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Abstract In this study we report on the ablation of steel
using femtosecond double-pulse trains. Double-pulse trains
with pulse-to-pulse separations between 1 ps and 1 ns were
used to machine micro-channels in a steel sample. The
depths of the laser-ablated channels were measured to char-
acterize the efficiency of the ablation process. Results show
that using a double-pulse train with an optimal separation
time dramatically increases the ablation depth and does not
deposit unwanted material that may require additional post-
processing of the machined surface.

1 Introduction

The process of laser micromachining has been well devel-
oped. Although using nanosecond laser pulses is common
for micromachining in many materials, high thermal con-
ductivity has limited the efficiency in machining metals due
to damage beyond the desired area [1]. Machining with
laser pulses with femtosecond pulsewidths has been shown
to limit the amount of thermal diffusion due to the very
short heating duration, and also due to a rapid solid-to-vapor
phase transition, limiting the absorption region to the pene-
tration of the optical pulse thus limiting the collateral dam-
age [2]. When using nanosecond pulsewidths for ablation,
the ejected material is often deposited outside of the ablated
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region; this process often requires post-processing in order
to remove the debris [3]. The non-thermal nature of ablation
with femtosecond pulses, mostly for dielectric materials, has
shown that these complications can be avoided [4].
Temporal shaping of femtosecond pulses has allowed
the customization of how the optical energy is deposited in
many materials [5]. Stoian et al. has shown that by using
multi-pulse femtosecond pulse trains it is possible to opti-
mize the ablation process in several large band-gap dielec-
tric materials. A decrease in damage to areas outside of the
ablated region and an increase to the ablated depth is due
to the initial pulses “preparing” the electronic and thermal
properties of the surface of the material for ablation by the
subsequent pulses [6]. Although the ultrafast ablation path-
ways differ between dielectrics and metals, there is evidence
that multi-pulse trains have facilitated the machining process
when there are nanosecond time delays between both pi-
cosecond and nanosecond pulses [7, 8]. In these cases the
second pulse interacts with the thermal effects of the abla-
tion process and not the non-thermal processes that occur
due to ultrafast excitation. In this work we investigate the
use of femtosecond double-pulse trains to optimize the ma-
chining of metal (steel). Femtosecond double-pulse trains at
several fluences were generated with pulse-to-pulse separa-
tion from 1 ps to 1 ns, and used to machine channels in steel
plates. The depth of the channels machined in steel plates as
well as the surface topography was characterized in order to
determine the optimal pulse spacing for machining steel.

2 Experimental setup
Figure 1 shows a schematic of the experimental setup used

in this work to machine steel samples. A Spectra Physics
Spitfire regenerative amplifier producing 800 nm, 50 fs
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Fig. 1 Experimental setup used for the ablation of steel using fem-
tosecond double-pulse trains. In diagram M corresponds to mirrors,
WP to a 1/2-wave plate, P to a polarizing beam splitter, OBJ to a 10x
objective

(FWHM) pulses at a repetition rate of 1 kHz with pulse
energy up to ~ 1 mJ was used. The pulses were divided
by amplitude and traveled separate paths. One of the beam
polarizations was rotated 90 degrees using a %—wave plate.
The beams were then spatially overlapped using a polarizing
beam splitter. This configuration allows the intensity of the
overlapped beams to be independently controlled using sep-
arate %-Wave plate and polarizer combinations. The pulses
were temporally synchronized using a long travel transla-
tion stage, which was confirmed using cross-correlation.
The long travel stage also allows time delays of greater than
one nanosecond between the pulses. The overlapped pulses
were then focused using a 10x objective onto the steel sam-
ple, which was mounted on a 3-dimensional high precision
translation stage, allowing for smooth and accurate move-
ment of the sample for machining.

For all the experiments the intensities of the two pulses
were equal. The estimated diameter of the focused beam was
20 um. The total incident fluences used were 16.7 J/cm?,
13.7 J/ecm?, 8.7 J/em? and 5.0 J/cm?. The incident beam
was controlled using a computer-interfaced shutter synchro-
nized with the translation stages. The machined area was
created using double-pulse delays that vary from 1 ps to
1 ns, by translating the sample at a speed of 20 um/s for
creating a 200 pm-long channel. Single femtosecond pulses
with the same total energy of the pulse pair were also used
as a comparison. There was no measurable difference be-
tween each polarizations used for the single pulse measure-
ments, therefore no polarization effects are expected for the
cross-polarization used in the double-pulse ablation. Each
measurement was repeated 5 times in order to improve the
accuracy of the depth measurements of the machined areas.

