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Phase explosion in atmospheric pressure infrared laser ablation
from water-rich targets
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A fluid dynamics model was developed for the ablation of water-rich targets by infrared laser pulses
at atmospheric pressure. It incorporates the nonlinear absorption of water and the phase explosion
due to superheating. The simulation results show that due to two different phase transition
mechanisms, the first, slower plume expansion is followed by a vigorous accelerated expansion. The
calculated time evolution of the shock front agrees well with the experimental observations. This
model sheds new light on the effect of phase explosion on laser ablation dynamics, and it is relevant
for the preparative, analytical, and medical applications. © 2006 American Institute of Physics.
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Numerous experimental and theoretical investigations of
laser ablation in a background gas are aimed at trying to
understand the regimes and processes in this strongly nonlinear interaction.1–7 Meanwhile, laser ablation is used for a
growing number of applications, such as pulsed laser deposition for thin film growth,4 matrix-assisted pulsed laser
evaporation 共MAPLE兲 for the growth of organic films,8
micromachining,9 nanoparticle synthesis10 and chemical
analysis.11,12 Specifically, the midinfrared laser ablation of
water-rich targets is very useful for preparative, medical,13
and analytical applications11 关e.g., atmospheric pressure
matrix-assisted laser desorption ionization 共AP-MALDI兲兴.
Despite its many uses, the mechanism of midinfrared laser
ablation still awaits detailed description.
Recently, Apitz and Vogel have reported fast imaging
results on laser ablation of water, liver, and skin utilizing a
50– 100 ns pulse length Q-switched Er:YAG 共yttrium aluminum garnet兲 laser.13 They demonstrate that the ablation proceeds through two consecutive stages. Initially, nonequilibrium surface evaporation takes place. This is followed by a
phase explosion of a superheated subsurface layer. They
point out that this phase explosion is crucial to the material
ejection in water-rich target ablation. A fluid dynamics model
that incorporates phase explosion, believed to be also common in femtosecond laser ablation,12 would provide insight
into its effect on the plume expansion dynamics.
Therefore, in this letter, we describe a fluid dynamics
model of water-rich target ablation with midinfrared laser
pulses at atmospheric pressure in the presence of phase explosion. Compared to laser ablation in vacuum, in a background gas the expansion of the ablation plume is a very
complex gas-dynamic process. In order to study the effect of
the phase explosion considered here, as a first step, we dea兲
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veloped a one-dimensional 共1D兲 fluid dynamics model for
water ablation into a 1 atm nitrogen background gas. The 1D
approach simplifies the equations of fluid dynamics through
neglecting the plume expansion in radial directions. In general, as long as the laser spot size is comparable to the plume
size, close to the surface normal of the expansion, the quasione-dimensional approximation is reasonable for the plume
expansion. The inset in Fig. 1 is from Ref. 13, and it shows
that during the first ⬃900 ns the dimensions of the plume
and the laser spot size are comparable. The laser spot size in
Ref. 13 is ⬃0.5 mm, and at ⬃400 ns in the experiment the
distance between the shock front measured along the surface
normal and the target surface is ⬃0.6 mm. At ⬃1 s, the
distance is about twice the laser spot size and another ejec-

FIG. 1. 共Color online兲 Number density distributions in the water plume for
5.4 J / cm2 Er:YAG laser ablation of water into 1 atm environment show a
high density region close to the shock front and the pileup of background
gas at the interface. Solid lines indicate the density of water vapor, whereas
filled areas denote the density of background gas. The inset shows the shadowgraph images from the experiments in Ref. 13.
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tion mechanism 共a powerful recoil-induced expulsion of liquid water兲 starts, which is not considered in the model.
The model for condensed phase energy deposition in
laser-water interaction is based on the heat transport equation
with a penetrating source, i.e., the laser heating of water, the
heat conduction, and the evaporation at the water-vapor
interface.14 These processes can be captured on a macroscopic scale by the heat conduction equation in a moving
reference frame attached to the evaporating surface and by
the Clausius-Clapeyron equation.15 The heat transport equation is given below:
c p

