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Shadowgraph investigation of plasma shock wave evolution
from Al target under 355-nm laser ablation*
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The propagation of a plasma shock wave generated from an Al target surface ablated by a nanosecond Nd: YAG laser
operating at 355 nm in air is investigated at the different focusing positions of the laser beam by using a time-resolved
shadowgraph imaging technique. The results show that in the case of a target surface set at the off-focus position, the
condition of the focal point behind or in front of the target surface greatly influences the evolution of an Al plasma shock
wave, and an ionization channel forms in the case of the focal point set in front of the target surface. Moreover, it is found
that the shadowgraph with the evolution time around 100 ns shows that a protrusion appears at the front tip of the shock
wave if the focal point is at the target surface. In addition, the calculated results of the expanding velocity of the shock
wave front, the mass density, and pressure just behind the shock wave front are presented based on the shadowgraphs.
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1. Introduction

In recent years, due to the fact that the plasma shock wave
has been widely used in laser deposition coating, laser shock
peening, laser propulsion, and other fields, researchers have
paid more and more attention to the dynamic characteristics of
plasma shock waves. When a high power laser pulse irradiates
a metal surface, the initial part of the laser pulse vaporizes and
ionizes the surface of the metal, forming a rapidly expanding
hot and dense plasma. This plasma moves into the surround-
ing atmosphere quite fast and compresses the encountered gas.
Most noticeably, the expanding plasma acts as a piston on the
surrounding air, driving a shock wave. The propagation of the
shock wave reveals some properties such as released energy
and refractive index, which can help researchers to understand
the interaction between the laser pulse and target materials.

Considerable work has been performed previously
on the plasma shock wave and many diagnostic methods
have been developed, such as high speed photography,!!!

shadowgraphy, [/ (341

interferometry, digital holographic
interferometry,’®’ emission spectroscopy,!® and acoustical
monitoring.!”) Using these diagnostic methods, it is found
that laser parameter, target material, ambient gas, and focal
point position can strongly affect the plasma shock wave ex-
pansion. Amer et al.l) studied the position of the shock wave
front induced by 1064-nm laser pulses from a polycrystalline

boron nitride target for different focusing conditions. They
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observed that the induced shock wave without air breakdown
had a larger radius than with air breakdown. Zhang et al.!®! in-
vestigated the collision between the two shock waves induced
by laser confined ablation using a time-resolved shadowgraph.
It was found that the shock waves did not interact with each
other but interacted with the plasma induced by the ablation
in the collision. Gravel and Boudreau!! studied the influences
of laser-induced gas breakdown on the extent of laser-sample
coupling and the ablation rate with a focal point being above
or below the brass shim stock sample surface irradiated by
a laser at 1064 nm in argon, air, and helium at atmospheric
pressure. They pointed out that the reduced laser-sample cou-
pling was caused by both laser-induced gas breakdown and
laser-supported detonation via plasma shielding. Hu et al.!'")
investigated the early-stage Cu plasma evolution generated by
800-nm femtosecond laser pulses through shadowgraph mea-
surements and simulations. They found that the effect of the
focal point position was significant and important for the air
breakdown and plasma expansion. Zeng et al.!'!l studied the
propagation of a laser-induced shock wave generated during
266-nm laser pulses ablation in cavities made of fused silica.
The development of a cavity during laser ablation led to an
increased temperature of the target, stronger laser plasma ab-
sorption, and a reduced mass ablation rate. Preuss et al.l!”]
studied the laser ablation of nickel, copper, molybdenum,
indium, tungsten, and gold by short ultraviolet laser pulses
(0.5 ps, 248 nm). They found that metal ablation in air was
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significantly less efficient than in a vacuum due to more rede-
position of ablated material in air. Boueri et al.l'¥! reported
the early stage expansion and interaction with ambient air of
the plasma induced by 1064-nm and 266-nm laser pulses on
a typical organic sample (nylon). They found that plasma had
high transparency for ultra-violet (UV) radiation, while the
laser energy reaching the target surface was shielded by the
high energy absorption for infra-red (IR) radiation. In an ear-
lier report, we also presented the evolution of a plasma plume
from an Al target ablated with a nanosecond 1064-nm and
355-nm lasers respectively at oblique incidence in air with
different focusing conditions.'*! It was found that the evo-
lution of the plasma plume was strongly influenced by the
laser wavelength in the case of oblique incidence. Up to now,
most of the studies have been carried out on the plasma shock
wave expansion induced by IR nanosecond laser pulses or
femtosecond laser pulses which ablate a fixed-position target
under different conditions. Although some researches involve
the influences of different positions of the focal point rela-
tive to the target surface on plasma shock wave expansion as
mentioned above, most of them are performed by using an
infra-red (IR) nanosecond laser or a femtosecond laser. The
influences of different positions of the focal point relative to
the target surface on the plasma expansion dynamics using
high power density UV laser pulses has not yet been system-
atically studied.