To determine the effect of the pulse separation on the
machining efficiency, a measurement of the profile of the
machined area was necessary. The topography of the laser-
machined channels was analyzed using a surface profiler
(Alpha-Step 1Q). Each of the laser-ablated channels was
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Fig. 2 Surface profile of steel sample after ablation with ~1000 fem-
tosecond at a fluence of 13.7 J/cm? with (a) single pulses and dou-
ble-pulse trains with delay times of (b) 1 ps, (¢) 10 ps, and (d) 1 ns

measured two times to account for variation in the surface of
sample. The laser-ablated regions were also examined with
an SEM (Hitachi S-4800 FESEM) in order to aid in the vi-
sualization of the laser-machined channel.

3 Results and discussion

A comparison between the channels machined in steel us-
ing femtosecond pulse pairs with variable pulse separation
shows that there is a difference in the ablated material as
well as the material that is deposited outside of the laser
impact zone. Figure 2 shows four plots of the surface pro-
file of the laser-ablated regions, for single pulse and pulse
pairs with separations of 1 ps, 10 ps, and 1 ns for a total flu-
ence of 13.7 J/cm?. These results can be directly compared
with SEM micrographs in shown in Fig. 3. Experiments with
many other pulse separation times were performed and were
not presented here due to space limitation, but are summa-
rized in Fig. 4. With the sample travel speed of 20 um/s and
the laser focused spot size of 20 pm, approximately 1000
pulses were incident on any point in the middle section of
the channel. In Fig. 2(a) through (c) it was observed that for
single pulses and for double pulses with 10 ps of less de-
lay between pulses, there was little splashed liquid corona
measured which appears as ridges outside of the machined
channel. The depth of the channel is about 8 pm for single
pulse ablation and remains similar for 1 ps delay. However,
there are significant differences that occur within the ablated
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Fig. 3 SEM images of steel sample after ablation with ~1000 fem-
tosecond at a fluence of 13.7 J/em? with (a) single pulses and dou-
ble-pulse trains with delay times of (b) 1 ps, (¢) 10 ps, and (d) 1 ns
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Fig. 4 Average depth of laser-ablated channel with delays between 0O
and 1 ns for fluences of (a) 16.7 J/em?2, (b) 13.7 J/em?, (¢) 8.7 J/cm?
and (d) 5.0 J/cm?

channel that may play a role in the efficiency of the machin-
ing process.

For the single pulse excitation and double-pulse excita-
tion with 1 ps separation time, similar results were observed
to due to the pulse separation being less than the expected
electron—phonon coupling time. There is a large central peak
or ridge within the laser-machined channel. When the pulse
separation is less than the electron—phonon coupling time
both pulses interact with the material before melting can oc-
cur. This central peak is observed in some cases to even

exceed the depth of the channel. The central peak reduces
the quality of the machined channel and reduces the effi-
ciency of machining. The SEM micrographs in Figs. 3(a)
and (b) show the images of the central ridges. The central
ridge could be composed of re-solidified material that was
unable to escape the machined channel during the ablation
process as the sample is being translated. The material that is
unable to be ejected from the ablated region builds up and re-
duces the machining depth of the channel. Similarly shaped
features have been observed previously for femtosecond ab-
lation of metals, where a bump was formed at the center
of the machined surface [9]. This feature can be caused by
surface-tension-driven-flow of the molten layer [10]. After
the laser pulse radiates and ablates the surfaced, there is a
molten layer, which initially flows outward from the center
but then reverses the flow direction and flows inward, which
may cause the central ridge.

A different behavior was observed when a pulse delay
between 5 ps and 10 ps was used for ablation. For 5 ps delay
there was a decrease in the height of the central peak, but
was still visible from the measurements. The average depth
of channel increases to 9 um. At 10 ps delay time, shown in
Fig. 2(c), there is a significant difference in the profile of the
ablated region. Figure 3(c) shows an SEM image of the ab-
lated region. It can be seen that there is no visible ridge in the
laser-ablated channel. The average depth of the central chan-
nel was measured to be 14.6 um. The change in the behavior
of the central peak indicates a change in the surface of the
target material 5 to 10 ps after the pulse excitation. Calcula-
tions using a combination of the two-temperature model and
molecular dynamics (MD) simulation show that when alu-
minum, copper and nickel are excited with a single ultrafast
pulse there is a separation of the ablated material from the
residual liquid region that occurs between 5 and 10 ps after
excitation [11-14].