冋

T共t,x兲
T共t,x兲
− u共t兲
t
x

=

册

 T共t,x兲
+ 共1 − R兲␣I共t兲exp共− ␣x兲.

x
x

共1兲

Here x is the coordinate along the normal to the target surface. In Eq. 共1兲, the target properties C p, , R, , ␣, and T are
the specific heat capacity, the thermal conductivity, the surface reflectivity, the mass density, the optical absorption coefficient at the laser wavelength, and the temperature, respectively. The surface recedes with u共t兲 velocity and the laser
irradiance at the target surface is I共t兲.
While for Q-switched 共nanosecond兲 laser pulses such a
simple model is justified,15 in the modeling of infrared laserwater interaction, we have to consider three additional factors. First, the dynamic changes in the absorption coefficient
of water must be taken into account because the effective
absorption coefficient changes up to an order of magnitude
as a function of energy per volume deposited at different
depths.16 In the simulation code, the absorption coefficient is
initially provided at room temperature, and the energy deposited into a cell during a time step is used to evaluate the
nonlinear absorption coefficient for the next time step.
Second, the mass density and the specific heat capacity
of water are functions of temperature and can be obtained by
the interpolation of tabulated values.17 Finally, for the experimental fluence range 共a few J / cm2兲, the rate of energy deposition into the target is high enough to superheat the liquid to
the spinodal decomposition temperature. At this temperature
phase explosion occurs and a significant volume of the target
abruptly transforms from superheated liquid into a mixture
of liquid droplets and vapor. This mixture is then ejected
from the target.
Perpendicular to the target surface, in the x direction, the
1D plume expansion dynamics can be described by the equations for the conservation of mass, momentum, and energy as
well as vapor transport for a binary mixture as follows:15
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The definition of the variables in these equations is given in
Ref. 15. ␣v stands for the highly density dependent light
absorption coefficient in the vapor phase.
The 1D calculation is performed simultaneously on two
domains, the target domain and the plume domain, each containing a few thousand discrete cells. Numerically, Eq. 共1兲 is
solved with a second-order central difference method, and
Eqs. 共2兲–共5兲 are solved with the combination of the firstorder Godunov method 共for the convective terms兲 and a firstorder central difference method 共for the diffusion, viscosity,
and thermal conduction terms兲.15 The boundary conditions
for the heat conduction and plume expansion equations in the
absence of phase explosion 共i.e., before and after the phase
explosion兲 are treated the same way as in Ref. 15. The Knudsen layer description is applied to the evaporation process,
and the Hertz-Knudsen equation is used to include the back
flux to the target surface after the evaporation ceases.
During the phase explosion process, however, the
boundary conditions are modified. Due to heat loss through
the evaporation process at the surface and as a result of the
nonlinear absorption of the laser light in the target, the temperature in the subsurface region can exceed the surface values. Some time after the laser-water interaction starts, a cell
beneath the surface reaches a local temperature equal to or
higher than ⬃0.9Tc 共Tc is the critical temperature兲. Reaching
this spinodal decomposition temperature results in a phase
explosion.5 The liquid-vapor interface at this moment is instantaneously shifted to the location of this cell. From this
cell toward the bulk of the target, the temperature gradually
decreases from 0.9Tc to room temperature and Eq. 共1兲 can be
applied to describe the laser target interaction. On the other
side of this cell, however, the liquid layer is converted into
vapor 共phase explosion兲 and it becomes part of the plume
calculation domain. At this point, the temperatures in these
cells are directly adopted for the plume domain. After the
phase explosion, the algorithm returns to solve the heat conduction and plume expansion equations as discussed above.
Calculations were carried out for the ablation of water
by Q-switched Er:YAG laser pulses 共 = 2.94 m,  = 70 ns兲
at various fluence levels below and above the onset of phase
explosion. For the first 1 s of plume expansion following a
5.4 J / cm2 laser pulse, time progression of the density distributions is shown in Fig. 1. The formation of a shock front at
the contact between the expanding plume and the background gas manifests in steep plume density gradients. The
figure also shows the pileup effect in the ambient gas and the
elevated plume density near the shock front. At the early
stage of plume expansion, the separation between the vapor
and the ambient gas is distinct 共see the vertical drop in the
plume density in Fig. 1兲; i.e., the contact layer is very thin.
But at later stages, due to the binary diffusion process the
contact layer becomes thicker, and the vapor and the ambient
gas are mixed together.
To quantitatively assess the validity of the predicted dynamics we turn to a comparison with experimental data. Figure 2 presents the measured13 and our calculated shock front
positions R共t兲 versus time. For the ablation of water by a
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FIG. 2. 共Color online兲 Comparison of experimental water ablation data 共Ref.
13兲 共䊏兲 for 5.4 J / cm2 laser fluence with fluid dynamics calculations including phase explosion 共쎲兲 and with similarity modeling of two consecutive
energy deposition steps 共solid lines兲.

