Liquid tin droplet fragmentation by ultra-short laser
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Abstract. The fragmentaion of a liquid metal droplet induced by a nanosecond laser pulse
has been studied well. However, the fragmentation mechanism may be different when a subpicosecond laser pulse is applied. To discover the details of the fragmentation process, we
perform a hydrodynamic simulation of a liquid tin droplet irradiated by a femtosecond laser
pulse. We have found that the pressure pulse induced by an instantaneous temperature growth
in the skin layer propagates from the one side of the surface of a spherical droplet and focuses
in its center; at the release a big cavity is formed at the center of a droplet; the pressure wave
release at the backside surface may cause the spallation.

1. Introduction
The laser induced plasma from the surfaces of irradiated tin targets is the promising light source
for the extreme ultraviolet litography [1, 2]. However, the formation of plasma is accompanied
by the debris consisting of the secondary droplets of tin. This cloud may enhance the absorption
of light, so that the discovery of fragmentaion mechanisms, leading to the specific spatial and
size distributions of fragments, is of practical interest.
The droplet fragmentation process is known to be dependent on a laser pulse duration. Thus,
a nanosecond pulse leads to a surface vaporization which applies a recoil pressure to a droplet
and deforms it until eventual fragmentation [3, 4]. A shorter laser pulse changes the process
qualitatively: the amount of energy of several orders larger is absorbed in a skin layer of a droplet
in a much shorter period of time what leads to an extreme pressure growth. Unfortunately, there
is no clear understanding of fragmentation mechanism induced by a sub-picosecond laser pulse
to date.
To shed a light on this problem we perform the complete three-dimensional (3D)
hydrodynamic simulation of a liquid tin droplet irradiated by a femtosecond laser pulse. The
smoothed particle hydrodynamics (SPH) method [5] seems to be the most suitable for this kind
of phenomena: it naturally handles the complex boundaries which appears during the cavitation
and spallation. The Riemann problem solution is applied to an interparicle contact [6] for the

Figure 1. Left: liquid tin, the drop diameter is D = 2 µm, the thickness of the skin layer is
δ ∼ 100 nm, y is the direction of the laser beam. The energy of laser radiation is absorbed
by the left hemisphere surface (bright color). Right: internal energy distribution at the initial
moment.
proper pressure and velocity calculation what results in stable solutions for shock and release
waves. We also use the efficient software tools for large-scale parallel simulations [7].
2. Simulation approach and setup
The representation of a continuous medium with smoothed particles has many advantages.
Its meshless nature does not require special algorithms to handle contact surfaces and free
boundaries, internal or external. Thus it allows to reproduce the cavitation and spallation
processes naturally.
A simulated sample is represented by a set of SPH particles which possess the material
properties. In the experiments the sizes of liquid metal droplets are usually several tens of
microns. However, the skin layer δ is quite thin (about 100 nm) what defines the required
spatial resolution for a 3D SPH droplet representation. To resolve this layer properly we need
at least 10 particles what results in the particle size of 10 nm. For example, to represent a
droplet of the radius R = 50 µm we need a half of a billion particles what is rather expensive
and difficult to simulate. Instead, we use the droplet of the radius R = 1 µm (figure 1) assuming
the main fragmentation features to be unchanged.
The numerical simulation of a liquid tin drop as continuous medium utilizes the following
conservation laws for the mass, the momentum, and the energy:
ρ̇ + ∇ · U = 0,

(1)

ρU̇ + ∇P = 0,

(2)

ρĖ + ∇ · (P U) = 0.

