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Abstract

Metals have three ablation threshold fluences (high,
middle and low-threshold fluence, here called) for
femtosecond laser pulses. In order to investigate
the physics of metal ablation under an intense
optical field, the ions emitted from a laser-
irradiated copper surface were studied by time-of-
flight energy spectroscopy. The low laser fluence
at which ions are emitted, Fy,1 is 0.028 J/cmz, and
two higher emission thresholds were identified at
fluences of Fy,m =0.195 J/em? and Fan =0.470
J/em®. The relation between the number of emitted
ions per pulse N; and laser fluence F" was in good
agreement with N; < F* for Fayr - Faom, Ni «F° for
Fum - Fau and N; <F* for > Fyy. The
dependence of ion production on laser energy
fluence is explained well by multiphoton
absorption and optical field ionization.

For fluence levels near the middle to high ablation
threshold, the formation of grating structures on
metal surfaces has been observed. The interspaces
of grating structures were shorter than the laser
wavelength, and the interspaces depend on fluence
for Mo and W with a 160 fs laser pulse. This
phenomenon is well explained by the parametric
decay model proposed by Sakabe ef al.

Introduction

Ablation threshold of metals have been
investigated experimentally and theoretically since
the 1990s with respect to the mechanism of
femtosecond laser ablation. Three ablation
thresholds have been identified for metals
irradiated with a laser pulse of < 400 fs at a
wavelength of 800 nm [1][2]. Two of the
thresholds are characterized by the electronic
thermal conduction length (/ ~ 80 nm) and optical
penetration length (6~ 10 nm), respectively. The
ablation rates at these thresholds are well
expressed by the two-temperature thermal
diffusion model. However, the third (low) ablation
threshold can not be characterized by this model
because the ablation rate is ~0.01 nm/pulse (less
than one atomic layer) and the threshold is
strongly dependent on laser pulse duration. The

ablation rates are well explained by the assumption
of multiphoton absorption [3]. We defined this
region in which characterized by the low ablation
threshold as ““ nano-ablation”. As a result of the
nano-ablation, high energy singly charged ions are
emitted from metal surface and periodic grating
structure is self-formed on metal surface. In this
paper, the mechanism of the nano-ablation for
metals is reviewed and the current study for
simulation of the nano-ablation is also introduced.

1.1 Energetic ion emission from metals in
femtosecond laser nano-ablation.

In order to elucidate the dynamics of the ejected
particles, the velocity distribution of ions emitted
from the metal by femtosecond laser ablation has
been measured by time-of-flight (TOF) mass
spectrometry. However, the observations were
limited to a laser intensity of one order of
magnitude higher than the low ablation threshold
since less than one ion is ejected near the threshold
per pulse. Therefore, the velocity distribution
could not be obtained by single-pulse laser
irradiation. With regard to the laser intensity at the
low ablation threshold, the absence of collisional
and Coulomb effects or chemical reactions in the
ablation plume are expected. Thus, the TOF
velocity distribution reflects the surface dynamics
of ion ejection. In the experiment, femtosecond
laser ablation of Cu by using T®-laser system (800
nm, 130 fs)[4] was studied with TOF mass
spectrometry (Jordan D-850)[5] in the laser energy
fluence range of 0.028 - 14.4 J/cm?.

1.2 How to produce the ions on metal surface

Three thresholds for ion emission were identified
as shown in Fig.1. The number of emitted ions per
laser pulse N; was dependent on laser fluence and
was in good agreement with N; o F* for laser
fluence of Fyyp - Finm , N; < F° 3 for laser fluence of
Fam -Fap, and N; « F? for > Fyn[3]. The process
of ion production is well explained by multi-
photon absorption and optical field effects. Cu
particles were ejected by m-photon absorption
while Cu ions depended on F™"' as discussed in
later. The ionization potential of Cu is 6.66 eV,
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Figure 1: Number of detected Cu ions as a function of
laser energy fluence.

