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Single shot ablation of metallic materials of aluminium, titanium alloy (Ti6Al4V) and gold has been
studied with 10 picoseconds (ps) laser pulses experimentally and theoretically. The ablation rate
variation at high fluence was explained by a simplified predictive model based on critical-point phase
separation (CPPS) theory. A comparison between experimental and numerical results inferred that CPPS
may well be the dominant ablation mechanism for high fluence laser ablation at 10 ps laser duration.
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1. Introduction

Femtosecond laser material processing has been widely studied
from basic research to potential industrial applications [1-4].
Ultrafast laser pulses show advantages for material processing
quality over long laser pulses because of the so-called “cold
ablation” with minimum melt. However, when the laser fluence is
increased well above ablation threshold, the advantages of
ultrashort pulse processing are lost resulting in significant melting
observed experimentally and predicted by simulation [5,6].
Moreover, femtosecond lasers show some shortcomings for
industrial applications: the complexity of Chirped Pulse Amplifi-
cation (CPA) leads to high cost, while kHz repetition rates result in
low throughput via the need to attenuate to fluences <1 Jjcm?2.
Recently, Dausinger pointed out that close to the ablation
threshold, melt thickness with ultrashort pulses shows very little
change for temporal pulse length up to 10 ps, while the nonlinear
effects typically observed with femtosecond laser pulses are
absent; hence precision micro-machining can be achieved with
laser pulse lengths of 5-10 ps [7]. In fact, for most metals, the
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electron-phonon coupling time is about several to tens of
picoseonds, essentially the same temporal regime. Le Harzic et
al. recently studied ablation of metals with pulse lengths from
100 fs to 5 ps and concluded that the effect of pulse length can be
understood in terms of the thermal characteristics of metals such
as electron-phonon coupling constants [8]. However, a complete
understanding of the mechanism of picosecond ablation of
materials is still required. Presently, picosecond laser systems
with pulse lengths of around 10 ps and high repetition rate, up to
200 kHz, are commercially available, addressing the drawbacks
mentioned above and hence the motivation for this work in terms
of potential industrial applications.

Previous work has demonstrated that two ablation regimes exist
for 10 ps pulse duration as with femtosecond (fs) pulse duration for
aluminium, titanium alloy (Ti6Al14V) and gold, which have widely
varying electron-phonon coupling times, and a qualitative two-
temperature model analysis has been provided to explain ablation
threshold under low fluence [9]. In this paper, follow-up work has
been carried out to examine the ablation mechanism under high
fluence by using a simplified predictive model based on critical-
point phase separation (CPPS) theory. A comparison of measured
ablation depths with those predicted by this model is shown. Single
shot ablation allows one to investigate the ablation mechanism
without the complication of multi-pulse incubation effects.
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2. Experimental

The laser and experimental set-up have been described
previously [9]. Briefly, the laser output beam traversed a 3x beam
expander and was then directed to a scanning galvanometer with a
f=100 mm f-theta lens (Nutfield). Focused spot size was observed
to be 22 + 0.2 wm in accordance with a Gaussian distribution at
1064 nm wavelength, almost diffraction limited. Samples were
mounted on a 5-axis Aerotech precision motion control system
running under NView MMI, which has a repeatability of 0.5 wm. The
pulse energy was varied in the range of 0.2-50 pJ, corresponding to a
peak fluence range of 0.08-25 J/cm?. Samples of aluminium (99%) and
titanium alloy (Ti6Al4V Grade 5) were first mechanically polished and
then ground with SiC grinding paper (400-1200 grit) down to a
surface roughness (R,) of ~20 nm, while the gold sample (99.9%) was
a commercial gold coated copper mirror with almost a similar surface
roughness (thickness of gold layer is 500-600 nm). As aluminium is
the most chemically active, one expects that a 30-50 A thick Al,0;
layer is formed on the surface. However, this oxide layer is highly
transparent and so thin that reflectivity and ablation behaviour will
be essentially unaltered [10]. A series of holes were drilled with single
pulses in order to study ablation without the complication of the
incubation effect and hence simplifying theoretical modeling. Before
and after laser ablation, all the samples were ultrasonically cleaned in
methanol to remove the contamination and ablated debris. Micro-
structures were observed with a Nikon optical microscope with CCD
camera and residual surface roughness, features and ablation depths
determined by using a WYKO NT1100 optical surface profiling
system.