If steel behaves similarly, as all other metals we have
studied (the potential function for steel needed for MD cal-
culations is not readily available), the second pulse reaches
the sample and interacts with the material as the ablated ma-
terial is separating itself from the bulk. This changes the ab-
lation process, and will eventually change the temperature
field and the molten liquid flow pattern that could be the
cause of the formation of the central ridge.

Reheating of the ejected plasma has been shown to have
an effect on the ablation process when double-pulse have
been used for ablation of metals. Recent studies show a de-
crease in the ablation rate when double pulses with sepa-
rations longer than the electron—phonon coupling time are
used for ablation in several metals [15-17]. Our measure-
ments appear to be different from these studies as the exact
delay time for achieving the maximum depth obtained in our
study is different. However, the exact time delay to achieve
maximum ablation depth depends on the complex dynamics
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after laser pulse irradiation, such as plasma shielding and
melting formation, which not only depend on materials but
also fluence. Adding to the complexity of this study is that
the sample is being translated during ablation, which can
influence the ablation depth as the second laser pulse can
move some of the melted materials into the previously ab-
lated area, and reduce the ablation depth, resulting in lower
machining efficiency compared with some of the previously
reported results. The prediction on the ablation depth vs.
time requires comprehensive numerical modeling, which is
beyond the scope of this work.

For pulse separation times longer than 10 ps, the topogra-
phy of the laser-ablated area changes once again. At a 20 ps
delay between pulses, ridges surrounding the laser-ablated
region begin to appear. The depth of the ablated channel be-
gins to decrease. This trend was measured for all delays be-
tween 20 ps and 1 ns, the longest time delay used in this
experiment. The decrease in the ablation depth and the de-
velopment of the ridges that occurs between 20 ps and 1 ns
may indicate a decreased interaction with the ablated ma-
terial and an increased interaction with the remnant liquid
layer. Figure 2(d) shows the profile of the laser-ablated chan-
nels with a delay of 1 ns. SEM images of the ablated re-
gion are shown in Fig. 3(d). Evidently, the ridges outside the
channel are caused by “splashing” of the molten material by
the second pulse. This may be a sign of interaction of the
second pulse with the high temperature liquid layer. Similar
ridges have also been observed for ablation using nanosec-
ond pulses and the splashing is purely a thermal process [2].
In addition to visible ridges surrounding the channel, there
are also large particulates in the channel itself that may be
caused by liquid material that does not escape the channel
before cooling. The SEM images also show less consistency
among the four channels, indicating the splashing process is
quite random.

Figure 4 shows the average depth of the laser-ablated
channel as a function of the delay between the pulses for
fluences (a) 16.7 J/cm?, (b) 13.7 J/em?2, (c) 8.7 J/cm?, and
(d) 5.0 J/em?. Tt can be seen that for 13.7 J/cm? the ablation
depth reaches a maximum value when the delay between
the pulses is ~10 ps. The pulse-to-pulse delay for obtain-
ing the maximum depth is about ~5 ps when the fluence is
16.7 J/cm?, and is longer, ~30 ps for the low laser fluence of
5.0 J/cm?. Topographically for all of the fluences the abla-
tion phenomena are similar although the features are atten-
uated at lower fluences: at long delays between pulses there
is an increased ridge outside of the ablated channels due to
the second pulse interacting with the liquid layer; for pulse
separations less than the optimum delays, a central peak de-
veloped within the ablated channel. Therefore, by making
simple adjustments to the separation times of the pulses, we
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are able to take advantage of the ultrafast ablation dynamics
and increase the efficiency of machining.

4 Conclusions

We have shown that using femtosecond pulse pairs can im-
prove machining. By using femtosecond double pulses and
varying the delay between pulses, the results of machining
of steel have been explored. Not only does adjusting the
separation between the double pulses allow for the elimi-
nation of the central ridges that exist in the channels ma-
chined using single pulses, we have also shown that a tem-
poral window exists for delays between the pulses, for which
the depth of the machined channel is greatly increased com-
pared to single pulses. Furthermore, increasing the separa-
tion time results in splashing of the molten liquid, similar to
what happens in longer pulse machining, and a decrease in
machining depth.
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