and its work function is 4.65 eV. Therefore, at
least five photons are necessary to ionize a Cu
atom with an 800 nm laser (= 1.5499 eV) and four
photons are necessary for multiphoton electron
ejection from a Cu surface. These simple
considerations do not adequately explain the
observed ion production with a dependence of
F™' over a wide fluence range. These
experimental results suggest that the Cu ions are
produced by the optical field ionization via
multiphoton absorption at the sample surface.
When a high-intensity laser is used to irradiate the
sample surface, the bound potential of free
electrons is distorted by the electric field of the
laser parallel to the surface normal. This distortion
of potential induces tunneling photoelectron
ejection from the metal surface via multiphoton
absorption. Keldysh has shown the tunneling
criterion for the possibility of ejecting an electron
that has bounded potential [6],
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where y is the Keldysh parameter, v is the laser
frequency, m. is the mass of an electron, W is the
work function at room temperature, E is the
amplitude of a laser electric field, and e is the
electronic charge. For an electron that absorbed m
photons, the work function can be reduced to W
—mhvy; therefore, y can be written as,
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where v = 3.75x10"s", m.=9.109x10>' kg, W =
7.449x10"° J (for Cu), e = 1.602x10™"° C, E =
1.27x10° V/m for Fy; = 0.028 J/em?® 3.36x10°
V/m for Fyym = 0.195 J/em?, and 5.21x10° V/m for
Faun = 0470 J/em?. Under the ion emission
thresholds, the tunneling criterion is satisfied as
v3=0.013 for three photons, y,=0.47 for two
photons, and y,=0.43 for one photon. For all m-
photon absorptions, it is possible to eject an
electron by the tunneling process shown in Fig. 2
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Figure 2(a)-(c) : Intense laser irradiation can ionize
metal instanta neously by the optical field ionization via
multiphoton absorption and produce metal ions. Vertical
and horizontal axes show the energy level of a free
electron and space x, respectively. x=0 shows the
interface between the metal and vacuum. The energy
level on the vacuum side is distorted by the electric field
of the laser perpendicular to the surface. The distortion
of the energy level (triangle shape) induces
photoelectron ejection via tunneling. y, is the Keldysh
parameter under the m-photon absorption modified by
authors. Under the ion emission thresholds, the
tunneling criterion is satisfied as y; =0.013 for three
photons, y,=0.47 for two photons, and y,=0.43 for one
photon[3].

and produce ions on the surface. Thus, the number
of ions produced is equal to the number of
electrons ejected. In order to estimate the current
density of ejected electrons, the Flower-Nordheim
(F-N) model was used. The current density of
electrons from a material under an electric field
applied to the surface normal can be expressed as

J=A/32526Xp(3¢2/3) v, (3)
) BE

where A = 1.5x10°, B = 6.83x10°, B is the field
enhancement factor, ¢ is the bound potential, and
E is the applied electric field. In the present
experiment, the laser was focused at an incident
angle of 70 degrees relative to the Cu surface, and
the corresponding electric field of the laser was ~
10°-10" V/m. In an electric field of this strength,
the exponential term in Eq. (3) is ~1. Therefore,
the current density of ejected electrons is
proportional to laser energy fluence: JoxF= E’.
Therefore, during tunneling photoelectron ejection
from a metal surface with multiphoton absorption,
ion production is expected to be dependent on F™'.
High-energy Cu ions of 30 eV were produced at a
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Figure 3: Dependence of most probable energy of Cu
ions on laser energy fluence.

low laser fluence of 0.136 J/cm’. The most
probable energy of Cu ions increased as the laser
energy fluence increased as shown in Fig. 3. In this
report, we classify the laser fluence into three ion
emission regimes (see Fig. 1). The number of
emitted ion per laser pulse N; was dependent on
laser fluence and in good agreement with N; « F*
for low fluence (F = 0.028 - 0.195 J/cm?), N, « F?
for medium fluence (F = 0.195 - 0.47 J/cm?) and N,
o« F* for high fluence (F = 047 J/cm?). The
process of ion production is well explained by

multiphoton absorption and optical field ionization.

The interesting Cu ion energy in the fluence range
of 0.10 - 1.2 J/cm? is shown in Fig. 3. Thus, we
discuss the ion energy not only at low laser fluence
but also at medium and high laser fluence. In the
fluence range of 0.10 - 1.2 J/cm?, the energy of Cu
ions is proportional to the laser fluence, E « F"'°,
This relation was analyzed within the framework
of the Coulomb explosion of ions that were
localized to the metal surface, and could
satisfactorily and qualitatively explain the obtained
results as mentioned in [3]. In the case of non-
thermal ablation, the formation of grating
structures on the Cu surface has been observed in
this fluence range [7], and the interspaces of these
grating structures are much shorter than the
thermal diffusion length. Therefore, the formation
of grating structures would not be observed if
thermal ablation were the dominant process. On
the other hand, the dependence of Cu ion energy
on laser fluence was investigated for laser fluence
greater than 1.2 J/cm?*; the relation was observed
experimentally to be E o« F°°. This result is well
explained by the emission of ions under thermal
equilibrium conditions, where the most probable

energy is related to the laser fluence as Eppap < F*°.

