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Aluminum ablation by multiple femtosecond laser pulses is investigated via time-resolved shadowgraphs and scanning
electron microscope (SEM) images of the ablation spot. The spatial distribution of the ejected material and the radius of
the shock wave generated during the ablation are found to vary with the increase in the number of pulses. In the initial
two pulses, nearly concentric and semicircular stripes within the shock wave front are observed, unlike in subsequent
pulses. Ablation by multiple femtosecond pulses exhibits different characteristics compared with the case induced by
single femtosecond pulse because of the changes to the aluminum target surface induced by the preceding pulses.
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1. Introduction

Femtosecond laser ablation has important applications

in many scientific and engineering fields, such as nano-

1-8] 9-12]

and micro-machining, [ surface modification,! and

nanoparticle generation.!!'>-13] Many theories have been pro-

posed to explain the physical mechanisms of femtosec-

161 crit-

18]

ond laser ablation, including phase explosion,!
ical point phase separation,!'’l Coulomb explosion,!

s.1201 However, the

fragmentation, '] and thermoelastic wave
difference between single-pulse ablation and multi-pulse ab-
lation by femtosecond laser has not been sufficiently investi-
gated, and this should be remedied because ablation by multi-
ple femtosecond pulses exhibits different characteristics com-
pared with the case induced by single femtosecond pulse,
which is notable for the applications of femtosecond laser ab-
lation.

When multiple pulses irradiate the same spot on the tar-
get surface, it has been reported that the ablation threshold
decreases with the increase in the number of femtosecond

21.22] which is known as the incubation effect. A

laser pulses,
few previous works on ablation by multiple femtosecond laser
pulses have mainly concentrated on the morphology of the
ablated spot.[*'=2>! However, the material ejection and shock
wave evolution are also notable experimental phenomena in
this process, and some works have investigated the shock wave

and the ejected material and got some helpful results.[26-31]

DOI: 10.1088/1674-1056/27/7/077901

Therefore, in combination with the morphology analyses, the
investigation of the ultrafast dynamics of the material ejection
and shock wave evolution induced by a sequence of femtosec-
ond laser pulses presented in this paper elucidates the mecha-
nisms of multiple femtosecond pulses ablation.

This study recorded the dynamic evolution process of the
shock wave and ejected material induced by aluminum abla-
tion with multiple femtosecond laser pulses via time-resolved
shadowgraphs, and the morphology of the ablated spots was
observed with a scanning electron microscope (SEM). The
radius of the shock wave and the spatial distribution of the
ejected material were found to vary with the increase in the
number of femtosecond laser pulses at specific delay time after
the target was irradiated by a laser pulse. In addition, in the ini-
tial two femtosecond laser pulses only, nearly concentric and
semicircular stripes within the shock wave front were observed
in the shadowgraphs recorded at a delay time of 2 ns. Solidi-
fied aluminum droplets were observed at the ablated spot, in-
dicating the occurrence of thermal effect in the process of the
femtosecond laser ablation in our experiments.

2. Experimental setup

A Ti:Sapphire femtosecond laser amplifier system (HP-
Spitfire, Spectra-Physics, Inc.) was employed to generate
50-fs laser pulses with a central wavelength of 800 nm. The
schematic of the experiment setup is shown in Fig. 1, which
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includes a two-color pump—probe apparatus for recording the
time-resolved shadowgraphs of the shock wave and ejected
material. The laser output from the amplifier is divided into
a pump beam and a probe beam by a 70:30 beam splitter. The
pump beam is directed by steering mirrors and then focused
on the aluminum target surface by an off-axis parabolic mirror
with a focal length of 50.8 mm. The probe beam frequency is
doubled by a BBO crystal with a thickness of 2 mm and Type
I phase matching. The length of the delay line, i.e., the length
of the probe beam’s path, can be adjusted to change the de-
lay time at which the probe beam laser pulse illuminates the
edge of the aluminum target and the ablation-generated ma-
terial and shock wave propagate along the direction perpen-
dicular to the probe beam, whereby the shadowgraphs of the
ablation-generated material and shock wave can be recorded
at a certain delay time after a laser pulse strikes the aluminum
target.

