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Abstract: 

In the last decade Pulsed Laser Ablation in Liquids (PLAL) has been widely investigated from the 

fundamental point of view, and various theories have been proposed. Although many important 

achievements have been obtained by the scientific community, many aspects still need to be 

clarified and many contradictions arise when comparing the interpretation of similar experiments 

carried out by different authors. In this paper we have reconsidered previous works focused on 

specific processes and stages of the PLAL, in order to outline a modern and comprehensive point of 

view of the overall physical aspects of PLAL. With this aim, several simultaneous diagnostic 

methods have been applied during the production of metallic nanoparticles (NPs), i.e. optical 

emission spectroscopy and fast imaging for the investigation of the laser-induced plasma, 

shadowgraph for the study of the cavitation bubble, and Double Pulse Laser Ablation in Liquid 

(DP-LAL) and laser scattering for the investigation of NPs location and mechanisms of release in 

solution. The connection between the various stages of the DP-LAL allows understanding the main 

characteristics of the produced NPs and the typical timescales of the basic mechanisms involved in 

PLAL. 
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1. Introduction 

The great effort that the scientific community has put in the last decade in the study of 

nanoscience and nanotechnology has been leading the research toward the development of new 

methodologies of nanostructures synthesis. Among them, Pulsed Laser Ablation in Liquid, PLAL, 

is gaining an increasing interest thanks to several promising advantages, which include: 

environmental sustainability, easy experimental set-up (which does not require extreme conditions 

of the ambient of synthesis), long-lasting stability of the nanoparticles, which are produced 

completely free of undesired contaminants or dangerous synthesis reactants. The increase of the 

research products in this field and in the period 1998-2011 has been already analyzed in [1, 2] , and 

until now their number has continued to grow. The nanomaterials and nanostructures that can be 

produced are extremely varied, as well as their applications. Refs. [3- 5] present the most significant 

papers relative to the different typologies of nanostructures produced by PLAL with some of their 

applications, and focus on physical and chemical fundamentals of PLAL. 

Precisely because of this great interest for PLAL nanostructures fabrication, studying the 

mechanisms of formation is extremely interesting in order to improve the fundamental 

understanding in this field. Until now, important goals have been reached, especially in the last 

decade, but much still needs to be clarified. In particular, the laser induced plasma and cavitation 

bubble dynamics during the laser ablation in liquids play crucial roles. In previous studies [6, 7] we 

combined complementary optical techniques with high temporal resolution and investigated in 

details the roles of the laser-induced shockwave and plasma in the early time of these processes, as 

well as the connections between the cavitation bubble formation and dynamics and the formation of 

NPs [8, 9, 10]. On the other hand, theoretical studies were also carried out on the mechanisms of 

NPs formation [11, 12]. This paper is based on some fundamental experiments, and its aim is to give 

and discuss a modern and comprehensive point of view on the mechanisms and the processes 

involved in the PLAL technique. 

 

 

2. Experimental investigation of the processes involved in the production of NPs by PLAL. 

 

Laser induced breakdown of submerged targets is characterized by visible plasma emission and 

the production of shock waves and of cavitation bubbles. The duration of each of these processes is 

sketched in Fig.1: after laser-matter interaction, laser-induced breakdown occurs, followed by the 

shock wave formation, plasma expansion and cooling, and by cavitation bubble formation, 

expansion and collapse. Upon the bubble collapse, the nanoparticles, which are produced during the 



plasma cooling phase, can diffuse in the surrounding liquid and form a colloidal solution. 