This is in reasonable agreement with the
experimental results. Thus, the ions might be
produced by thermal ablation for laser fluence
greater than 1.2 J/cm®. For thermal ablation at
fluence greater than 1.2 J/em?, the formation of
grating structures on the Cu surface has not been
observed [7]. Therefore, the energy of the emitted
ions indicates that Cu is ablated by a thermal
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Figure 4: The TOF spectra for copper irradiated by
femtosecond laser pulse(F=80mJ/cm?, 170fs, 800nm) .
(a) Copper surface with mechanically polished and (b)
Structured surface structure on copper with femtosecond
laser pre-irradiation. Dashed lines and solid lines
indicate the calculated SMB distribution and CEN
distribution, respectively.

process only for laser fluence greater than 1.2
J/em?, while a non-thermal process (Coulomb
explosion) is operative in the fluence range of 0.1 -
1.2 J/em?® In Fig. 3, the ion energy is shown,
excluding ion energies for fluence greater than 1.2
J/em?, and the fluence dependence is discussed in
terms of the Coulomb explosion of Cu ions
produced by a multiphoton process and optical
field ionization.

The experimental results were analyzed within the
framework of the Coulomb explosion of ions that
were localized to the metal surface, which could
satisfactorily and qualitatively explain the obtained
results[3][8].

1.3 Energy distribution function of emitted
metal ions

Figure 4 shows the TOF spectrum of emitted ions
for femtosecond laser pulse irradiation on copper.
The ion spectra have a double-peak structure. The
fast and slow components correspond to protons
and singly charged copper ions, respectively. In
Fig.4(a), the TOF spectrum for the nanoparticles
distributed on copper surface is shown. The size
distribution of nanoparticles was lognormal, a
mean radius r, was 7.7nm, and the standard
deviation of the logarithmic radius w was 0.41.
The dashed line shows a least squares fit of a sifted
Maxwell-Boltzmann (SMB) distribution in which
is well used for thermal ablation. The TOF
spectrum could not be fitted with the SMB
distribution. The solid line shows calculation with
a Coulomb explosion of nanopartices (CEN) in
which we have proposed recently [9]. This CEN
model is expressed as

n L\ 380ml./<2ne2) )
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where C is a distribution normalization constant, L
is a flight distance for TOF measurement, w is the
standard deviation of the logarithmic radius, & is



the vacuum permittivity, m;is the mass of metallic
element, n is the atomic density in nanoparticle, e
is the electronic charge, 7 is the ionization rate in
nanoparticle, ¢ is the flight time of metal ion, and 7,
is the mean radius of nanoparticles. In the
calculation, L =1.45m, w=0.41, &,=8.85x10"2 F/m,
mi=1.05x10% kg, n= 8.85x10%® m™ for copper, e
=1.60x10" C, and r, =7.7 nm are used. The least
square fit of Eq.(4) to TOF spectrum give us the
i=0.072%.

In Fig. 4(b), the TOF spectrum for laser produced
structures (different morphology from that for Fig.
4(a)) on copper surface is shown. The surface
structure was produced by femtosecond laser pre-
irradiation and measured by using a field-emission
scanning electron microscopy (FE-SEM). In this
case, the ion emission is more enhanced and the
peak energy was sifted toward higher side. With
using the i=0.072%, TOF spectrum in Fig.4(b) is
well fitted with the calculation of CEN model as
shown in solid line. In the calculation ».=13nm and
w=0.42 are used. The presence of larger
nanoparticles ( 7.~13nm ) on metals surface was
shown by FE-SEM observation.

In nano-ablation for metal, the emission of the
energetic ions non-thermally occurred through the
nanoparticles interacted with femtosecond laser
pulses. We confirmed that the Ion energy
distribution was expressed by the calculation with
a Coulomb explosion of nanopartices.