3. Theory and modeling
3.1. Original model

During ultrafast laser micro-structuring of metals, theoretical
models have been proposed based on hydrodynamics [11,12] and
molecular dynamics [13-16]. For example, Nedialkov argued that
thermal-elastic wave is the dominant mechanism for material
removal just above the ablation threshold and then followed by
phase explosion with increasing laser fluence [16]. Vidal [11] and
Cheng [13] suggested that critical-point phase separation (CPPS) is
the dominant mechanism for fs laser ablation under high fluence
(>several J/cm? or higher for most metals). For this theory, it is
argued that for ultrashort laser ablation, the sample material cells
near the surface will first be heated to their maximum temperature
without obvious density change and then their temperature T and
density p will decrease following roughly the expansion trajec-
tories of Tocp?’ (see the route of 0—A—CP in Fig. 1). It is also
argued that the expansion trajectory of certain material cells will
enter the thermodynamically unstable zone near the critical point,
then these cells will transform into a bubble-droplet transition
layer as aresult of instabilities. The mass above these material cells
will be ablated, while the mass below will condense back to the
target. The maximum temperature of the material cells separating
the ablated and un-ablated material, the separation temperature
Tsp in this paper, is related to the thermodynamic critical
temperature as follows:

Tsep _ (@) w” 1)
T. Pc

where T, and p. are the material critical temperature and
density, respectively while pg is the material density at room
temperature.

Following this analysis, by solving for the lattice temperature,
the location beneath the surface where the maximum temperature
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Fig. 1. A schematic diagram of the thermodynamic trajectory of the material based
on CPPS theory. The dome in solid line is the binode. The dome in dashed line is the
spinode. CP is the critical point.

is equal to the separation temperature can be calculated and then
this location can be regarded approximately as the ablation depth.
In order to get the lattice temperature, a one-dimensional, two-
temperature model (TTM) [17] was used:

T, o/ 0
QGQ§F:&<K&R>fﬂR7T0+ﬂLO (2a)
C:(Tz)%:g(Te =Ty (2b)

where tis time, z is the spatial coordinate, T, and T, are electron and
lattice temperatures, respectively; C. and C; are the electronic and
lattice heat capacities, respectively; k is the electron thermal
conductivity; g is electron—-phonon coupling constant and S (z,t)
represents the heating source from the laser pulse. The diffusive
term is absent in the second equation because heat diffusion occurs
much more rapidly through the electron gas than through lattice
phonons.

C. and C; can be calculated from the quotidian equation of state
(QEOS) model [18] at the normal density of metals. In the model,
the data of electronic and lattice heat capacities are firstly
obtained using the QEOS model, which has been widely used in
the literature by numerous researchers (e.g., Refs. [11,19,20]).
After that, the simulation has also been performed by incorporat-
ing the data on electron heat capacity and electron-phonon
coupling taken from Ref. [21], where the data is obtained based on
first-principles electronic structure calculations of the electron
density of states. The simulation results based on QEOS and those
obtained by incorporating the data from Ref. [21] will be
compared.

k can be obtained by using the model of Lee and More [22,23].
g=0C,/t, [19], where 7, is the mean energy exchange time for
electrons and lattice. The laser source term:

Az, 0)
0z

represents the actual absorbed laser energy by the sample, where
I(z, t) is the laser beam intensity at z, and can be obtained by solving
the following equation:

dl(z,t)
0z

where « is the absorption coefficient. At the sample surface (z = 0),
1(0,t) = (1 — R)Ip(t), where Iy(t) is the intensity of the incoming laser
beam on the sample surface, and R is the surface reflectivity. Based
on the model of Lee and More [22], the dc conductivity can be

S(z,t) =

(3a)

= —al(z,t) (3b)
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obtained, and then the values of o and R can be calculated
according to Drude theory [11,24] and Fresnel formulas [25]:

nee?
V= o (4)
nee?
Wp = Tne/go (5)
2 _ 2 W%
nr—nizl—W2+V2 (6)
5 wws .
nen; = m (7)
o= 2@ (8)
(nr—1)% +n?
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where w,, is the plasma frequency, v is the electron collision
frequency, op is the dc conductivity, & is the permittivity of
vacuum, 1 is the electron number density, e is the electron charge,
m’ is the mass of the electron, n, and n; are the real and imaginary
parts of the complex index of refraction, respectively w is the laser
frequency, c is the speed of light and « is the aforementioned
absorption coefficient.

Egs. (2a) and (2b) can be solved by using a finite volume
method, and then the temperature history at each material cell can
be obtained. The initial location of the material cell whose
maximum temperature is equal to the separation temperature can
be taken approximately as the ablation depth. The separation
temperature can be calculated using Eq. (1) based on the material
critical temperature and density taken from Refs. [26-28]. This
model has been verified in prior work for the fs laser ablation of
aluminium and copper and has been found to be applicable for up
to 10 ps laser ablation of copper [29]. It also should be mentioned
here that this model is only valid for high fluence (>several J/cm?
for most metals). When laser fluence is low, the ablation
mechanism may not be critical-point phase separation.

3.2. Improved model

Even though the original model has been verified for fs laser
ablation study of metals, it may not be very accurate for the 10 ps
laser pulse. The laser pulse duration effect can be inferred from
Eq.(1).InEq. (1), the separation temperature, Tsp, is calculated with
a state of the normal density and room temperature (Ty, 0o), Which is
very suitable for the fs laser pulse since under such condition,
material will roughly follow the route of 0—A—CP (Fig. 1) and then
come into the unstable zone. However, for 10 ps laser ablation, this
much longer laser pulse may give some time for material expansion
and density decrease. Hence the separation temperature, Tsp, will
drop because of a density decrease from po to a smaller value and
then material may follow the route of 0—A’—CP (Fig. 1). That is, the
actual separation temperature (the temperature of A’) may be lower
than the one calculated using Eq. (1) (the temperature of A), and
hence the model may underestimate the ablation depth. It should be
noted that Fig. 1 is just a rough schematic not drawn to the actual
scale, and more detailed theoretical study is required to get more
exact thermodynamic trajectories of materials.

Following the above analysis, the model can be improved by
using the temperature of point A’ as the effective separation
temperature instead of using the temperature of point A. Then, the
ablation depth will be the initial depth of the location where the
maximum temperature is equal to the effective separation
temperature.

If the density of point A, pg4, is known, then the temperature of
the point A’, T4, can be calculated as:

2/3
Ty _ <LA> ! (10)
Tc Pc

where T, and p. are the critical temperature and density,
respectively. Then T, can be used as the separation temperature
in the model, that is: Tsep = Ta.

The next question is how to obtain the density of A’. Strictly
speaking, this requires molecular dynamics simulation or full
hydrodynamic simulations supplemented by a wide-range equa-
tion of state, which will be very complicated and computationally
expensive (it is certainly a good work in the future). This, however,
will contradict the purpose of the simplified model in the paper,
which is to predict the ablation depth with very small computa-
tional cost and without involving any free adjustable variables.

The hydrodynamic simulation in Ref. [11] implies that as metals
are driven by high-intensity short laser pulses to a very high
temperature and pressure, their expansion behaviours may be
roughly similar to ideal gas. Because the ambient air pressure is
negligible compared with the laser-induced high pressure in
metals, the laser-induced metal expansion process can be very
roughly analyzed as a process of unsteady ideal gas flow into a
vacuum.