The aluminum target was polished with #2000 sandpaper
and mounted on a three-dimensional motor-controlled trans-
lation stage. The pump laser pulse energy was 0.22 mJ. The

_}\Ml

femtosecond laser

amplifier system

corresponding laser fluence at the focal point of the off-axis
parabolic mirror was sufficiently high to ionize the ambient
air. To avoid the air ionization, when the shadowgraphs of the
femtosecond laser ablation were recorded, the aluminum tar-
get was placed slightly in front of the air ionization region, as
shown by the target top view in Fig. 1. The corresponding av-
erage laser fluence on the target surface was estimated to be
5.3 J/em®. The femtosecond laser amplifier system was op-
erated in the single shot mode, each ablated spot on the tar-
get surface was irradiated by eight successive pulses at the
same delay time, and the time interval between adjacent pulses
was sufficiently long that the interaction between the ablation-
ejected material and the subsequent laser pulse was nonexis-
tent. The time-resolved shadowgraphs of the ejected mate-
rial and shock wave were recorded by a monochromatic CCD
camera (LU135M, Lumenera Inc.). A 400-nm band pass fil-
ter and several neutral density filters were used to prevent the
residual 800-nm light in the probe beam and the fluorescence
generated during the ablation from entering the CCD camera.

aluminum
air ionization target
region —— top view

pump beam

M5 probe beam beam splitter off-axis parabolic
< mirror
aluminum
pump |beam target
delay line HBBO A 4><0*bject1ve I

Mo M3 U v . EI:I

M2 filters cCD

M4

off-axis parabolic
mirror

Fig. 1. (color online) Experimental setup for recording the ultrafast time-resolved shadowgraphs of femtosecond laser ablation of

aluminum.
3. Results and discussion

Figure 2 shows the time-resolved shadowgraphs of 50-fs
laser pulse ablation of aluminum in air. In each shadowgraph,
the black region on the left is the aluminum target, and the
laser pulse comes from the right, striking the target at nor-
mal incidence. Each ablated spot on the target surface was
irradiated by a train of eight successive laser pulses, and each
column in Fig. 2 presents the eight shadowgraphs of ablating
an identical spot by the eight successive laser pulses recorded
at identical delay time. Each row in Fig. 2 presents the entire
dynamic ablation process by the laser pulses with identical or-
dinal in the six groups of pulse trains from 200-ps to 5-ns delay
time.

The shadowgraphs in the first row of Fig. 2 show the first
laser pulse ablation of six groups of pulse trains at different
delay times, corresponding to the case of single-pulse abla-
tion at different delay times. The following features are iden-
tified: (i) at the 200-ps delay time, an opaque bulge of dense
plasma protrudes from the target surface; (ii) the expansion of
the plasma forms a shock wave, which propagates outwards as
time elapses; (iii) a series of nearly concentric and semicircu-
lar stripes appear within the shock wave front at delay times
of 1 ns and 2 ns, becoming blurred at the 3-ns delay time, as

(29311 and (iv) the ejected

observed in previous experiments;
material in the interior of the shock wave is observed clearly

beginning at the 3-ns delay time.
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Comparing the shadowgraphs in the first row with those
in the other rows of Fig. 2, significant differences between
multi-pulse ablation and single-pulse ablation are shown: (i)
for the first four laser pulses, the volume of the plasma bulge
and the radius of the shock wave clearly decrease with in-
creasing numbers of laser pulses at the identical delay time,
and then remain almost unchanged from the fourth through the
eighth laser pulse; (ii) the area covered by the ejected material
induced by the second laser pulse is larger than that induced
by the first laser pulse; (iii) the nearly concentric and semicir-
cular stripes that were clearly observed at the 2-ns delay time
in the first and second laser pulses, blur and then disappear
entirely in the following laser pulse ablations. These features
demonstrate that multi-pulse femtosecond laser ablation is not
a simple repeat of single-pulse ablation and produces differ-
ences in the ablation results.