2.1 Periodic grating structures formation in
femtosecond laser nano-ablation

Recently, the formation of grating structures on
metal surfaces has been observed [10][11] and
used in chemical application [12]. For fluence
levels near the low ablation threshold, the grating
structures had an interspace of 300 nm, which was
much shorter than the laser wavelength of 800 nm.
The interspaces of the grating structures depended
on laser fluence, and this phenomenon was well
explained by the parametric decay model [7]
proposed by Sakabe et al. To confirm the validity
of this model, the interspaces dependence on laser
fluence for Ti, Pt, Mo, and W have been measured
experimentally [13]. We found that the
experimental results agreed reasonable well with
this model. In this model, a femtosecond laser
pulse interacts with the metal and a photon in the
IR region, and a plasma wave decays along the
surface. The plasma wave travels slowly at a speed
of less than 107 times that of light, and an ion-
enriched local area appears. Before the next
electron wave peak arrives, the ions experience a
strong Coulomb repulsive force and can be
exploded into a vacuum; in other words, a
Coulomb explosion [14] occurs. Through this
process, periodic grating structures are formed.
The mechanism of grating structure formation is
currently under investigation. In the experiments,
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Figure 5: Laser fluence dependence of the periodic structure
interspaces produced by femtosecond laser pulses (pulse
duration: 160 fs at 800nm). Solid lines show calculation results
based on the parametric decay model [6].

TS-laser system (A=800 nm, t =160 fs, 10 Hz)[4]
has been used. The laser beam is focused to a spot
size of ¢ 45 pm on the target surface with a lens (f
= 10 cm), at normal incidence in air. To avoid
nonuniformity of intensity in the irradiated area on
the surface, the laser intensity distribution is
adjusted to be spatially uniform. The targets are Ti
and Mo metals, which are mechanically polished.
The roughness, R,, is less than 2 nm for metals.
The fluence is varied in the range of =50 - 2100
mJ/cm?. The number of irradiating pulses is 50.
Laser-produced surface structures are examined by
scanning electron microscopy (JSM-5560, JEOL).
The periodic grating interspace is determined by
reading the peak value in the frequency domain
after taking the Fourier transform for the 20 pm x
15 pum area of the SEM image, which is equivalent
to the laser irradiated area on the targets. The
resolution of the present measurements of the
periodic spacing is better than 34 nm. Figure 5
shows typical dependence of the periodic structure
interspaces on laser fluence for Ti and Mo metals.
Solid lines show calculation results according to
the parametric decay model, in which ablation
threshold is taken into account. As shown in Fig. 5,
the model is in good agreement with the
experimental results in the fluence range in which
periodic grating structures are formed. These
experimental results indicate that the formation



threshold of grating structure is closely related to
ablation threshold.

Here, the parametric model is briefly described.
The parametric process of photon — photon +
plasmon can occur on a plasma surface as well as
in a bulk plasma (i.e., stimulated Raman
scattering). The parametric conditions of w; = w, +
wgp and k; = k, + Kkgp, where the subscripts L, 2,
and SP indicate the incident laser light, scattered
light, and surface plasma wave, respectively, are
reduced to

W, - Wgp =ckgp -k, , 0, =ck, ,
1/2
2 _ 2k 2 1 2 4 4 1 2
a)SP =C Sp "'E(,UP —-|C Sp +Z(Up .

The wavenumber of the plasma wave induced by
the parametric process can be related to the plasma
frequency, and the k, /kgp ratio (= Agp/A; A is the
wavelength) changes from 0.5 to 0.85 for plasma
frequencies in the range of ( < (Up/ﬁ <, » where

the plasma wavenumber increases as the plasma
frequency decreases. As mentioned above,
assuming that the self-formation is induced by the
plasma wave, the grating spaces correspond to the
wavelength of the induced plasma wave, and the
fluence dependence of the interspaces can be
reduced to plasma density dependence. The
dependence of the surface electron density ., on
the laser fluence F; can be interpreted as follows.
The electron density n, of the bulk plasma
produced on the surface by the laser is related to
the ablation threshold F: n, o« In(F,/F,). The
threshold F, for Ti was 74 mJ/cm? and for Mo was
134 ml/cm® under 800-nm pulses [13]. A
reasonable assumption is that plasma formation
starts at the ablation threshold F, [15]. The heated
plasma bulk with temperature 7, expands at the
sonic speed c.=(kyT./m,)"*, and the surface electron
density decreases from the bulk density as n./ ¢, ,
and the temperature is proportional to the laser
energy: T, o« F,. Therefore, the surface electron
density is related to the laser fluence as n, * n./c,
« nJT" o In(F,/F,)/F, . It is reasonable to
assume that the plasma frequency is o, = W/ECUL for

