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Abstract We numerically examine the mechanisms

involved in nanoparticle formation by laser ablation of

metallic targets in vacuum and in liquid. We consider the

very early ablation stage providing initial conditions for

much longer plume expansion processes. In the case of

ultrashort laser ablation, the initial population of primary

nanoparticles is formed at this stage. When a liquid is

present, the dynamics of the laser plume expansion differs

from that in vacuum. Low compressibility of the ambient

liquid results in strong confinement conditions. As a result,

ablation threshold rises drastically, the ablated material is

compressed, part of it becomes supersaturated and the

backscattered material additionally heats the target. The

extension of a molten layer leads to the additional ablation

at a later stage also favoring nanoparticle formation. The

obtained results thus explain recent experimental findings

and help to predict the role of the experimental parameters.

The performed analysis indicates ways of a control over

nanoparticle synthesis.

1 Introduction

Laser ablation (LA) is a simple and versatile technique for

synthesis of nanoparticles and has found many applications

in photonics, electronics and medicine [1, 2]. The major

advantages of this method are in its nonchemical character

and in the possibility of a control over particle size. These

advantages make LA a unique tool for nanoparticle (NP)

synthesis [3]. During the last decade, numerous experi-

ments have been performed, clearly demonstrating that an

interaction of a short (several nanoseconds or shorter) laser

pulse with a solid target leads to the formation of NPs. It

was shown that in the case of femtosecond LA, laser

energy deposition induces an explosive ejection of a mix-

ture of clusters and atoms [4, 5, 6, 7, 8, 9] rather than an

equilibrium surface evaporation. Previously, classical

continuous hydrodynamics was used to model laser plume

expansion and Zel’dovich–Raizer model was employed to

study condensation process in laser plumes [10, 11, 12, 13].

In addition, LA in liquids is known to be a particularly

promising fabrication method of colloidal NPs [14, 15, 16,

17] with both small average size and dispersion. In this

case, laser interactions take place under a strong confine-

ment that modifies ablation plume parameters [18, 19].

Despite a large number of the experimental results

obtained for LA, there are still many puzzling issues in the

physical and chemical mechanisms of NP formation. In

fact, it is unclear how and when NPs appear in the presence

of liquid. Are they formed as a result of nucleation? Are

they ejected from the target? Or, are they formed at a

longer delay due to plume–liquid mixing? In particular, the

presented calculations allow one to explain the experi-

mental fact that typically, ablation threshold is larger in

liquid than in vacuum [20]. Then, the enhanced NP pro-

duction in the presence of liquid [14, 21] is also addressed.

Furthermore, different mechanisms of NP formation indi-

cated by the modeling explain the appearance of different

populations of NPs [22, 23].

In this paper, we present numerical results obtained for

femtosecond LA of metal targets (Al) in vacuum and in
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liquid (water). Using hydrodynamic numerical method

[24], we investigate conditions that trigger the mechanisms

of NP formation. We focus our attention on the role of the

background environment. As a result, we demonstrate how

the background medium affects the plume dynamics lead-

ing to material backscattering, additional target heating and

providing additional roots for NP production.

2 Numerical approach

To examine the initial stage of the target response upon

femtosecond laser irradiation in water, we apply the

previously developed 1D Lagrangian two-temperature

multi-material hydrodynamic model [25]. The laser

energy absorption by the conduction band electrons in

the target is taken into account by calculation of a

source term based on a time and space-dependent profile

of the complex dielectric function using a transfer matrix

method [26]. Electron thermal conductivity is modeled

by solving the heat diffusion equation in Fourier form.

The electron–ion coupling factor is calculated using the

model described in [27]. To complete the model, we use

a two-temperature multi-phase equation of state for alu-

minum with Thomas–Fermi expression for the thermal

contribution of electrons. Here, water is considered as a

compressible but transparent and nonconductive material

[25].

3 Results and discussion

Calculations are performed for LA of aluminum bulk target

by sL = 100 fs and kL = 800 nm normally incident laser

pulses with fluences from 0.5 to 10 J/cm2. The pulse has a

Gaussian profile with the maximum at t = 0 ps so that the

incident intensity is given by expression IðtÞ ¼
IL exp½� lnð16Þt2=s2

L�: Initially, at t = - 0.5 ps, the

Fig. 1 Space–time diagram of density distribution. Al target ablation

in vacuum—(a) and in water—(b) for F = 1 J/cm2. Dashed (black)

curve is the aluminum–water interface
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Fig. 2 Phase diagram of Al and thermodynamic trajectories of 1 nm

(solid red curve), 5 nm (dashed green curve), 10 nm (dotted blue

curve) and 50 nm (dash-and-dot purple curve) layers for Al target

ablation in vacuum—(a) and in water—(b) for F = 1 J/cm2. CP is the

critical point, bn is binodal, sp is spinodal
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aluminum target is located at z C 0 and vacuum or water is

at z \ 0.