The estimated fluence of the femtosecond laser on the alu-
minum target surface is 5.3 J/cm?, and the power density is ap-
proximately 1.06 x 10'* W/cm?. The fluence on the aluminum
target surface is higher than the ablation threshold of alu-

minum in air (approximately 0.1 J/cm?),13?!

and such a power
density will induce the ionization of the surface layer atoms
of the aluminum target and form plasma.!!®-*3 The bulge that
appears at 200-ps delay time is the plasma generated because
of the ionization of the atoms in the aluminum target’s surface
layers, induced by the high-intensity laser energy deposited at
the surface of the target. At the 200-ps delay time, the plasma
bulge is opaque, as shown by Fig. 2(a-1), because the elec-
tron number density in the plasma is great and the plasma fre-
quency is higher than the frequency of the probe beam, such
that the probe beam cannot travel through the plasma. At later
delay times, the energetic plasma expands and pushes the am-
bient air to form the shock wave.**3! The electron number
density and the frequency of the plasma decrease with the ex-
pansion of the energetic plasma, and the plasma gradually be-
comes transparent as expansion continues after 2 ns, as shown
in Fig. 2.

The plasma of the shock wave becomes transparent after
3 ns, and the ejected material can be clearly observed within
the shock wave front after 3 ns, as shown in Fig. 2. The ejected
material absorbs and scatters the probe beam, as represented
by the dark areas in the shadowgraphs. In the shadowgraphs,
for instance in Fig. 2(f-1), the gray scale of the dark area
formed by the ejected material is close to the gray scale of the
target. The shadowgraph at the 5-ns delay time shows the size,
gray scale, and shape of the dark area formed by the ejected
material, presenting the spatial distribution and the amount of
ejected material with each laser pulse. In Fig. 2, it can be
seen that the ejected material induced by the second laser pulse
looks denser than that by the first laser pulse, and the size of
the dark area formed by the ejected material in Fig. 2(f-2) is

larger than that in Fig. 2(f-1), indicating that the amount of
ejected material induced by the second laser pulse ablation is
more than that ejected by the first laser pulse ablation. The
distance covered by the ejected material induced by the sec-
ond laser ablation is greater than that induced by the first laser
ablation, which also indicates that the velocity of the ejected
material induced by the second laser is greater than that by
the first laser ablation. The estimated velocity of the ejected
material induced by the first laser pulse is 5.7 km/s, and the
estimated velocity by the second laser pulse is 7.3 km/s, based
on Figs. 2(f-1) and 2(f-2). Furthermore, figure 2(f-1) through
Fig. 2(f-8) also show that the ejected material induced by the
third laser pulse through the eighth laser pulse shows different
spatial distributions comparing with the first laser pulse, indi-
cating that the amount of ejected material induced by the third
laser pulse through the eighth laser pulse is also different from
that induced by the first laser pulse.

200 ps 500 ps

1st
pulse |

2nd
pulse

3rd
pulse |

4th
pulse |

5th
pulse

6th
pulse

7th
pulse

8th
pulse

Shadowgraphs of 50-fs laser pulse ablation of aluminum
recorded at the indicated delay time. In panel (f-1), S is the shock wave
front and E is the ejected material. Frame size is 112 pumx 151 um.

Fig. 2.

The dependence of the radius R of the shock wave front
on the propagation time or delay time can be approximately

077901-3
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described by the Sedov—Taylor equation!3+33!
N
R:Z{) (p) tz/(2+ﬁ)7 (1)

where A is a dimensionless constant close to unity, E is pro-
portional to the actual energy E that drives the shock wave
(E = 2.35E) for hemispherical symmetry), p is the density of
the undisturbed air, ¢ is the propagation time of the shock wave
or delay time, f3 is a coefficient related to the dimension of the
explosion, and B = 3, 2, and 1 for spherical, cylindrical, and
planar shock waves, respectively. The shock wave front radius
R is measured along the normal direction of the target surface.
Figure 3 shows the curve of the shock wave front radius fit-
ted to the delay time using Eq. (1) with § = 3 for the case
of single-laser pulse ablation, based on the recorded shadow-
graphs. In Fig. 3, it can be seen that some deviation exists
between the measured data and the fitting curve. This may be
attributed to the fact that the laser ablation spot is essentially
not a real point source.