(3)

The total specific energy E in the equation (3) consists of the inner and kinetic parts (E =
e + U2 /2); ρ and U are the density and the velocity respectively, P is the hydrostatic pressure.
The system of equations (1)–(3) is enclosed by the equation of state which provides a connection
between the pressure P , the density ρ, and the inner specific energy e:
P = P (ρ, e) = Pr + Γρ(e − er ),

(4)

Table 1. Liquid tin properties.
Property

Value

Bulk modulus B (GPa)
Normal density ρ0 (kg/m3 )
Specific heat capacity Cv (J/kg/K)
Tensile strength T (GPa)
Grüneisen parameter Γ
Shock hugoniot coefficient c (km/s)
Shock hugoniot coefficient a

48.9
7287
255
1.0
1.7
2.59
1.49

where Γ is the Grüneisen parameter, where Pr , er are the reference pressure and the specific
energy for the shock Hugoniot in the form us = c+aup , us is the shock velocity, up is the particle
velocity, c is the bulk sound speed, a is the coefficient:
Pr (x) = ρ0 c2

1−x
,
[1 − a(1 − x)]2

er (x) =

Pr 1 − x
,
ρ0 2

x = ρ0 /ρ.

(5)

The system of equations (1)–(4) is solved using the SPH method. The particles interact with
each other within the smoothing distance controlled by a kernel function. At the interparticle
contacts the Riemann solutions for the pressure and the velocity are applied. The hydrostatic
pressure for liquid tin is calculated according to the Mie–Grüneisen equation of state. The
detailed description of contact SPH approach is introduced in [6]. The summary of equation of
state parameters for the SPH-simulated liquid tin are given in table 1.
3. Surface heating
The well known fact is that a femtosecond laser pulse is absorbed by the free electrons on a
metal surface during 10 fs, i. e. almost instantaneous as compared to the pulse duration of
800 fs. The energy is gradually transferred to the ionic lattice owing to the electrons relaxation.
Within the ∼ 10 ps period the temperatures of electrons and ions reach equilibrium.
Our simulation does not account for procesess taking place in the first 10 ps of irradiation:
we model a laser pulse absorption by setting a specific inner energy in a skin layer of a droplet
using the following expression:
"

 #
1 r−R 2
H(π/2 − θ) cos θ.
(6)
e(r, θ) = e0 exp −
2
αδ
Here e0 is the peak amplitude, R is the radius of the droplet, δ is the skin layer thickness,
α is the absorption decay coefficient, r is the radial position of a point within a droplet, θ is
the angle between the laser beam and a point within a droplet. The peak amplitude e0 was
varied from 1 to 5 MJ/kg, because it covers the two observed in the experiments different droplet
fragmentation regimes. The α coefficient has no direct physical interpretation, but it was chosen
from the assumption that the liquid tin absorbs radiation energy within a near-surface layer of
thickness δ ∼ 100 nm. We used for the α value 1.44 × 102 . With this value, the internal energy
distribution shown in figure 1 is obtained. The parameters are adjusted so that the peak pressure
amplitude is about 10 GPa.
The Gauss distribution of the absorbed energy near the surface of a droplet seems to be a
good approximation. The electrons on the surface have greater kinetic energy what results in a
more intense heating of ions. However, the heating gradually decreases with the depth due to
less energy absorbed by electrons.