In Fig. 1, we compare the ablation dynamics in vacuum

and in water for laser fluence F = 1 J/cm2. Laser fluence is

calculated as follows F ¼ ILsL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p= lnð16Þ
p

: As one can see,

LA in vacuum results in the formation of thin layers of

thicknesses from 10 to 50 nm already by time of 100 ps. In

addition, a small region of a rarefied material is observed in

front of the plume. Because acoustic impedance of water (q
cs) is comparable in magnitude with that of aluminum, we

observe the fast deceleration of the ablated material, see

Fig. 1b. The acoustic oscillations in the detached layer then

result in the formation of a set of waves in water. Fur-

thermore, shock waves are formed in aluminum (D & 6.7

km/s) and water (D & 3.3 km/s), where D is the shock

speed. The ablated layer is localized in the vicinity of the

target surface in a distance shorter than 100 nm. In this

layer of the molten aluminum, temperature reaches about

3,000 K and density is around 2 g/cm3, see final parts of the

trajectories in Fig. 2b. On the contrary, the temperature of

the layers ablated in vacuum ranges from &5,000 K for 5

and 10 nm depths to &3,000 K for 50 nm depth, see the

corresponding trajectories in Fig. 2a. Thus, primary NPs

are expected to be smaller in the case of LA in vacuum.

For higher fluences, the ablation dynamics changes.

First, a region of low-density target material is observed in

the case of LA in vacuum, which corresponds to the liquid–

gas mixture. In addition, the metastable liquid material is

fragmented into a set of nanolayers. The size of these

nanolayers varies here from several nanometers to hun-

dreds of nanometers, see Fig. 3a.

Figure 4a shows the thermodynamic trajectories corre-

sponding to the layers with the initial depths below the

target surface of 1, 5, 10 and 50 nm. The presented results

demonstrate a fast rarefaction of the target material, which

undergoes transformation along supercritical and near-

critical paths. Here, two basic mechanisms of NP creation

are observed: (1) phase explosion in the vicinity of the

critical point (CP); and (2) mechanical fragmentation of

metastable liquid phase on rarefaction.

A strong confinement of the ablated plume is observed

in the presence of water when fragmentation does not

occur, Fig. 3b. The second temperature increase along 1, 5,

Fig. 3 The same as in Fig. 1 but for F = 5 J/cm2
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Fig. 4 The same as in Fig. 2 but for F = 5 J/cm2
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10 nm trajectories (Fig. 4b) takes place by the delay of t &
4 ps. This effect is caused by the confinement of the heat

affected zone and electron–ion thermal equilibration. This,

in turn, results in the increase in pressure at the water–

aluminum interface resulting in the deceleration of the

rarefaction process. For this reason, a thick molten layer is

formed and reaches &1 lm by time of 1 ns. At that time,

trajectories corresponding to the initial depths of 1, 5,

10 nm reach the metastable supersaturated gas phase and

we expect a further decay of this state into a liquid–gas

mixture. At the same time, the 50 nm trajectory (dash-and-

dot purple curve) turns back and follows the binodal line,

see Fig. 4b. Thus, only a thin layer of about 50 nm thick-

ness is ablated (transformed into liquid–gas mixture) by

1 ns in the presence of water. For LA in vacuum, the

corresponding depth is &300 nm under similar laser

irradiations.

4 Conclusions

In conclusion, we have developed a two-temperature

hydrodynamic model for simulation of aluminum target

ablation in water. The numerical model describes laser

energy absorption, thermal conduction, electron–ion cou-

pling, shock and rarefaction wave propagation. For the

description of thermodynamic properties of aluminum we

add a thermodynamically complete multi-phase equation of

state with stable and metastable phases.

A series of numerical calculation shows that NPs appear

due to the liquid layer ejection and fragmentation. The

regime of mechanical fragmentation of melted target layers

is observed when the corresponding trajectories enter into

the metastable region of the phase diagram. For higher

laser intensities, the near-critical and supercritical trajec-

tories appear and liquid–gas mixture is formed in the

ablation plume. In the presence of an ambient liquid, LA is

highly suppressed and the corresponding ablation threshold

is much larger than that in vacuum. In this case, ablated

layers are located closer to the target and are backscattered

resulting in formation of a deep molten region on the

surface of the target. Ablation of this layer at later delays

leads to the additional NP formation.

We note, finally, that more detailed three-dimensional

calculations should be performed to study longer time

evolution of NPs. The developing of such a model is

underway.
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