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A study of the femto-second laser ablation process in metals by using a soft
x-ray laser probe
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We have succeeded in simultaneous observation of temporal evolution of two different surfaces of the
femto-second laser ablation process of metals (Au) by using the soft x-ray laser probe. The ablation front
with a solid or the liquid surface and the expansion front with thin film structure were observed from the
results of the soft x-ray interferogram, reflective imaging and shadowgraph. The expansion front separated
from the ablation front was thin, dense and smooth so as to work as the beam splitter for the soft x-rays at
the time within 1 ns after the laser irradiation. The expansion front that included almost all of the mass of
the crater inside was kept at the time around 1 us, and the height of that reached over 100 um. From these
results, the ablation front gradually becomes vapor while maintaining a clear and smooth expansion front.

1. Introduction

The dynamical processes of the formation of
the unique structures, such as the submicron
scaled ripple and bubble structures [1,2], by the
irradiation of the ultra-short pulse lasers come to
attract much attention for the novel laser
processing. In order to precisely control the
laser ablation, the detailed observation of the
laser ablation dynamics is required. In previous
works, the formation of an expansion front (EF)
with a thin filmy structure above the ablating
surface (= ablation front: AF) was observed using
a fs probe laser at the wavelength of 400 nm [3].

However the dynamics of the AF that includes
most of the mass of the erupting material has not
been observed because the AF was covered with
vapor (or plasma), which interrupted the probe
beam. For the direct observation of the
femto-second laser ablation dynamics, we have
developed the soft x-ray laser (SXRL) probe
system at the wavelength of 13.9 nm that can
penetrate the surface plasmas and not penetrate
the sample surface. By using this system, we have
succeeded in simultaneous observation of
temporal evolution of the EF and AF for the first
time.



2. The observation of a transient surface
morphology in the femto-second laser ablation
process by using a single-shot optical pump and
SXRL probe system

As shown in Fig. 1, the plasma based SXRL and
Ti:Sapphire laser are used as the probe and pump
beams, respectively. Each laser is generated by
different oscillator, and the timing accuracy of the
delay time is better than 3 ps by using the time
fiducial technique [4]. Therefore, this system can
observe the fast (pico-second) and long
(milli-second) time scale phenomena. The probe
beam is divided into the objective and reference
light by a double Lloyd’s mirror and is combined
on the CCD camera. This system can be switched
between interferometry and reflective imaging
easily [5].
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Fig.1. Experimental setup.

The spatial profile and peak fluence of the pump
beam were Gaussian (FWHM 100 wm) and 1.3
J/em?®, respectively. Fig. 2 (a) shows a snap shot of
the interferogram of the AF. Blue dashed lines
show the size of the ablation crater. The height of
AF in the central part was measured to be 20 nm at
t = 78 ps. 20 nm expansion in 100 nm gold film
cannot be explained by the thermal expansion and
phase transition, and it leads that the density blow
the AF decreased compared with solid or liquid by
the formation of the nano-bubble structures. Fig.
2 (b) shows a reflective image at ¢t = 607 ps. The
multiple concentric rings show the Newton’s rings
generated between the AF and EF. The Newton’s
rings were observed until # ~ Ins. The reflectivity of
the soft x-ray strongly depends on the surface
roughness and density gradient, therefore it implied
that EF was thin (< 10 nm), dense (near a solid),
and smooth (roughness < 3 nm) so as to work as the
beam splitter for the soft x-ray. The shape and
height of EF were dome-formed and 120 nm at ¢ =
607 ps, respectively. In Fig. 2 (c), the dark area
expanded laterally (see red arrow) shows the
shadow of the dome-formed EF. The shadow of
EF was observed until # = 0.8 us and the maximum
height reached over 100 wm. In addition, the
reflectivity at red arrow in Fig. 2 (c¢) shows the

density inside the EF. From the result of analysis of
reflectivity, almost all of the mass of the crater was
inside the EF. It lead that the ablation crater (~ 60
nm depth) was already formed at this time.
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Fig.2. Experimental results.

3. Summary

We have succeeded in the first observation of the
total dynamics of a metal (100 nm thickness gold)
surface during the femto-second laser ablation on
pico-second to micro-second time scales. The
temporal evolution of the ablation front (AF) and
expansion front (EF) was observed by using the soft
x-ray probe system. The surface roughness of AF
was better than a few nm, and the formation of
nano-bubble structures were expected below the AF.
EF separated from AF has nanometer scaled
thickness and roughness, and it works as the soft
x-ray beam splitter at the time within 1 ns after the
laser irradiation. EF dome was kept until 7= 0.8 us
and almost all of mass of crater were inside EF
dome. These results show that the ablating surface
irradiated by the femto-second laser gradually
becomes vapor while maintaining a clear and
smooth EF.
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