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We study the dynamics of single-shot ultrafast laser ablation
of a water–gas interface. We model the extremely nonlinear
light–water interaction during the first picosecond by sim-
ulating the laser pulse propagation while dynamically calcu-
lating the spatial distribution of the dielectric function. We
make use of a finite-difference time-domain algorithm to
solve Maxwell’s equations and Rethfeld’s multiple rate
equation model to consider the local excitation of a dense
electron plasma. We validate our model by comparing the
simulated transient reflectivity with experimental results
and find excellent agreement. © 2019 Optical Society of
America

https://doi.org/10.1364/OL.44.001856

Pulsed lasers are used in a wide variety of fields in research,
technology, and life science [1–7]. The interaction of laser
pulses with aqueous targets, which is especially relevant in
laser-based cell surgery and clinical surgery [8,9], has been stud-
ied using femtosecond (fs), picosecond (ps), and nanosecond
(ns) pulse durations. For fs laser ablation, the physics is particu-
larly appealing as it consists of a chain of mechanisms that are
well separated in time [7,10,11–14], due to the ultrafast energy
deposition and the nonlinearity of the process [15]. During the
initial strong nonlinear interaction of the fs laser pulse and the
water, a dense and hot electron plasma is created [10,16,17].
On a picosecond time scale, the electrons and molecules ther-
malize, bringing the water to an extremely superheated phase.
On a ns time scale, this leads to a violent supersonic expansion
of the water vapor, which in turn drives the formation of a
shockwave in the surrounding medium. The dynamics of this
process have experimentally been studied using time-resolved
shadowgraphy and time-resolved microscopy in reflection
mode, which provide extensive information on the expansion
dynamics of the ps–ns–μs time regimes [1,2,7,10,18–24]. The
initial laser–matter interaction and the formation of free-
electron plasma have been theoretically studied using rate-
equation-based models [10,11,17]. However, the effect of
the dynamically changing optical properties on the propagation
of the laser pulse into the target must be taken into account to
accurately describe the energy deposition process.

In this Letter, we present a model of the laser excitation
during ultrafast laser ablation at a water–gas interface. The
model takes into account the laser pulse propagation and the
extremely nonlinear interaction with water within a pump-
and-probe-type system. To simulate the propagation, we
implement a two-dimensional finite-difference time-domain
(2D-FDTD) routine [3,25]. To model the light–water inter-
action, we consider the Drude model, the Kerr effect, the multi-
ple rate equation (MRE) method [16,17,26], and the Keldysh
strong-field ionization formula [27,28]. We compare the
results of the model with experimental data acquired using
pump (λIR � 800 nm) and probe (λUV � 400 nm) time-
resolved microscopy recently reported by our group [23,24].
In Fig. 1, we reproduce typical transient reflectivity images
from that work at relevant time delays immediately after a
single laser pulse exposure at a water surface. We attribute
the surface reflectivity increase to the excitation of a free-electron
plasma.

During the simulation, we compute the electron plasma
density using the MRE method in order to take the light cou-
pling to the free electrons and the process of avalanche ioniza-
tion into account. This model considers a distribution of free
electrons in effective discrete energy levels, whose spacing cor-
responds to the laser photon energy ℏω � 1.56 eV [16,17,26].
Free electrons can gain energy via single-photon excitation and
ionize bound electrons via impact ionization when their energy
exceeds the effective ionization potential [26]. This method is
summarized by the equations

Fig. 1. Transient relative reflectivity images of the fs-laser-excited
water surface during the first picosecond, previously reported in
Ref. [23]. Ro corresponds to the reflectivity for an unexcited water–
air interface. The images share the same lateral scale (20 × 20 μm2)
and are represented using the same color scale.
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_ρ0 � −W 1 ptρ0 �W SFI � 2αρk,

_ρ1 � −W 1 ptρ1 �W 1 ptρ0,

..

.

_ρk−1 � −W 1 pt�ρk−1 �W 1 ptρk−2,

_ρk � −αρk �W 1 ptρk−1, (1)

where k � dU eff∕ℏωe is the number of effective energy levels,
α (1 fs−1) is the avalanche ionization coefficient [16,11], and
W1pt denotes the one-photon absorption coefficient [16,29].
We do not take thermal or electron diffusion into account.
We compute the strong-field ionization rate WSFI (i.e., multi-
photon and tunnel ionization [6,27]) as a function of the elec-
tric field strength E(r, t) at 800 nm, considering an ionization
potential for unexcited water of U 0 � 9.5 eV [10]. Following
Christenseen and Balling [26], we estimate the scattering rate
Γe−e , the electron temperature T , and density ρ using

kBT � 2

3

Pk
i�0 iℏωρiPk

i�0 ρi
, ρ�r, t� �

Xk
i�0

ρi�r, t�, (2)

Γe−e�r, t� �
4πϵ0
e2

ffiffiffiffiffi
6

me

s
�kBT �3∕2,

Γ�r, t� � Γe−p�r, t� � Γe−e�r, t�, (3)

where ϵ0 is the permittivity of free space, kB is the Boltzmann
constant, e and me are the charge and mass of the electron, ω is
the frequency of the laser, and ρi is the spatial and temporal
distributions of electrons in the ith level.