In this paper, we present the expansion dynamics of the
plasma shock wave induced by high power density UV laser
pulses in air using a time-resolved shadowgraph imaging tech-
nique. The relative position between the focal point and target
surface is varied to investigate the effects of focal point posi-
tion and the air ionized channel on plasma shock wave expan-

sion.

2. Experimental setup

Figure 1 shows a diagram of the experimental setup. A Q-
switched Nd:YAG laser (Continuum, Powerlite Precision II)
operating at a wavelength of 355 nm with a 5-ns pulse du-
ration is used as the pump beam, which is perpendicularly fo-
cused on an Al target with a lens whose focal length is 100 mm
(f = 100 mm). The pulse energy is attenuated by a combina-
tion of a half-wave plate and a polarizer. The laser energy is
measured using an energy meter (Coherent, FieldMax II), and
the Al target is fixed on a three-dimensional translation stage
(SIGMA, SGSP20). The energy of the pump beam is 100 mJ.
The aluminum target is polished and cleaned with ethanol be-
fore each experiment. Another Nd:YAG laser (Innolas Split-
light Compact 400) operating at a wavelength of 532 nm with
an 8-ns pulse duration is delayed to illuminate the expanding
plasma from the direction parallel to the target surface, and
used as the probe beam for shadowgraphs. This probe beam

is expanded by lenses 2 and 3 and directed to a CCD camera
(Princeton Instruments Pixis 1024B Detector), which records
the time-resolved shadowgraphs of plasma expansion. In this
setup, lens 4 is used to image the plasma plume onto the CCD
camera. An interference filter with a central wavelength of
532 nm and several neutral density filters are located in front
of the CCD camera to block plume radiation and the scattered
ablation laser and to protect the CCD camera.
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Fig. 1. (color online) Schematic diagram of the experimental setup of
shadowgraph imaging.

The time delay among pump pulse, probe pulse and CCD
camera is controlled by two delay generators (Stanford Re-
search, DG 535 and DG 645). The actual time delay between
the pump pulse and the probe pulse is measured by two photo-
diodes located in each optical path through two beam splitters,
and recorded by using an oscilloscope (Tektronix TDS7254B).

3. Results and discussion

In order to investigate the effect of the focal point posi-
tion relative to the target surface on plasma plume expansion,
experiments with the focal point set behind, on, and in front of
the target surface are carried out. We define L as the distance
between lens 1 and the target surface, f the focal length of lens
1, and d the off-focus distance. We prescribe that the direction
for the laser focus to be behind the target surface is negative,
and in front of the target surface is positive. Figure 2 shows the
shadowgraph images of laser-induced plasma from Al in air,
which are obtained at different time delays between the pump
and probe beams, correspondingly the focal point is at differ-
ent positions, as shown in the illustrations on the right side of
Fig. 2. The rectangular part on the left in each shadowgraph
image represents a side view of the Al target, and an arrow on
the right is used to indicate the input laser beam. Some weak
fringes which appear near the target surface are due to the edge
diffraction of the probe beam.
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Fig. 2. (color online) Shadowgraphs at different times and focal point positions during the evolution of the plasma plume. (a)
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Figures 2(a) and 2(b) show the corresponding shadow-
graphs of the Al plasma shock wave for the case of L < f
(d = —5 mm and —2 mm respectively). The laser power
density on the target surface is 1.05x10'© W/cm? for the
case of Fig. 2(a), and it is 3.92x10'% W/cm? for the case of
Fig. 2(b). We notice in Figs. 2(a) and 2(b) that the shadow-
graphs recorded at the earlier evolution time (for instance, time
delay < 35 ns) each show a much darker plume region with
less details exposed than those taken at the longer time delay,
which reflects the higher plasma density at the early stage of its
expansion.[>! As the delay time increases, the plasma plume
expands in the shape of a hemisphere and shows an obvious
feature of a shock wave. Material ejection near the target sur-
face is noticeable as the time delay increases (e.g. 110 ns).
Furthermore, it is seen that there are more ejected materials in
the case of d = —2 mm than that of d = —5 mm. The more
target ejected materials should be attributed to the higher laser
power density imposed on the Al surface for the former case.
With a much higher laser power density, the generated shock
wave is much stronger and thus has a higher recoil strength to
the target, resulting in more ejected materials.