100
fit by Sedov—Taylor equation (3= 3)
g 71 = measured data
S 804 {
~
wn
£ ] {
Fg 60 {
-
o 1 L]
>
® .
g 40
] 4
8
0 T T T T T
0 1 2 3 4 5 6

Delay time/ns

Fig. 3. (color online) Radius of the shock wave along the normal direc-
tion of the target surface as a function of the propagation time after a
single 50-fs laser pulse of 0.22 mJ strikes the target under 1 atm.

Figure 4 shows the dependence of the shock wave radius
on the ordinal of the laser pulse employed to ablate the tar-
get for multi-pulse ablation at a certain delay time, based on
the shadowgraphs shown in Fig. 2. The radius of the shock
wave front clearly decreases over the initial four laser pulses
at any given delay time and remains almost unchanged since
the fourth laser pulse.

The air pressure just behind the shock wave front is also
estimated with the following equation developed from Sedov’s
theory: 34!

2 —1lo?
P=—"p1- 2% 2)

Y+1 2y 12
where P is the pressure just behind the shock wave front, ¥ is
the heat capacity ratio (Y = 1.4 for air which is predominantly

a diatomic gas), p is the mass density of the undisturbed air
which in our experiment can be calculated using the equation

of state for ideal gas according to the measured ambient air
pressure and temperature, ¢ is the speed of sound which can
be obtained using the equation of o = \/W, and v is the
speed of the shock wave front which can be derived from the
displacement data such as those given in Fig. 3.

110

—a— shock wave radius at 0.5-ns delay time
1 —e— shock wave radius at 2-ns delay time
—a— shock wave radius at 3-ns delay time
90 1 —v— shock wave radius at 5-ns delay time

) R ——

304

Shock wave radius/pm

10 T T T T T T T T
0 1 2 3 4 5 6 7 8 9

Ordinal of fs laser pulse

Fig. 4. (color online) Radius of the shock wave along the normal direc-
tion of the target surface as a function of the ordinal of 50-fs laser pulses
of 0.22 m], striking the target under 1 atm, for different delay times.

The calculated air pressure behind the shock wave front at
different delay times is shown in Fig. 5. The calculated pres-
sure decreases with the increase of the delay time, and the air
pressure behind the shock wave is approximately 1.5 GPa at
200-ps delay time, as shown in Fig. 5.

1.6
1.44
1.21
1.0
0.8
0.6
0.4+

0.2
——

0 T T T T T
0 1 2 3 4 5

Dealay time/ns

Air pressure/GPa

Fig. 5. Calculated air pressure just behind the shock wave front as a
function of delay time under 1 atm.

3.1. Ionization of the target

Changes to the target surface induced by the laser pulses
ablation can certainly be expected to be responsible for the
differences between multi-pulse ablation and single-pulse ab-
lation. The SEM images in Fig. 6 shows the target surface
structures after the target is ablated by 1, 2, 4, and 8 fem-
tosecond pulses, respectively. In the first column of Fig. 6,
figures 6(a) and 6(e) show the same ablated spot after one
laser pulse ablation, but the magnification ratio of Fig. 6(e)
is 1600, while the magnification ratio of Fig. 6(a) is 800. The
other columns in Fig. 6 are the same situation of magnification
ratio. Some solidified droplets and textures form micro- and

077901-4
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nanostructures on the target surface after the first and the sec-
ond laser pulse ablation, as shown in Figs. 6(e) and 6(f). The
micro- and nanostructures increase the surface area of the ab-
lated region and result in the intensity drop of the incident laser
when the subsequent laser pulses irradiate the target surface.
The intensity drop of the incident laser for the subsequent laser
pulses leads to the attenuation of the target ionization, and the
radius of the shock wave decreases with the increase of the
laser pulse ordinal.