The dielectric function is calculated considering Drude and
Kerr contributions as follows:

ϵ�r, t� � ϵwater −
ωp�r, t�2

ω2 � iωΓ�r, t� �
3

4
χ3jE�r, t�j2, (4)

where χ3 is the third-order nonlinear susceptibility and
ωp�r, t�2 � e2ρ�r, t�∕meϵ0 is the plasma frequency that de-
pends on the time- and position-dependent electron plasma
density, which follows from Eq. (2), and is therefore updated
dynamically within the FDTD algorithm. Table 1 presents the
optical properties of water used during the simulation. Note
that all model parameters are taken from experimental studies
in the literature.

Figure 2(a) shows a block diagram of one cycle of the FDTD
routine for both pump and probe pulses. We solve Maxwell’s
equations within the simulation box and extract both the elec-
tric and magnetic fields. More details regarding our FDTD
routine can be found in Refs. [3,25]. Every optical half-cycle

(i.e., δt), we combine the spatial distribution of the electric field
strength E�r, t� with Eqs. (1)–(3) to compute the electron
plasma density, temperature, and scattering rate. These are then
used to retrieve the dielectric function ϵ(r, t � δt) and plasma
conductivity σ(r, t � δt) that will be used during the next op-
tical half-cycle. During the simulation of the propagation of the
pump beam [red block in Fig. 2(a)], ϵ �r, t� and σ�r, t� are also
stored to file. Subsequently, the simulation of the probe beam is
done for different time delays Δt , by loading the transient
material properties stored during the pump simulation that
aid to calculate ϵ (r, t � Δt) and σ(r, t � Δt) [blue block in
Fig. 2(a)]. We assume the probe does not influence the optical
properties as its fluence is 104 times lower than that one of the
pump. Figure 2(b) presents the FDTD simulation box that has
a height (z) of 5 μm and a width (r) of 14 μm with a grid
spacing of 35 nm. The perfectly matched layer (PML) consists
of 60 grid points that minimize reflections at the boundaries of
the simulation space. The total simulation time extends over
approximately five times the pulse duration of the laser pulse
(≈800 fs). We use spatial and temporal Gaussian distributions
for the electric field sources. To set the features of the pump
pulse in the simulation, we use the actual conditions employed
during the experiments reproduced in Fig. 1, i.e., a duration of
150 fs (full width half-maximum), a wavelength of 800 nm, a
fluence of 25 J∕cm2, and a beam waist of 3.4 μm (1∕e2). The
probe pulse fluence was measured to be 2 mJ∕cm2, which is
neglected in the excitation of the electron plasma. We use
the duration of the probe pulse as the only free parameter dur-
ing the simulations. We find a value of 400 fs that is consistent
with our estimate after passing through the objective and sev-
eral lenses (i.e., 325 fs). The transient reflectivity is obtained by
retrieving the time-integrated Poynting vector of the backre-
flected probe beam. To benchmark the reflectivity simulations
using our 2D-FDTD code, the reflectivity of the probe beam
for unexcited water and gold were obtained and compared
with the ones calculated using the Fresnel formula, showing
a relative error below 5% [3,25].

In Figs. 3(a) and 3(b), we show 2D (r − z) false color maps
of the calculated electric field strength of the pump pulse and
the spatial distribution of the electron plasma density, respec-
tively. Note that the laser pulse impinges from the top of the
2D maps at the water–air interface (z � 0) and propagates
downward inside the water sample along the z axis. These
maps illustrate that the electron plasma drastically modifies

Table 1. Water Properties Used in the Simulations

Parameter Value Source

Refractive index (IR) 1.329� i1.2510−7 [30]
Refractive index (UV) 1.336� i1.8610−9 [30]
n2 1.8610−16 cm2∕W [11]
Effective mass pump 0.5 � me [16]
Effective mass probe 0.4 � me [10]
Γe−p 1 fs−1 [11]

Fig. 2. (a) Block diagram of the simulation procedure that combines
2D-FDTD with MRE for a pump (red) and probe (blue) cycles.
(b) 2D-FDTD simulation box. Scattered and backreflected E and
H values are stored within the whole simulation grid to extract the
transient reflectivity and illustrate the transient scattering effects.
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the transient optical properties and strongly influences the
manner in which the remaining fraction of the pump
pulse reflects and scatters, as our group similarly found for
silicon on insulator targets [25]. This effect is illustrated in
the maps of the electric field achieved 100 fs before (top
row, nmax

e � 1.2 · 1020 cm−3) and after (bottom row, nmax
e �

8 · 1021 cm−3) the laser peak intensity. Figure 3(c) presents
the results of the probe simulations. We show the maps of
the electric field (centered at the peak intensity of the probe)
of two probe pulses at −100 fs and 700 fs time delays. We
observe that the probe field is strongly scattered and reflected
for a longer delay (i.e., 700 fs) by the highly dense electron
plasma (nmax