Figures 2(d) and 2(e) show the plasma shock wave evo-
lutions for the case of L > f (d = 1 mm and 2 mm respec-
tively). The laser power density at the position of the geo-
metric focal point of lens 1 in air is 1.94x 10" W/cm?, and
the values on the target surface are 1.65x10'© W/cm? and

“
|
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110 ns 350 ns

7.85%10° W/cm? for the cases of Figs. 2(d) and 2(e), respec-
tively, where the laser transmission through the breakdown air
is considered in the laser power density calculation at the target
surface. As shown in the shadowgraph, two sections of plasma
plumes appear in Figs. 2(d) and 2(e) at several nanoseconds
after laser ablation on the Al target. Particularly, it is clearly
shown in Fig. 2(e) that two plasma plumes expand individu-
ally at the early stage, forming two shock waves, then these
two shock waves meet together at the larger time delay with a
clear boundary at the interface, which seems to prevent them
from mixing (the case of 110-ns time delay).!'®! The hemi-
spherical region near the target surface in Fig. 2(d) or 2(e)
is the Al plasma plume generated by the pump laser. Mean-
while, it is observed that starting at about 1 mm (Fig. 2(d) or
2 mm (Fig. 2(e)) away from the front of the target surface, at
the corresponding position of the focal point, there forms a
column-shape plasma plume, and the length of each column
is far beyond the Rayleigh range of the laser beam (0.78 mm
in our case). With time increasing beyond the laser pulse du-
ration, the column-shape plasma plume begins to expand in
both longitudinal and lateral directions. In our case, the air in
the path of the laser beam near the focal point can be ionized
under the action of the high intensity 355-nm laser pulse via
4 and 5 photon process (the ionization potentials of O, and
N; are 12.08 eV and 15.58 eV respectively, and photon en-
ergy of 355-nm radiation is 3.5 eV), and the photoionization of
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air molecules by 355-nm radiation becomes significant under
high laser fluence.!!3] Therefore, this column-shape plasma
region acts, in fact, as a plasma channel induced by a high-
fluence nanosecond UV laser.[3!

By comparison, we notice that the Al plasma plumes
shown in Figs. 2(d) and 2(e) are smaller than those in Figs. 2(a)
and 2(b). This is attributed to the plasma channel formation in
the path of laser propagation. The air ionization before the
laser pulse impinges on the Al target results in less pulse en-
ergy reaching the target surface. Therefore, a weak ablation
occurs in the cases of Figs. 2(d) and 2(e). This is confirmed
by observing the optical images of the laser-ablated Al target
surface, as shown in Fig. 3. The ablation regions of the Al tar-
get shown in Figs. 3(a) and 3(b) are mostly confined near the

focal point (the case of best focusing as indicated in Fig. 3(c));
meanwhile, the ablation region becomes greatly spread out as
L > f (Figs. 3(d) and 3(e)). The influence of the focusing
position on the ablation degree of the Al target is very obvi-
ous by comparing the optical images in Fig. 3(b) with those in
Fig. 3(e). The focused laser beams on the surface of the target
in those two cases should have the same size due to the equal
distance of the target surface to the focal point. However, the
ablation areas in the two optical images are significantly dif-
ferent. This position-dependent ablation area is mainly caused
by a strong absorption of the laser pulse energy in the case of
plasma channel formation (Fig. 2(e)), which results in lower
laser intensity on the target surface and correspondingly, a
smaller volume of material ejection.

Fig. 3. Images of laser ablation spot for the five laser focusing geometries.

In the following experiment, we move the focal point of
lens 1 onto the target surface with L = f (d = 0). The laser
power density on the target surface is 1.94x 10! W/cm?. The
corresponding shadowgraphs are displayed in Fig. 2(c). The
plasma plume in Fig. 2(c) shows a long slender columnar
expansion. The columnar plasma plume consists of the Al
plasma plume and the plasma channel that is formed before
the UV laser pulse impinges on the target. It is surprising to
find that the tip of the shock wave front is not smooth, showing
a clear protrusion region at the time delay of 110 ns.