At the same time, the preceding laser pulse ablation will
also generate some aluminum oxide film of high transmittance
on the target surface. As a result, the more energy of the sub-

sequent laser pulse deposits in the interior of the target and
the intensity deposited at the surface layer decreases, which
results in the weakness of the ionization of the surface layer
atoms. The material under the film of high transmittance can
be ionized by the incident laser pulse. However, the film of
high transmittance becomes an obstruction and attenuates the
expansion of the plasma generated by the ionization of the ma-
terial under the film of high transmittance, which results in the
decrease of the energy driving the shock wave, and therefore
the radius of the shockwave front decreases with the increase

in the ablation laser pulse ordinal.

(a) 1 pulse

(b) 2 pulse

(c) 4 pulse (d) 8 pulse

B/ 1E-00:25 1), 600 3

20 e T M

10~ B (200 g 5/06/8. "1

Fig. 6. (color online) SEM images of the four ablated regions on the target surface after ablation by (a), (e) 1, (b), (f) 2, (¢), (g) 4, and (d), (h)
8 femtosecond laser pulses, respectively. The magnification ratios of the pictures in the first and second rows are 800 and 1600, respectively.
The size of the pictures in the first and second rows are 156.8 umx117.6 um and 78.4 pm x58.8 pm, respectively.

The less energy drives the shock wave, the smaller the ra-
dius of the shock wave is at any given delay time. Before the
fourth laser pulse, the change to the target surface structure
is significant, as shown in Fig. 6. Therefore, the ionization
induced by the laser pulse weakens significantly, and the ra-
dius of the shock wave front also decreases with the increased
laser pulse ordinal until the fourth laser pulse, as presented
in Fig. 4. However, from the fourth laser pulse to the eighth
laser pulse, the change to the ablated target surface structure
is not sufficient to affect and vary the ionization of the alu-
minum target, and the energy deposited in the plasma is al-
most unchanged. Thus the size of the plasma and the radius of
the shock wave remain almost unchanged beginning with the
fourth laser pulse, as shown in Fig. 4.

3.2. Material ejection

When the femtosecond laser irradiates the aluminum tar-
get, the intensity of the laser deposited at a given depth in the
aluminum target follows the Beer—Lambert law that the inten-
sity decreases with increasing penetration depth. Therefore,
the atoms in the depth of the aluminum target cannot ionize
directly in the manner of the target’s surface layer atoms be-

cause of the decreased laser intensity. The deposition of the
laser pulse energy in the depth of the aluminum target gen-
erates the ejected material indicated by E in Fig. 2(f-1), and
some theories have been brought forward to explain the mate-
rial ejection, such as phase explosion,[!%! critical point phase
separation,[!”) Coulomb explosion, '8! fragmentation, ! and
thermoelastic waves. 2]

Figure 6(e) shows that some micro- and nanostructures
emerge on the target surface after the first laser pulse ablation.
Solidified aluminum droplets are observed and the aluminum
in the ablation region melts and solidifies, as shown in Fig. 6,
which also demonstrates the thermal effect in the process of
the laser ablation in our experiments.

Previous works have reported that the optical absorption
of the metal surface was enhanced by the micro- and nanos-
tructures induced by the femtosecond laser. 3381 The ablation
induced by the preceding pulse generates micro- and nano-
structures on the target surface, leading to more laser energy
absorbed by the target for the second laser ablation. The en-
hanced absorption provided by these surface structures facili-
tates increased energy transfer to the aluminum lattice during
the second femtosecond laser ablation, increasing the amount
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and velocity of ejected material.

It is also reported that the high pressure of the shock wave
induces residual stress in the materials after the material is
treated by the laser shock processing.**~*!! In our experiment,
the estimated plasma pressure of shock wave is 1.52 GPa at
200-ps delay time, as shown in Fig. 5. Such a high pressure
will induce residual stress in the aluminum target. The release
of the residual stress in the laser ablation should also increase
the amount and velocity of the ejected material for the second
laser ablation.

The target surface structure continues to change with the
each subsequent laser pulse. The surface structure of the alu-
minum target after the fourth or the eighth pulses ablation are
different with that after first or the second laser ablation, re-
sulting in different spatial distributions and the amounts and
velocity of material ejected by the pulses. The amount and
velocity of the ejected material vary with the increase of the
laser pulse ordinal, which should be considered in the process
of femtosecond laser machining.