Q-switched Er:YAG laser pulse 共 = 2.94 m,  = 70 ns兲 using a moderate fluence 共e.g., 5.4 J / cm2兲, fast imaging
showed that the position of the shock front as a function of
time, has a first, slower expansion phase followed by a more
vigorous accelerated expansion phase. Rescaling the data in
the t2/5 variable reveals two distinct slopes corresponding to
the two expansion stages 共see Fig. 2兲. These two stages are
thought to correspond to fast surface evaporation and to
phase explosion.
Comparison of the experimental shock front displacements with our fluid dynamics simulation for the same parameters shows reasonable agreement. Indeed, the calculated
slopes during the surface evaporation phase 共short times兲 and
the phase explosion phase 共long times兲 accurately follow the
experimental values. This is an indication that the energy
deposition and redistribution are accurately reflected in the
model. The absolute values of the shock front position at
long times, however, are underestimated by the model. This
might be related to differences between the definition of the
shock front position in the experiments and in the calculations, and to the deviation of 1D simulation from threedimensional 共3D兲 plume expansion. It should also be pointed
out that the layer which experiences the phase explosion and
has a high number density is not transparent to the laser
pulse, and the laser energy absorbed by this layer has a nontrivial effect on the plume expansion dynamics.
To evaluate the relative contribution of the two energy
deposition mechanisms, Taylor’s 3D similarity theory of
shock front displacement is applied. The shock front position
can be given as follows:18
1/5 2/5
R共t兲 = S共␥兲−1/5
b E t .

Here S共␥兲 is a weak function of the specific heat ratio of the
background gas, ␥, b is the background gas density, and E is
the deposited energy. From the ratio of the slopes for the two
phases of the plume expansion obtained from the experimental data, s, one can determine the ratio of energies for the
surface Es and volume, Ev, processes: s = 共1 + Ev / Es兲1/5. The
deposited laser pulse energy, E = Ev + Es, drives both the surface and volume processes. From the fitted curves in Fig. 2,
the slope ratio is s = 2.57; thus, the ratio of the two energies is
Ev / Es = 111. One can conclude that the overwhelming major-

ity of the deposited energy is utilized in the volume process.
In particular, of the 5.4 J / cm2 laser fluence only 0.05 J / cm2
drives the surface evaporation, whereas the remaining
5.35 J / cm2 is used for the volume process 共i.e., phase explosion兲. During the early stage of laser ablation, close to the
expansion axis the plume front displacement is smaller than
the laser spot size; thus, the plume expansion is quasi-onedimensional. It should be pointed out that the current 1D
fluid dynamics model cannot predict the water ablation and
the plume expansion dynamics at later stages 共e.g., at times
later than 1 s兲 because at later stages of the ablation the
two-dimensional plume expansion becomes more noticeable
and the recoil-induced material expulsion plays an important
role for material transport into the plume.
In summary, we have developed a one-dimensional fluid
dynamics model for water-rich target ablation by midinfrared
laser pulses that can predict the shock front displacement
during plume expansion. The comparison between the experimental and calculated plume shock front positions confirmed the importance of including these effects into the
model. The model contributes to the understanding of phase
explosion and plume expansion dynamics in water-rich target
ablation, and is useful for analytical 共AP-MALDI兲, preparative 共MAPLE兲, and medical 共surgery兲 applications.
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