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Abstract – Femtosecond laser ablation of solid targets is strongly affected by the presence of a dense
ambient atmosphere due to several effects including pressure confinement, ambient plasma formation, gas-phase chemistry, and plasma-surface
interaction. We study the influence of ambient
plasma on the dynamics of heating of metallic targets which was recently found for femtosecond laser ablation in a gas environment. To gain a better
insight into the plasma effects, a combined model
has been developed, based on 2D thermal modeling
of laser-induced heating of a metal target (platinum as an example) and description of dynamics
of the ambient gas (argon) perturbed by a sudden
heat release (laser energy absorption) in the laser
focus region in front of the irradiated spot. Additionally a model of laser-induced breakdown of an
ambient gas in a focal region in front of the irradiated target has been proposed. The simulation results demonstrate an intriguing picture of laserinduced ambient gas motion and shock wave formation that causes additional heating of the target
and can strongly affect the ablation process.
Plasma-chemical reactions on the sample surface
and their effect on the laser ablation dynamics and
surface modification are discussed.
1. Introduction
Femtosecond laser ablation has been demonstrated to
be a powerful tool for both fundamental studies and
various technologies [1]. Due to rapid energy delivery,
the laser-plume interaction is avoided and heataffected zones in the irradiated targets are strongly
localized with minimal residual damage. This allows
generation of well-defined microstructures with high
quality and reproducibility [2]. However, for further
development of the pulsed laser technologies, a detailed understanding of the dynamics and mechanisms
of particle desorption and ablation from the irradiated
surfaces is of crucial importance.
An important issue is the role of ambient plasma in
laser material processing. Since in the majority of
technological applications, material processing by fs
laser pulses is carried out in an ambient environment
(air, inert or reactive gases, liquid media), the question

arises about ambient medium breakdown and how the
ambient plasma can intervene in the process. Plasma
etching of different surfaces is a widely studied phenomenon due to its extensive usage in plasmachemical technologies [3]. Even plasma of an inert gas
becomes an etching agent when its energetic ions
bombard the contiguous surfaces. Plasma of highly
reactive gases leads to strong corrosion of surfaces.
Liquid media such as water and organics used for laser-assisted nanoparticle production [4–5] gain high
reactive properties when reaching their near-critical
thermodynamic states [6]. Here we make an attempt
to analyze the laser breakdown process in the ambient
gas under femtosecond laser ablation of metals,
to follow the dynamics of the ambient gas motion induced by the laser energy coupling, and to discuss
the consequences of plasma-target interaction in laser
material processing.
2. Ambient plasma formation under ultrashort
laser ablation: heat exchange model
A strong influence of the ambient plasma on the
dynamics of heating of metallic targets was recently
reported for femtosecond laser ablation in a gas environment resulting in significant enhancement in thermal energy retained in targets [7–8]. In the past, this
effect was also observed for nano- and microsecond
laser pulses and explained by energy transfer from
plasma to the sample [9–12]. Theoretical models
of energy transfer from plasma to a sample have been
previously developed for long laser pulses when
a laser-supported combustion waves are near the sample [9]. However, the gasdynamic motion in the ambient plasma was not considered in these models [9] and
this is an important distinction of our model. Due to
the extreme complexity of a general model which includes laser-induced formation of the ambient plasma
and its gasdynamic motion with conduction and radiation energy transfer from the plasma, we split the
problem into two ones. In this Section we describe a
combined model, based on 2D thermal modeling of
laser-induced heating of a metal target (platinum as an
example) and description of dynamics of an ambient
gas (argon) perturbed by a sudden heat release (laser
energy absorption) in front of the irradiated spot [13].
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In the gas breakdown process, seed electrons can
be produced by multiphoton ionization, electrons
photo-emitted from the irradiated target, and ambient
gas contamination with the ablated nano- and microparticles, depending on irradiation conditions. For
pulse durations τ ~ 100 fs, the seed electrons can be
generated only by multiphoton ionization as the avalanche development needs times of several ps [13].
Assuming that breakdown occurs in the focusing zone
(in Refs. [7, 8] the irradiation spot radius RL is
~ 100 μm and the focus length is ~ 100 – 200 μm), we
can estimate the generated electron population in an
ambient gas [14] as
∂ne / ∂t = Ana I0k (t ),

(1)