The analytical solution to the well-known problem of one-
dimensional unsteady gas flow into a vacuum is given in Ref. [30].
For uniform ideal gas initially occupying the z <0 region with
density of pg, as it starts expanding (at t = 0) into the vacuum in the
z > 0 region, the gas surface will move in the +z direction with a
velocity of (2/y — 1)co, where cg is the sound speed and y is the
isentropic exponent. Hence the surface location at t will be z = (2/
y — 1)cot. Due to the expansion, the gas density will decrease and
hence a rarefaction wave will propagate in the -z direction at the
sound speed cy. Therefore, the rarefaction wave front at tis z = —cot.
The gas velocity u is 0 for z < —cot. From z = —cgt to the surface
location z=(2/y — 1)cot, the velocity increases linearly (with
respect to z) to the maximum value of (2/y — 1)co at the surface.
From the above, for any given time, the gas velocity is given by:

2 Cot
y—-17° (11)
zZ< —cot

y+1

2 z
u— —(co +f) for —cot<z<
0 for

Then the density can be calculated as:

_ 2/(y-1)
_y (12)

P = Po { T2 o
Using the above approach, the density of the separation point can
be roughly estimated. Then the effective separation temperature
can be calculated using Eq. (10). Again, it should be noted that the
above approach, although it certainly has relevant physical
meaning, can only provide a rough estimation. A more strict
calculation requires molecular dynamics simulation or full
hydrodynamic simulation supplemented by a wide-range equa-
tion of state for the metals.

The major material properties used in the model have been
summarized in Table 1. Note that for the improved model, the
electronic heat capacities, C,, are calculated from QEOS. Electron-
phonon coupling constants, g, are calculated as g = C/t, (where C,
is from QEOS).

4. Results and discussions
In this work, the experimental ablation depths were measured

by averaging over five drilled holes at each fluence. In Figs. 2-4, the
squared dots and circled lines present the experimental and
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Table 1
Summary of the major material properties used in the model.

Material properties used in the model

Values or sources

The electronic capacities, Ce

The lattice heat capacities, G

The electron thermal conductivity, «

Optical index of refraction and absorption coefficient

The mean energy exchange time for electrons and lattice, 7,
Electron-phonon coupling constant, g

Material critical temperature, T,

Material critical density, p.

Calculated using the QEOS model [18] or taken from Ref. [21]

Calculated using QEOS model [18]

Calculated using the model of Lee and More [22].

Calculated using the Drude model (based on the dc conductivity calculated
using the model of Lee and More [22])

Aluminium: 4 ps; titanium: 7 ps; gold: 119 ps [8,31].

Calculated as g = C/7, (where C, is from QEOS) or taken from Ref. [21].
Aluminium: 5410 K; titanium: 7500 K; gold: 7400 K [26-28].

Titanium: 1009 kg/m?>; aluminium: 490 kg/m?>; gold: 7.69 x 10> kg/m> [26-28].

simulation results of ablation rate (based on QEOS) versus laser
fluence for the three aforementioned metals. In Fig. 2, the
simulation results for aluminium cover the laser fluence range
of 2-25]/cm?, which is the electron heat diffusion governed
regime. For the simulation results, the simulated ablation rate
increases from 25 nm per pulse at 2 J/cm? to 308 nm per pulse at
16 J/cm? while the experimental ablation rates are approximately
150 nm per pulse and 600 nm per pulse at these fluences. While
the trend in ablation rate is predicted, the experimental ablation
rates are several times higher than the modeling predictions,
converging only at fluence >15 J/cm?. In Fig. 3, somewhat better
agreement between experiment and simulation is observed for the
titanium alloy; however, the simulation underestimates ablation
rate generally by a factor of 2 below fluence at ~10 J/cm?. The
simulated ablation rates of 24 and 205 nm per pulse at 2 and 16 ]/
cm?, respectively correspond to the experimental data of
approximately 80 and 200 nm per pulse. For gold, modeling
results (based on QEOS) show that the peak temperature does not
reach the separation temperature when laser fluence is below 5 ]/
cm?. Thus, in Fig. 4, the ablation rate comparison is shown for laser
fluence from 6 J/cm? to 20 J/cm?.