The dependency on the angle θ is introduced to account the anisotropic heating of electrons
within the skin layer. As soon as the boundary conditions for incident and reflected beams
change with an angle, the absorption is maximal for θ = 0 and minimal for θ = π/2, what is
properly reproduced by the cos θ function. Finally, the Heaviside function H(π/2 − θ) defines
the laser irradiation for a half of the droplet.
4. Spallation–cavitation model
A sub-picosecond laser irradiation heats a skin layer of a liquid tin droplet what results in
an instantaneous temperature growth and pressure increase. Next, the short pressure pulse
propagates from a heated surface to a center what is demonstrated in the next section. The
pulse is followed by a rarefaction wave which causes the material extension. As the stress in
material reaches the critical value of the tensile strength it relaxes to zero with the formation of
free surfaces with the cavities and spalls in between. The tensile strength not only depends on
a material state defined by the temperature and the pressure, but also on dynamic properties
such as the strain rate.
Most solid materials are known to have the tensile strength that decreases with the
temperature growth and drops dramatically in a liquid state. Thus, at the low strain rate
5.0 × 104 s−1 the tensile strength of solid tin is about 1.2 GPa. In a liquid state it decreases by
an order of magnitude from 1.2 to 0.12 GPa [8].
The strain rate is known to affect the tensile strength as well [9]: at relatively high strain rates
about 1.3 × 109 s−1 the tensile strength of liquid tin increases up to 1.9 GPa. The theoretical
tensile strength limit is known to be about 6 GPa which is hardly achieved in an experiment. In
our simulations the strain rate is of the order 108 s−1 , so we use the intermediate value 1.0 GPa
for the tensile stength.
Simulation of spallation or cavitation processes is conducted using the following simple model.
Each pair of SPH particles which provides the contact Riemann solution for stress, which exceeds
the tensile strength, lose their cohesion. That condition results in the almost instantaneous
relaxation of the tensile stress and formation of a cavity between the particles.
5. Simulation results
The evolution of the liquid tin droplet after laser irradiations with various intensities is presented
in figure 2 using two-dimensional color maps for the pressure. The maps are built within the
plane which includes the laser beam propagating from the left to the right and the center of
the droplet. The red color corresponds the compression (P > 0) while the green color is for the
rarefaction (P < 0). The laser intensity changes from high (a) to low (c).
The high laser intensity regime, shown in figure 2(a), is accompanied by the instantaneous
pressure growth to the magnitude of several 10 GPa in the skin layer of the droplet. The
pressure pulse unloads to a free surface what results in the skin layer extension and ablation.
Though we do not include liquid–gas phase transition to the equation of state of tin, the resulting
fragmentation of the skin layer may be interpreted as homogeneous vaporization. The velocity
of the ablated material is maximal along the laser beam direction (equator, θ = 0) and reduces
to the poles (θ = π/2) what corresponds the initial energy deposition (6).
The initially narrow pressure pulse begins to propagate from the skin layer to the center of
the droplet. After 130 ps the compression wave is widened (red half-moon), it is followed by the
rarefaction wave (green half-moon), and the peak pressure is reduced. However, at some moment
the peak pressure begins to increase near the center of the droplet due to energy cumulation.
Similarly, the following rarefaction wave focuses at the center of the droplet what results in the
extreme extension which exceeds the tensile strength. At this moment our cavitation model
relaxes the tensile stresses what results in quite large cavity bubble growth in the center of the
droplet.
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Figure 2. The droplet fragmentation evolution. (a) the high laser intensity, the considerable
cavity bubble at the center and the backside spall formation; (b) the medium laser intensity, the
smaller bubble and spall; (c) the small laser instensity, the complete inhibition of the spall, the
bubble still exists.
As soon as the pressure pulse passes the center of the droplet its amplitude again begins to
decrease. It propagates to the backside surface and releases. In this case of the high intense
laser irradiation the amplitude of the pressure pulse is enough to form a rarefaction wave with
tensile stresses which exceeds the tensile strength and forms spalls near the backside surface
of the droplet. The spallation zone width is about ∼ 200 nm, and the most fragmentation is

located along the laser beam.
The results with the two times smaller laser intensity e0 from (6) are shown in figure 2(b).
Again, the skin layer heating results in its ablation, however the velocity of fragments is reduced.
The cavity bubble in the center of the droplet exists, but its size is shortened. The spallation
at the backside surface also takes place, but it is less intense than in figure 2(a).
The spallation is completely inhibited in the simulation with the again reduced energy
deposition shown in figure 2(c). The intensity of the pulse seems to be not enough to produce
a rarefaction wave from the backside surface exceeding the tensile strength. But the bubble in
the center of the droplet still exists: the extension is considerably amplified by the spherical
convergence of waves.
6. Conclusion
The hydrodynamic simulation of the liquid tin droplet fragmentation induced by an ultrashort
laser pulse demonstrates two fragmentation mechanisms. First, the cavity bubble is formed in
the center of a droplet due to rarefaction wave focusing. Second, the spallation near the backside
surface of a droplet may occur at high enough pulse intensities.
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