In order to investigate the origin of the protrusion at the
tip of the shock wave front, the shadowgraphs for shock wave
expansion with and without the Al target (only air breakdown
occurs) at various time delays are displayed in Figs. 4(a) and
4(b), respectively. It is observed that the tip of the shock wave
front with the Al target in Fig. 4(a) always shows a darker
protrusion. However, the tip of the shock wave front from
air plasma as shown in Fig. 4(b) is quite smooth, without any
protrusion observed under the same condition. Therefore, this
protrusion shown in Fig. 4(a) is most likely to be caused by the
ejected materials from the Al target. When the intense laser
pulse ablates on the Al target, the target surface will be over-
heated and the temperature will rise dramatically. This leads
to the formation of an extremely high-temperature and high-
pressure plasma in the ablated region, and this high-pressure
plasma will be released through the adiabatic expansion. The
laser heated area expands outward, inducing a thermoelastic

wave which is responsible for the material ejection at longer
time delays.!'”) Coincidently, the plasma channel due to the
UV laser ionization in the air meets the Al plasma, and they are
well connected at the very beginning (Fig. 2(c) at 7 ns) and the
remaining time delays of the shadowgraphs taken. Moreover,
due to the lower pressure inside this channel,!'3! the energetic
later-ejected materials travel much faster than the shock wave
front of air breakdown that travels under one atmospheric pres-
sure, catching up with the shock wave front of air at a cer-
tain time delay. These materials accumulate at the shock wave
front and break through the shock wave front layer, resulting
in the dark protrusion at the front of the shock wave, as shown

(181 As soon as the energetic later-ejected

in the shadowgraphs.
Al materials break through the air shock wave front, they then
interact directly with the air, compressing the surrounding air
and forming another completed shock wave front at a larger
time delay.

The expansion velocity of the shock wave front and the
pressure and mass density just behind the shock wave front
can be obtained based on the shadowgraphs. The propagation
of the laser-induced shock wave can be approximated as re-
sulting from an instantaneous, massless point explosion (blast
wave). The expansion distance R between the target surface
and the blast wave front depends on the energy converted into

the plasma state, E.['”) The Sedov—Taylor equation shows the
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relation between R and E: 2%
1/(B+2)
R=¢& (E) 1‘2/(1”2)7 (1)
p1

where & is a constant approximately equal to unity, p; is the
mass density of the undisturbed air, ¢ is the time of propaga-
tion for the shock wave front after its formation, and f is a
coefficient related to the dimension of the explosion (f =1
for planar propagation, 8 = 2 for cylindrical propagation, and
B =3 for spherical propagation). The conditions which can
make this assumption hold true are that the diameter of the
spot area of the laser radiation is smaller than R and the pulse
duration is shorter than 7.

40 ns

1 mm
L Ty

1 mm
(LT

Fig. 4. Shadowgraphs at different moments with the target surface at
the focal point during the evolution of the plasma plume. (a) With an
Al target set at the focal point. (b) Air breakdown only, without an Al
target set at the focal point.

For a spherical shock wave, the relation between R and ¢
can be expressed as

R=A*", )

where A is a constant that depends on £ and p;. A can be
calculated using the measured values of the distance—time re-
lation of the shock wave front through using Eq. (2). Fig-
ure 5(a) shows that the longitudinal expansion distance of the
shock wave front generated by the nanosecond laser is propor-
tional to 1%/ obtained by using Sedov’s point explosion the-
ory for spherical propagation for the cases of d = —5 mm and
d = —2 mm, as is the lateral expansion distance in Fig. 5(b).
Triangles and dots represent the measured positions of the
shock wave front in shadowgraphs for the cases of d = —5 mm
and d = —2 mm, respectively. The solid lines in Figs. 5(a)
and 5(b) represent the fitting curves, which are obtained by
using Eq. (2). The results for the cases of d = —5 mm and
d = —2 mm are well fitted to the theoretical equation for
our experimental conditions. The slight deviation existing be-
tween the measured data and the fitting curve may be attributed
to the fact that the laser ablation site is essentially not a real
point source.
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Fig. 5. (color online) Longitudinal (a) and lateral (b) distances versus
time of shock wave fronts for different target positions. Points repre-
sent the measured data and lines represent the expansion distance of the

shock wave front calculated according to the Sedov—Taylor equation in
Figs. 2(a), 2(b), and 2(c).
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Fig. 6. (color online) Calculated longitudinal velocities versus time of
the shock wave front for the cases of d = —5 mm and d = —2 mm.