Argon near the sample (1.08 atm, 20 °C) is singly
ionized in a region with a 100-μm thickness (ZL) and
radius RL; and the ionization energy is immediately
converted into the gas heat. The initial temperature
2
2
is distributed as T = T0 + TL exp(–r2/RL – z2/ZL), where
T0 is the initial (room) temperature and TL = Tion + Tadd
with Tion being equal to (γ – 1)IAr (IAr is the first ionization potential of argon expressed in Kelvin). Due to
interference effect, there can be an additional effect
of laser energy absorption by argon and we introduce
Tadd as Tadd = ε(γ – 1)RkBF0/(naZL) with ε representing
the absorbed fraction of the reflected light and kB
being the Boltzman constant. Heat evolution in the
sample, hydrodynamics of the ambient gas and heat
exchange between the target and argon are described
by the following equations:

where na is the density of neutral atoms; I0(t) is the
G
temporal shape of the incident laser pulse; k and A are
∂ρ
+ div ρV = 0;
(2)
the order and rate constants of the multiphoton ioniza∂t
tion. In the absence of data for 800 nm laser waveG
G G⎞
length as in Refs. [7, 8], we make estimates for longer
⎛ ∂V
3+
ρ
+ (V ∇)V ⎟ = −∇p + divπˆ ;
(3)
⎜
and lower wavelengths, 1.06 μm (Nd laser) and
⎝ ∂t
⎠
694 nm (ruby laser) [14]. For Ar at 1.08 atm, we obG
G
tain that 100% single ionization is reached in the focus
∂U
+ div VU = − pdivV + div ( χ∇T ) + Φ. (4)
region already at fluence of 3 J/cm2 for both wave∂t
lengths and, hence, for 800 nm. For He, 100% single
G
ionization is reached only at ~ 4–5 J/cm2 that agrees Here ρ, V , p, and U are the density, velocity vector,
with the experimental data on the onset of enhanced pressure, and total energy of argon, respectively;
target heating [7]. We also note that, immediately U = p/(γ – 1); γ = 5/3; χ is the thermal conductivity;
above the metallic surface, the front part of the laser and Φ is the dissipative term:
beam reflected from the target can interfere with the
G
∂Vn
incident pulse tail producing interference maxima
Φ=
πn, m
, n, m = 1–3;
(5)
where the probability of multiphoton ionization is
∂xm
n,m
enhanced by several orders of magnitude. Although
G
the interference region is limited to a half-length of the πn,m are the components of the viscous strain tensor π .
wave packet (~ 20 μm for our case), one can expect The computational region (CR) represents a cylinder
double ionization in this narrow region at fluences divided into two parts, the Pt target and ambient gas,
≥ 1 J/cm2. This effect enhances absorption of radiation with the axis normal to the target and coinciding with
by the ambient gas.
the center of the irradiation spot. The coordinate origin
Thus, the scenario of laser-induced ambient gas is located at the irradiation spot center and the coordiionization under fs laser ablation conditions of metal nate z is directed towards the target. For the ambient
targets can be considered as follows.
gas region the complete set of equations (2)–(5) is
Substantial ionization in the immediate vicinity of solved, while for the target region the problem is rethe target due to self-interference of the laser beam duced to solving Eq. (4) with V = 0. Target melting is
can be reached in atmospheric-pressure argon at flu- followed via taking into account the latent heat of fuences ~ 0.3–0.4 J/cm2.
sion in the U value. In the CR boundaries, the condiHowever, the pronounced ionization effect is tions of unperturbed flow (ambient gas region) and
reached when direct multiphoton ionization develops initial temperature (solid region) are kept, while at the
in the focal zone above the target. The produced solid-gas interface the non-slip conditions are set for
plasma survives up to several nanoseconds [15]. This the ambient gas molecules as well as the conditions of
plasma transmits its energy to the sample via the heat continuity for the temperature and heat flow χ∂T/∂z.
conduction and radiation processes.
We use the splitting numerical scheme with a stabilizWe consider a following simplified problem. A Pt ing correction on the shifted quasi-uniform grids.
sample is irradiated with a fs laser pulse at 800 nm
Simulations show that the following three stages
wavelength with fluence F0 of 3 J/cm2 [7, 8]. The ab- can be distinguished in the ambient gas evolution:
2
sorbed laser energy (1 – R)F0πRL is instantaneously
a) t ~ 0–100 ns. Sudden heating of argon adjacent
2
distributed in the sample as exp(–αz – r2/RL), where z to the irradiation spot results in its expansion and genand r are axial and radial coordinates; α and R are the eration of a shock wave. The density in the heataffected zone drops, remaining however high in a thin
absorption and reflection coefficients; RL = 50 μm.
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layer in the immediate proximity of the irradiation
spot. In this layer, an effective heat exchange takes
place between the target and the ambient gas whose
temperature is higher than that of the irradiated surface. In this stage, a high-temperature region is still
small, of the order of 100 μm. Simulations show that
the conductive heat transfer from the gas to the target
is noticeable already on the ps time scale. This can
explain the observed distinctions in the ablation rates
in air and vacuum for sub-ps [16] and ps [17] pulses.
b) t ~ 100 ns – 100 μs. At a later time, the semispherical shock wave moves away from the irradiation
spot with V ~ 1 km/s (Fig. 1).