The simulation has also been performed by incorporating the
data on electron heat capacity and electron-phonon coupling
taken from Ref. [21]. The results have also been shown in Figs. 2-4
(triangled lines). It can be seen that for aluminium, the simulation

10°
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Fig. 2. The experimental and theoretical comparison of ablation rate for aluminium
with laser fluence. The squared dots present the experimental data; the circled line
presents the simulation results based on QEOS; the triangled line presents the
simulation results by incorporating the data on electron heat capacity and electron-
phonon coupling taken from Ref. [21]; the starred line presents the simulation
results by the improved model with the data of electron heat capacity and electron-
phonon coupling from QEOS.

results based on QEOS and those incorporating the data from Ref.
[21] are very close. For Ti6Al4V and gold, the differences become
more obvious. The agreements between simulations and measure-
ments have not been improved by incorporating the data on
electron heat capacity and electron-phonon coupling taken from
Ref. [21].

In Figs. 2-4, the starred lines show the simulation results
using the separation temperature calculated with Eq. (10). It
can be seen that agreements between simulations and experi-
mental measurements have been significantly improved com-
pared to the results obtained based on QEOS and the data from
Ref. [21]. Considering the simulations are performed with a
simplified model with very small computational cost and
without any free adjustable variables, the agreements between
simulations and measurements are reasonably good. The good
agreements have shown that the simple approach (Eq. (11))
used in the model to estimate the density decrease due to
expansion, although very rough, can still provide physically
meaningful estimation.

In this study, the three metals selected have a wide variation in
electron-phonon coupling times. Aluminium has the shortest
electron-phonon coupling time of about 4 ps, compared with
titanium of 7 ps and gold of over 100 ps [8,31]. The modeling
predictions based on the CPPS theory have shown reasonably good
agreements with the experimental results for all the three metals,
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Fig. 3. The experimental and theoretical comparison of ablation rate for Ti6Al4V
with laser fluence. The squared dots present the experimental data; the circled line
presents the simulation results based on QEOS; the triangled line presents the
simulation results by incorporating the data on electron heat capacity and electron—
phonon coupling taken from Ref. [21]; the starred line presents the simulation
results by the improved model with the data of electron heat capacity and electron-
phonon coupling from QEOS.
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Fig. 4. The experimental and theoretical comparison of ablation rate for gold with
laser fluence. The squared dots present the experimental data; the circled line
presents the simulation results based on QEOS; the triangled line presents the
simulation results by incorporating the data on electron heat capacity and electron—
phonon coupling taken from Ref. [21]; the starred line presents the simulation
results by the improved model with the data of electron heat capacity and electron—
phonon coupling from QEOS.

which indicate that the critical-point phase separation could be the
relevant dominant ablation mechanism for the high fluence laser
ablation studied here.

5. Conclusions

Single shot 10 ps laser ablation on aluminium, titanium alloy
and gold at a wavelength of 1064 nm was studied experimentally
and theoretically. Simulations have been performed using a
simplified predictive model based on the “separation tempera-
ture” concept and the critical-point phase separation mechanism.
If the possible target material density decrease due to laser-
induced expansion is considered during the calculation of the
separation temperature, reasonably good agreement can be
obtained between experimental data and modeling predictions,
which shows that critical-point phase separation could be the
relevant ablation mechanism for high laser fluence. Due to the
complicated physics involved in picosecond laser ablation, more
detailed experimental and theoretical work is still needed to
further clarify the ablation mechanism.
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