e � 1.2 · 1022 cm−3). We verify our simulation
by comparing the simulated transient relative reflectivity at
short time delays (<1 ps) to experimental data from [23].
The solid lines in Fig. 4 show the results of the reflectivity sim-
ulations obtained by calculating the time-integrated Poynting
vectors for the probe pulse at several pump–probe delays. The
colored circles illustrate azimuthal averages of the transient
reflectivity retrieved from the experimental time-resolved
microscopy images. We find good correspondence between

the experiment and the model, which validates the pump
pulse simulation. In particular, we observe excellent agreement
for short delays. At 700 fs time delay, we observe an obvious
mismatch, which we attribute to the fact that our model does
not take into account any hydrodynamics and therefore does
not describe the reduced reflectivity that can arise from the
expanding vapor.

Figure 5(a) shows the time dependence of the maximum
electron plasma density and temperature of the irradiated
volume, reaching values of 1.2 · 1022 cm−3 and 28,000 K at
700 fs. It is worth noting that the maximum temperature is
achieved at 450 fs, after which the simulation shows a decrease

Fig. 3. (a) Simulated electric field of the pump beam (1010 V∕m) and (b) the corresponding electron plasma density maps (1020 cm−3) achieved
100 fs before (top row) and after (bottom row) the laser peak intensity. (c) Simulated electric field of the probe beam (108 V∕m) at −100 fs and
700 fs time delays.

Fig. 4. Experimental (markers) and simulated (solid lines) transient
reflectivity for several time delays. The experimental data were
reported by our group in Ref. [23].

Fig. 5. Graphs of the (a) electron plasma density and temperature
and (b) total and thermal energies as a function of time. The dashed
line in (a) shows the intensity profile of the laser pulse. The inset in
(b) shows the radial dependence of the energy density (just below the
surface) and the local pressure obtained after subtracting the energy
required to overcome the enthalpy of evaporation.
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of the electron plasma temperature by 2000–3000 K (depend-
ing on the spatial position). This is due to the effect of
avalanche ionization in which heat of the electron plasma is
used to create more free electrons. The simulation provides
the spatial distribution of the electron density and temperature
as well as the free-electron kinetic energy distribution and scat-
tering time. From these maps, we can also calculate how much
of the absorbed laser energy is used to excite bound electrons
and howmuch is used to heat the resulting electron plasma. We
find that, with a fluence of 25 J∕cm2 and a beam waist of
3.4 μm, an energy of 14 nJ is absorbed, of which 4 nJ is in
the form of heat of the electron plasma as shown in
Fig. 5(b). Furthermore, the radial dependence of the kinetic
energy density at the end of the simulation is shown in the inset
within Fig. 5(b).

By comparing the final energy density distribution to the
specific energy required to heat and evaporate water, we can
estimate the volume of water that can be evaporated, assuming
the evaporation process is fast enough so that thermal diffusion
can be neglected. We find a disk-like volume with a radius
of ∼1.50 μm and a depth of ∼70 nm, which corresponds to
5 · 10−16 kg of water. Given the extremely small depth, we have
to verify diffusion can in fact be neglected. From the maximum
electron temperature reached during the simulation, we esti-
mate an upper limit of ∼30 nm for the thermal diffusion length
on the time scale of 1 ps. From this, we see that it is reasonable
to neglect the effect of thermal diffusion in this regime.
For higher fluences, the MREs should be extended to include
diffusion.

The available heat after evaporation is sufficient to heat the
water to a maximum temperature of several thousand Kelvin.
The thermodynamic state of the system is well beyond the spi-
nodal limit and thus extremely superheated. Due to the lack
of an appropriate equation of state for such extreme and
dynamically changing supercritical conditions [31], we use the
equation of the state of an ideal gas to make an estimate of the
pressure distribution. This seems a reasonable approximation as
the energy per water molecule significantly exceeds the hydro-
gen bond strength. The resulting local pressure distribution
after laser excitation is shown in Fig. 5 (b) (green line), reaching
values of ∼4.2 GPa. For comparison, we can compute the peak
pressure using a much more sophisticated equation of state
[32], which yields a peak pressure of ∼3.5 GPa. The thermo-
dynamic state of the water vapor at the end of the 2D-FDTD
simulation can serve as the initial condition to model the
expansion of the system using computational fluid dynamics.

In conclusion, we theoretically investigate the ultrafast inter-
action of a single fs laser pulse with water during the first ps. We
combine a FDTD routine with the MRE method to simulta-
neously account for the laser pulse propagation and its interac-
tion with the water target. In this way, we calculate the time
dependence of the spatial distribution of the dielectric function
that is mainly influenced by laser-induced free-electron plasma
density, temperature, and scattering time. We observe transient
scattering effects on the electric field of the pump pulse when
it interacts with the micron-sized electron plasma, which
reaches a maximum density of 1022 cm−3 and a temperature
of 28,000 K. Our model excellently reproduces the dynamic
behavior of experimentally measured reflectivity and gives an

estimate of the thermodynamic state of the water during and
after laser excitation.
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