The longitudinal velocity of the shock wave front for the
cases of d = —5 mm and d = —2 mm can be derived by dif-
ferentiating Eq. (2), and the plot of longitudinal velocity ver-
sus time of the shock wave front is shown in Fig. 6. The
expansion velocity of the shock wave front for the case of
d = —2 mm reaches a value up to 2.90x10* m/s at the ini-
tial stage of expansion, which is a little faster than the velocity
of 2.83x10* m/s for the case of d = —5 mm. The velocity
decays exponentially in the first 100 ns and then the velocity
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reduction becomes slower. The reason for the higher veloc-
ity for the case of d = —2 mm is attributed to the higher laser
power density on the target surface.

Moreover, for an intensive explosion, the pressure ahead
of the shock wave may be neglected in comparison with the
pressure behind the shock wave. Taking the ambient air
around the target as a perfect gas, we can estimate both the
mass density and pressure just behind the shock wave front

by using the following two equations also developed from Se-

dov’s theory: 2]
~1
Y+1 2 a%
T =2
p2 y_lpl|: +y—1v2 ; 3)
2 2 y—1lai
P2 y+1pr { 2 v “)

where p; and p, are the mass density and pressure just behind
the shock wave front respectively, 7 is the heat capacity ratio
(y= 1.4 for air), p; is the mass density of the undisturbed air,
a; is the speed of sound (333 m/s), and v is the speed of the
shock wave front, which can be derived from the fitting curve
of distance versus time in Fig. 5.
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Fig. 7. (color online) Calculated air mass densities just behind the shock
wave front as a function of time. The calculated results are based on
both Eq. (2) and the experimental data from Figs. 2(a) and 2(b).

The calculated mass densities and pressures just behind
the shock wave front for different times based on the shad-
owgraphs of Figs. 2(a) and 2(b) are shown in Figs. 7 and 8§,
respectively. Figure 7 shows that the mass density just be-
hind the shock wave front decreases slightly as time elapses
and the range of density is from 7.75 kg/m® to 6.6 kg/m?
corresponding to Figs. 2(a) and 2(b). It is also seen that the
mass density just behind the shock wave front for the case of
d = —2 mm is higher than that of d = —5 mm, which is be-
cause a higher laser power density causes more plasma gener-
ation. In Fig. 8, the pressure just behind the shock wave front
decreases sharply as time elapses, and the whole pressure for
the case of d = —2 mm is higher than that of d = —5 mm
due to higher laser power density. The initial pressure just be-
hind the shock wave front in our experiment for the case of

d = —2 mm is 777 MPa, while for the case of d = —5 mm it
is 741 MPa. For the cases of L = f and L > f, Sedov’s theory
is not applicable due to the strong influence of air breakdown
on the Al plasma shock wave expansion.
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Fig. 8. (color online) Calculated air pressures just behind the shock
wave front as a function of time. The calculated results are based on
both Eq. (2) and the experimental data from Figs. 2(a) and 2(b).

4. Conclusions

In this paper, the expansion of plasma shock wave pro-
duced by a nanosecond laser operating at 355 nm in air
is investigated through using the time-resolved shadowgraph
imaging technique. The evolution of plasma shock waves is
studied under the conditions of the focal point set behind, on,
and in front of the target surface. An ionized channel of air is
generated due to the high intensity and high photon energy of
355-nm laser pulses focusing in the air when the focal point
is on and in front of the target surface, and a protrusion is
observed at the tip of the shock wave front of air in the shad-
owgraphs when the focal point is on the target surface, result-
ing from the ejected materials of the Al target, which catch
up with the tip of the shock wave front of air. It is also ob-
served that the Al plasma plume shows spherical expansion
with the focal point set behind the target surface, while two
plasma plumes, that are caused by air breakdown and Al abla-
tion respectively, are generated with the focal point set in front
of the target surface. At the initial stage of expansion, the cal-
culated expanding velocity of the shock wave front reaches a
value up to 2.90x 10* m/s, and the mass density and pressure
just behind the shock wave front are 7.75 kg/m® and 777 MPa
respectively for the case of the focal point set 2 mm behind the
target surface.
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