shielding the incoming laser beam due to the inverse
bremsstrahlung effect. The gas in front of the plasma is
highly compressed, and a shock wave front forms with
a high density, as shown in Fig. 2. The plume in Fig. 2(a)
induced by the 1064 nm laser (27.6 J∕cm2) develops in a
columnar shape at the early stage of expansion and then
slowly turns into a ellipsoid. Figure 2(b) shows that the
shape of the shock wave front induced by the 532 nm laser
(15.7 J∕cm2) was spherical, which is similar to the alumi-
num and silicon ablation with nanosecond laser pulses[8,14].
It shows that the plasma plume expansion strongly de-
pends on the incident laser wavelength as well as the po-
sition of the focal point for the case of oblique incidence.
The shock wave will reach its maximum speed in a short

time (∼10 ns) after the termination of the laser pulse.
During the early stage (∼30 ns) shown in Fig. 2, the
perpendicular and lateral expansion velocities of the
plasma plume (ionized vapor) expand very quickly, with
an average speed in the order of ∼103 m∕s. The expansion
in the perpendicular direction was faster than that in the
lateral direction for the shock wave in air. All of them will

slowly reduce to the acoustic velocity due to the air
resistance.

The shape of the shock wave induced by the 1064 nm
laser pulse is anisotropically different from the spherical
wave induced by the 532 nm laser pulse when the distance
from the lens to the target surface is equal to the focus
length. The LSDW theory can be used to explain the
plasma generation and shock wave propagation in air in-
duced by the 1064 nm laser; this explanation is shown in
Fig. 2(a). Much of the previous work in the literature
shows that the laser-induced shock wave front can be fit-
ted reasonably well by the blast wave theory[15]. The shock
wave propagation after the 532 nm laser pulse ablation in
this work can be well fitted with the blast wave theory as
shown in Fig. 2(b), especially the relationship of the
shock radius R to the released energy E by the relation
R ¼ CðE∕ρÞ1∕5t2∕5[14]. The shock wave progressing into
the bulk of fused silica shown in Fig. 2 is not very obvious
to observe, which is due to the laser energy dissipated into
the air with plasma shielding. Only the unstable shock
wave, which is considered to be dependent on the intensity
of the plasma and its propagation speed, is mainly
captured in the fused silica.

The experimental results here present the simultane-
ously dynamic process inside the target shown in Fig. 3.
Surface and bulk damage, Kerr-induced self-focusing,
and stimulated Brillouin scattering are proposed to inter-
pret the origin of the nanosecond laser-induced damage of
fused silica[16]. The shock wave with the inconsistent shock
velocity around the filament along the laser direction
shown in Fig. 3 is likely caused by multi-photon ioniza-
tion, which is the same as picosecond and femtosecond
laser-induced electronic excitation[17,18]. Judging from the
expansion displacement of the shock wave 3 shown in
Fig. 3(b), the micrometric plasma channel should be
progressing in the reverse direction of the incident
laser beam.

The typical (T) ones shown in Fig. 3 may be formed
through the self-focusing effect, but the irregularly distrib-
uted little (L) ones shown in Fig. 3(a) should result from
the impurities and defects inside the target. The distribu-
tion of the little microburst point L was not located in the

Fig. 2. Time-resolved images of shock waves generated by 1064
and 532 nm pulse lasers at fused silica’s front surface with
fluences of 27.6 and 15.7 J∕cm2, respectively.

Fig. 3. Time-resolved images of 532 nm pulse laser ablation in
the bulk of fused silica with fluence of 12.8 J∕cm2.
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path of the filament. In contrast, the typical microburst
point T is well located on the filament, judging from
the fact that the shock wave line is tangential to the shock
wave 3 in Fig. 3(b). Besides, the shock velocity of the typ-
ical microburst point T is faster than that of smaller ones
seen in Fig. 3. Therefore, it can be concluded that the typ-
ical microburst point T bursts at same time as the forma-
tion of the filament induced by the incident laser. The
typical ones (T) or smaller ones (L) burst with two shock
waves. The first shock wave should be the thermoelastic
wave generated from the thermal expansion of the heated
region. For the generation of the second shock wave, it
should be generated due to the mechanical expansion of
the crack growth in the focused region.
Figure 4 shows the expansion distance of shock waves 1

and 2 as a function of the delay time. It shows a linear
relationship between the propagation distance and the
transit time of the shock waves at the delay time of
∼600 ns. The propagation velocity values of shock waves
1 and 2 are 5.58 × 103 and 4.04 × 103 m∕s, respectively,
as determined by the linear fit with the coherent coeffi-
cient of 0.99. The expansion of shock waves 1 and 3
coincide in the earlier delay time, and they will be sepa-
rated in the latter, which leads us to conclude that the
velocity of shock wave 3 is larger than that of shock wave
1. So the expansion velocity of shock wave 3 perpendicular
to the direction of the incident laser is not the same.