3.3. Nearly concentric and semicircular stripes

In single-pulse ablation, several nearly concentric and
semicircular stripes occur at approximately 2-ns delay time,
and the stripes blur at 3 ns and disappear entirely at 5 ns,
as shown by the first row of Fig. 2, which has been ob-
served in our previous works for the case of single-laser pulse

(29311 According to our previous research, the nearly

ablation.
concentric and semicircular stripes result from the diffraction
or absorption of the probe beam through the shock wave re-
gion. The air pressure behind the shock wave front decreases
with increased delay time, and the pressure distribution of the
air within the shock wave front affects this region’s refractive
index distribution. At the same time, the ion number densities
of the plasma and the ejected material evolve with increased
delay time, which also affects the refractive index distribution
within the shock wave front. In the region within the shock
wave front, the air pressure distribution, the plasma, and the
ejected material jointly form a time-varying refractive index
distribution or absorption field. The refractive index distribu-
tion or absorption field within the shock wave front achieves a
special state at approximately 2 ns, by the diffraction or peri-
odic absorption to the probe beam. The periodic nearly con-
centric and semicircular stripes emerge within the shock wave
front when the probe beam passes through the region within
the shock wave front at approximately 2 ns. At a longer delay
time, such as 5 ns, the refractive index distribution or absorp-
tion field within the shock wave front varies and differs from
that at 2 ns, and no longer forms the stripes.

In Figs. 2(d-1) to 2(d-8), it can be seen that the nearly
concentric and semicircular stripes emerge within the shock
wave front at 2 ns for both the first and second laser pulses,

whereas the stripes blur for the third laser pulse and disap-
pear from the fourth laser pulse through the eighth laser pulse.
Figure 4 indicates that the radius of the shock wave front in-
duced by the first and second laser pulses is larger than that
induced by the third through eighth laser pulses. The varia-
tion in the shock wave front radius indicates the variation in
the air pressure distribution within the shock wave front with
the increasing laser pulse ordinal, and thus the refractive index
distribution within the shock wave front also varies with the
increasing laser pulse ordinal. Furthermore, the states of the
plasma and the ejected material also vary with the increasing
laser pulse ordinal because of the changes to the surface struc-
ture of the aluminum target, further impacting the refractive
index distribution or absorption field, which is responsible for
the blur and disappearance of the nearly concentric and semi-

circular diffraction stripes.

4. Conclusion

The dynamic evolution process of aluminum ablation by
successive femtosecond laser pulses is investigated using time-
resolved shadowgraphs based on the pump—probe technique,
as well as morphology analyses using SEM images. The spa-
tial distribution of the ejected material varies with increasing
numbers of incident laser pulses. The area and distance cov-
ered by the ejected material in the interior of the shock wave
by the second pulse are larger than that ejected by the first
pulse in shadowgraphs, indicating that more and higher speed
material is ejected by the second pulse than by the first pulse.
The radius of the induced shock wave decreases over the ini-
tial four laser pulses, and then remains almost unchanged af-
ter the fourth laser pulse. Nearly concentric and semicircular
stripes are observed within the shock wave front for the first
and second pulses in shadowgraphs, and the stripes blur for the
third pulse and disappear from the fourth through the eighth
pulses. The SEM images show that the ablated regions of the
aluminum target surface melt and solidify after the irradiation
of the femtosecond laser pulse. Some droplets are observed on
the target surface in the SEM images. These demonstrate the
occurrence of thermal effect in the process of the laser ablation
in our experiments. Some micro- and nano-structures are also
observed on the target surface after laser pulse ablation. Abla-
tion by multiple femtosecond laser pulses differs from ablation
by the single femtosecond laser pulse, and the differences are
attributed to the changes to the surface structure of the alu-
minum target induced by the preceding multiple pulses. The
results reveal the characteristics of the multiple femtosecond
laser pulses ablation and may offer some guidance on the fem-

tosecond laser material processing.
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