P, atm
2

In view of the baffling complexity of the studied
phenomenon, the above model does not take into account the ablation process and focuses only on the
laser energy absorption by the ambient gas and heat
exchange between the gas and the target. Also, we do
not take into account the plasma radiation effect.
However, we can make the following conclusions.
Though the residual thermal energy effect is shown to
develop mainly at a later time as compared to the ablation timescale for fs laser pulses (typically from picoseconds to a few nanoseconds) [18], plasma-assisted
heating of the sample on the picosecond time scale is
not negligible and can contribute to material removal.
The formation of a low-density region in front of the
irradiation spot indicates that the ambient gas does not
counteract to material removal. However, at later
stages the long-living circulation of the ambient gas
near the target can result in a partial redeposition
of the ablated material around the irradiation spot.
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Fig. 1. The spatial pressure distributions in argon
at t = 650 ns. The coordinates are given in μm
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Behind its front, the temperature remains high, decreasing with time due to further gas expansion. At the
interface between the shock wave and the target, the
hot gas transfers its energy to the cold surface (Fig. 2).
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Fig. 2. The heat flux from the ambient argon to the Pt target
at different time moments as a function of target radius for
the conditions of Fig. 1

3. Breakdown kinetics

To refine the above model by considering plasmaassisted heating of the sample, we developed a modeling approach to follow the dynamics of laser-induced
breakdown in the ambient. Both the irradiation conditions and the geometry of the “target – ambient gas”
system are similar to those discussed in Section 2.
The laser beam is assumed to enter from –∞ into the
volume occupied by argon (1.08 atm, 20 °C) above the
Pt target. The target is located at z = 0 and the incoming laser light flux ε+ evolves as follows:
ε+ =

F0 s (0) exp(−r 2 / rL2 − (t − t0 )2 / tL2 )
s (− z0 ) πtL c

.

(6)

Here tL = τ/(2 ln 2 ) with τ = 65 fs; t0 defines the
moment of starting the simulations; c is the velocity of
light; and the function s(z) = 1 + [(z – zt)/zc]2 describes
the geometry of laser beam focusing with zt to be the
distance between the target and laser focus and zc being the length of the focusing region. When the laser
beam reaches the target, the reflected flux ε– = Rε+ is
formed at z = 0. We can write the following equations
for the propagations of the incoming and reflected
beams:

Such mechanism of metal target heating has been
∂ ( sε+ )
∂ ( sε+ )
ε+
earlier proposed for μs laser pulses [11]. Namely
;
(7)
+c
= −QA sk =ω
∂t
∂z
ε+ + ε−
at this stage, the main heat fraction is coupled from
the ambient gas into the target causing a pronounced
∂ ( sε− )
∂ ( sε− )
ε−
residual thermal effect.
.
(8)
−c
= −QA sk =ω
∂t
∂z
ε+ + ε−
c) The shock wave dissipates at t > 100 μs.
The density and temperature level off and the pressure
becomes uniform over the gas volume. However, the Herek multi-photon ionization is expressed as QA =
perturbed gas circulates near the target for a long time = AJ na where J = J(z, t) = c(ε+ + ε–) is the local laser
and provides further target heating until its tempera- flux. The electron density evolution is described as
ture cools below the target elevated temperature.
∂ne
At ~ 0.1 s, target heating gives way to a slow cooling
= QA + QB − QC − QD , ni = ne, na = n0 – ne, (9)
∂t
due to thermal losses into environment.
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where n0 is the initial argon density; the terms QB, QC,
and QD describe impact ionization, photo- and threeparticle recombination processes respectively [19, 20].
The evolution of the electron and ion temperatures is
governed by the following equations [19, 20]:

( dn0 kBTi )
dt

= Qi ,

( dne kBTe )
dt

= Qe ,

(10)

tion via mechanical sputtering and chemical etching.
The involved chemical processes depend on ambient
gas composition and material kind and can be described in the frames adopted in plasma chemistry that
is planned in our further studies.
Irradiation
spot

Shock wave
in ambient gas

where Qi and Qe are the heat sources taking into account heat release in the ionization/recombination
processes and electron-ion heat exchange [19, 20].
Figure 3 presents dynamics of the ionization process for a 65-fs laser pulse with F0 = 3 J/cm2 (we assume zc = 1 mm and zt = 0.8 mm).
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Fig. 4. Schematic representation of the processes under fs
laser ablation of a target in the presence of an ambient gas.
Plasma formation near the surface results in a shock wave.
At a contact of the shocked plasma with the target, fluxes
of the charged particles lead to surface modifications
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Fig. 3. The evolution of the ionization degree in argon (initial conditions are 1.08 atm, 20 °C) during propagation of
the 65-fs laser pulse with fluence of 3 J/cm2. 100% ionization occurs on reflection of the beam from the Pt target

In conclusion, the influence of ambient plasma formation on metallic target heating by fs laser pulses is
studied based on 2D modeling of laser-induced target
heating and the plasma dynamics. The modeling has
revealed an intriguing picture of the laser-induced
ambient gas motion with the formation of a strong
shock wave. A model of laser-induced breakdown of
an ambient gas in a prefocal region in front of the irradiated target has been proposed, which explains strong
heating of ambient gas even at moderate laser fluences. We have analyzed plasma-chemical processes
which can affect laser processing of surfaces in the
presence of air or highly reactive media.
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