the laser fluence F), since no grating structures are
produced at laser fluence over Fy. Thus we can
clearly see the upper limit Fyy on laser fluence for
producing periodic structures. In this case,
n. [cm?1=3.5x10%In(F,/F,)/F,"*. Applying this
expression together with w,=(4mn.e*m.)"* to the
dependence of Ag/A; on w,, the spatial dependence
of the laser fluence is obtained. This relation is
shown as a solid line in Fig. 5. For each metal, the
experimental results agree reasonably well with
this model.

2.2 PIC simulation for periodic grating
structures formation.

The surface plasma wave induced by femtosecond
laser is key issue to discuss the mechanism of the
periodic grating structures. However, the surface
plasma wave could not observe directly due to
experimental difficulties. Thus the formation of
periodic structures is not yet fully understood. In
this section, we introduced the recent results to
visualize the surface plasma wave with two
dimensional particle in cell (2D-PIC) simulation.

In order to visualize the surface plasma wave
induced by femtosecond laser, two-dimensional
particle in cell simulation by using the code
FISCOF[16] has been demonstrated for initially
pre-formed plasma on a target. For the simulation,
the pre-formed plasma has the thickness of 2 pm in
the x direction of the (x, y) simulation plane. The
electron density of the pre-plasma was varied in
the range of 0 - n, by 0.1n, step, where n, was the
critical density for 800nm wavelength. The plasma
was initially characterized by a Maxwellian
distribution with electron temperature 7,=1 keV
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Figure 6: The electron density profiles in the x-y plane at
t=220 [fs] in case of the thin plasma density of (a) 0.3n,
and (b) 0.7n.[17]. Electron density is normalized by n,.



and ion temperature 7= 0.17,. Hydrogen plasma
m;/ m, =1836 is used, where m; and m, are the ion
and electron mass. The charge of the ions is Z = 1.
The target of 10 n, was located behind the pre-
plasma and its dimension of 10 um thick and 8
mm wide. Intense laser (I=1.56x10" W/cm?,
A=800 nm, rise time =15 fs) was irradiated
continuously onto the preformed plasma target
with normal incidence. The laser was linearly
polarized with the direction parallel to y axis.
Figure 6 shows the electron density distribution at
the ¢ = 220 fs for 0.3n, and 0.7n, of pre-plasma.
The simulation results show that the surface wave
is produced on the pre-plasma surface at x = 2.0
pm. The period of the surface wave was analyzed
by 1D Fourier transform for the electron density
distribution in y direction. Before the analyzation,
the electron density is integrated along the x
direction from 1.8 to 2.5um. The period of surface
wave is ~ 480 nm at 0.7 n. and depend on pre-
plasma density n,. The obtained simulation result
is helpful to discuss the dynamics of the surface
plasma wave generation. However, the irradiated
laser intensity is set 4 order of magnitude higher
than that obtained by the experiment since the
multi pulse irradiation effect could not take it into
account for this 2D-simulation in realistic
calculation time. The nano grating structure was
self-formed experimentally as a result of multi
pulse irradiation in the range of 50 - 10,000 pulses.
To reduce this discrepancy, we need further
investigation to express as a cumulation effect for
multi pulse irradiation.

Conclusions

In summary, we have introduced recent results for
ion emission from metals surface and periodic
structures self-formed on metals to discuss the
dynamics of nano-ablation for metals. The process
of ion production is well explained by multiphoton
absorption and optical field ionization. The
experimental observations are self-consistent with
the interpretation that the ions are emitted by
Coulomb explosion of ions localized on the metal
surface by an intense femtosecond laser pulse.
This ion emission might be contributed to produce
surface pre-plasma on metals. Therefore, low
dense pre-plasma is formed on metal surface
before peak intensity of laser is reached. We
believed that the periodic grating structure is self-
formed on metals, since the initial condition for
parametric decay process is fulfilled. Our proposed
model still includes several assumptions, therefore,
we need further investigations to discuss more
detailed.
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