Figure 5 represents the time-resolved images of the
rear-side shock waves in air and glass induced by 532
and 1064 nm lasers. The energy is mostly confined inside
the material without plasma shielding and is dissipated in
the air. This can be qualitatively explained by the fact
that with the high-energy deposition efficiency at the rear
surface, there is more severe cracking and a higher removal
rate and a stronger shock wave. Shock waves propagate
into the material with a form of spherical wave shown
in Fig. 5, while the shock wave in air was ellipsoidal
under the irradiation of pump laser with 1064 or
532 nm. The shadowgraphy images of the phase objects
are sensitive to the second derivative of the refractive-
index distribution[19]. Therefore, shock wave A appears
as a succession of three alternating bright and dark bands,
as shown in Fig. 5.

The temperature of the surface material rises sharply
after absorbing the laser energy in a short period of time
and then generates a temperature gradient in the sur-
rounding material that is caused by thermal expansion,
resulting in thermal elasticwave A[6]. Shock wave B shown
in Fig. 5 could be attributed to the mechanical reaction.
When material ejection occurs, it will cause a mechanical
reaction in the reverse direction of the laser beam. For
shock wave C in Fig. 5, its occurrence is dependent on
the plasma induced in air and the intensity of the incident
laser[7]. The propagation distance of shock wave C did not
present a linear relationship with the delay time, which
makes it difficult to measure its propagation velocity.
Figure 6 also shows a linear relationship between the
propagation distance and shock wave expansion distance
for A, B, and C as a function of the measured delay time
(∼700 ns). Shock waves A and B expand in the form of
uniform propagation in the range of the measured delay
time. But the propagation velocity of third shock wave de-
creases fast, which makes it difficult to accurately measure
its progress velocity.

Figure 7 shows a comparison of the shock waves in air
and glass obtained at the rear surface after nanosecond
laser ablation at a wavelength of 532 nm (16.8 J∕cm2).
The formation of the dark line results from the change

Fig. 4. Shock wave expansion distance as a function of delay
time.

Fig. 5. Time-resolved images of plasma and shock waves induced
by 532 and 1064 nm pulse laser ablation fused silica at rear
surface with fluences of 12.4 and 20 J∕cm2.

Fig. 6. Shock wave expansion distance as a function of delay
time.
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in the refractive index of the material, which is caused
mainly by high-density gradients. For laser irradiation
intensities exceeding 109 W∕cm2, heating the sample
above the boiling point is possible and a superheated
and metastable liquid layer may be formed. Miotello and
Kelly[20] reported that the homogeneous nucleation within
this liquid layer is one possible mechanism that could be
responsible for material removal during high-power laser
heating. The mass removal in the form of micron-sized
droplets P shown in Fig. 7 can be result from the hydro-
dynamic instability of the molten liquid layer. Then, the
ejected material can exert a recoil pressure-induced shock
wave front B on the melted region surface, and melted re-
gion returns to the solid phase at a ∼70 ms delay time[21].
The size of the ejected material clusters P is measured
around a diameter of 50 μm at the delay time of
803 ns, and the onset of the removal of large material
flakes will be continued, extending the delay up to tens
of microseconds[22].
The propagation distance for shock waves can be mea-

sured from the shock front transitions in the bulk of fused
silica and shock wave reflections from the air/fused silica
interface, causing the elastic deformation of the surface[23].
So the shock wave propagation velocity D in fused silica
can be determined from D ¼ S∕t. For 2 mm-thick fused
silica, the shock wave (under the acoustic velocity υo:
5.72 × 103 m∕s) traversed the fused silica; it needs about
350 ns. Then the shock wave will be reflected at the air/
fused silica interface, which is helpful to continue observ-
ing the shock wave propagation in fused silica. The fused
silica impedance is 5 orders of magnitude higher than that
of air (under standard atmospheric pressure). With the
low energy loss in the reflection process, the shock wave
reflection can be regard as free edge reflection. The best
fits of the data in Figs. 4 and 6 with high coherent coef-
ficients indicate that the shock velocity can be well calcu-
lated from the shock wave expansion distance as a
function of the delay time.
The shock velocity D in fused silica can be well directly

measured by the ultrafast time-resolved optical diagnosis
with high repeatability. The shock wave velocity D in
condensed matter has a relationship with particles u,

which can be shown by the following relationship:
D ¼ c0 þ λu. Above all, the pressure P and the shock
compression coefficient η can be written as follows[11,24]:

P ¼ DðD − c0Þ
λV 0

; (1)

η ¼ D − c0
λD

: (2)

The Hugoniot constants c0 and λ are always measured
by using the Hugoniot data obtained by the impedance-
match technique[25]. c0 and λ are two of the coefficients
in the Hugoniot relation that can be calculated with
the method of least squares using the shock velocity
(Us) and particle velocity (Up). For fused silica, the
Grüneisen parameter γ0 is 0.02 under the thermal expan-
sion coefficient of 5.5 × 10−7 K−1, which is significantly
lower than more ordinary materials, where it ranges from
1.0 to 3.0[10].

The relevant shock wave parameters of the fused silica
used here are listed in Table 1. Shock wave pressure P can
be calculated as a function of the shock velocity D pre-
sented in Fig. 8. The shock wave pressure P can be calcu-
lated as a function of the shock velocity D presented in
Fig. 6. The error mainly came from the Hugoniot param-
eters of the fused silica used here. So for the measured
shock wave velocity D corresponding to shock waves 1
and 2 in the bulk of fused silica shown in Fig. 4, the
determined values of shock pressure P are 56.5 and
19.7 GPa, and the shock compression coefficients η are
0.52 and 0.42, respectively. This illustrates that the shock
wave caused by thermal expansion leads to a much higher
shock pressure than that caused by the mechanical

Fig. 7. Time-resolved images of laser ablation fused silica rear
surface by using 532 nm laser with fluence of 16.8 J∕cm2. The
features labeled in the figures are shock wave front S, the ioniza-
tion area I, contact front D, ejected material E, thermal elastic
wave A, and mechanical shock wave B.

Table 1. Hugoniot Parameters of Fused Silica Used Here

cv
ðJ kg−1 K−1Þ

c0
(km s−1)

Density ρ
(g cm−3)

Gruneisen
parameter

γ0 λ

Fused
silica

415 1.89 2.204 0.02 1.392

Fig. 8. Calculated shock wave properties in fused silica as a func-
tion of the shock wave velocity D.
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reaction in the bulk. The shock pressures P and compres-
sion coefficients η of shock waves 1 and 2 after can be also
calculated through the equation with the measured veloc-
ity D, as shown in Fig. 8. The calculated values of shock
pressure P are in good agreement with the obtained results
of the laser shock Hugoniot data in Ref. [12]. But for shock
wave 3, the propagation velocity will be reduced quickly
and the distance captured with a fluctuation did not have
a linear relationship with the delay time. So it is difficult to
measure its shock velocity, and then the shock pressure
cannot be calculated directly.
With the shock velocity D and a known Grüneisen

equation for the state of the fused silica, the shock heated
temperature T can be deduced from the following
equation[11,25]:

T ¼ T0 expðγ0ηÞ þ
c20
cv

expðγ0ηÞ
Z

λx2

ð1− λxÞ3 expðγ0ηÞdx;

(3)

where T0 is the initial temperature, γ0 is the Grüneisen
parameter, and the specific heat capacity at a constant
volume is cv ¼ 3R∕μ.
The shock-heated temperature in the nanosecond

laser-shocked fused silica can be determined through the
experimental data. The shock-heated temperature corre-
sponding to the shock waves can be calculated with the
given compression coefficient η in Eq. (3). For the shock
wave velocity D ¼ 7 × 103 m∕s, the shock-heated temper-
ature value is approximately 9980 K. The uncertainty
error not only comes from the experimental error dis-
cussed, above all, but also comes from the Grüneisen
parameters of the fused silica used here for calculation.
It has only shown a linear relationship between the propa-
gation distance and the transit time (∼1 μs).
In conclusion, we show that differences in the absorbed

energy are most probably responsible for differences
between the shock wave and plasma expansion at the front
surface and rear surface. There are three types of shock
waves observed from the time-resolved images under
enough laser intensity. It is found that the appearance
of the third shock wave is dependent on the laser fluence
and the intensity of the plasma. For a laser focused in the
bulk of fused silica, the first and second shock waves are
considered to be induced by the thermal expansion after
laser irradiation, while the third is generated due to the
mechanical expansion of the crack growth. The shock
velocity D in fused silica is also experimentally determined
from the time-resolved optical diagnosis. With the ob-
tained Grüneisen parameters of fused silica, the shock
pressure and the shock-heated temperature in fused silica

are calculated. So this present experimental system will
allow us to observe ultra-fast shock phenomena in opaque
materials with ultrahigh temporal resolutions.
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