Investigation of this series of processes is challenging because it requires different diagnostic 

techniques operating simultaneously. Moreover the dimension of the systems to investigate, i.e. the 

laser-induced plasma and the produced nanomaterial, requires detection methods with high 

sensitivity and high temporal resolution. In the frame of these considerations, we employed four 

different techniques for the experiments presented in this review: optical emission spectroscopy for 

the investigation of the laser-induced plasma [13], fast shadowgraph [14, 6] for the measurement of 

the cavitation bubble dynamics, laser scattering [6, 15] and Double Pulse-LAL (DP-LAL) [7] to 

monitor the laser-induced breakdown and the produced nanoparticles. Other techniques that can be 

used for this aim include, for example, laser induced fluorescence and X-ray scattering [8, 9]. In 

order to better display some characteristics of the processes, targets with different geometry were 

employed to describe the phenomena involved in PLAL. In particular, in addition to the typical bulk 

targets (most usually disks or parallelepipeds of some mm of thickness), wire-shaped targets of 

hundreds of microns of diameter were used too. The main advantage of the latter target geometry, 

as already discussed in details in [6, 17], is that it allows a larger field of view for the detection. 

Finally in this paper we analyze the mechanisms and the processes occurring during PLAL with a 

laser pulse with duration of few nanoseconds (6 ns) and irradiance > 1 GW cm
-2

. 

 

 

2.1 Plasma production and cooling. 

When laser pulses with irradiance between 0.1-1 GW cm
-2

 interact with a solid target, seed 

electrons are ejected from the target by multiphoton ionization and then, as a consequence of the 

photon absorption by inverse Bremsstrahlung, the ablated particles form a hot atomic plasma [18]. 

When ablation occurs, the number density of the irradiated material can be expected to change with 

a continuous trend during the solid-to-gas phase transition. This means that initially a very dense 

and hot plasma is formed, so that instantaneous expansion occurs. The plasma expands 

supersonically driving a shock wave in the surrounding environment, and then it slows down 

compressing the surrounding liquid until the plasma itself extinguishes. The main elementary 

processes that sustain the plasma induced in a liquid environment are essentially the same that occur 

during ablation in air [19, 20], the main differences being due to the different competition between 

the elementary processes and the different degree of energy exchange with the surrounding 

environment. Because of the low compressibility of the liquid, the plasma is suddenly confined so 

that it holds a density in the order of 10
20

 cm
-3

 and an ionization degree close to unity. At these 



conditions atoms and ions in the plasma phase are affected by the Debye-Hückel effect so that most 

excited levels are not allowed and radiative recombination is the predominant process [19, 21].  

Indeed upon 0.1-1 GW cm
-2

 laser ablation, the plasma is characterized by high-density effects [22] 

and, as a consequence of the limitation in the number of allowed excited levels, excitation and de-

excitation by electron impact are replaced by ionization and recombination. In this scenario, the 

typical discrete spectrum, that reflects the Boltzmann distribution of atoms and ions , cannot be for 

the most of plasma evolution. Moreover, as a consequence of the recombining character of the laser 

induced plasma, radiative recombination becomes extremely efficient and is the main cause of 

deviation from the Local Thermal Equilibrium (LTE) condition, as discussed in details in [23].  

The main effect of the predominance of radiative recombination on the other mechanisms is that the 

plasma emission spectrum is characterized by a continuum radiation. Since in the experimental 

conditions discussed in this work the plasma spectrum in liquid is a broad continuum that resembles 

a Planck-like distribution (though conceptually it is not a black body radiation) , it can be used to 

determine the temperature of the plasma by applying the “Planck plot” method described in [24]. In 

previous studies  [6, 16], the temperature of a laser-induced plasma in water was found to be in the 

range 4000-6000 K. In addition to determining the plasma parameters, in the case of NP production 

it is very interesting to study the evolution of the plasma volume, which can be successfully done by 

fast imaging techniques. As an example Fig.2 shows a fast-camera image  coupled with 

shadowgraph, acquired during PLAL of a Pt wire, which qualitatively displays the behaviour of the 

volume of the luminous plasma during the plasma persistence time. In this experiment it is evident 

that the plasma cooling is extremely fast, decreasing the size of the plasma and inducing 

vaporization of the surrounding medium at the front head of the plasma itself.   

The plasma cooling process can be studied by time-resolved emission spectroscopy and fast 

imaging [25] in order to estimate when the NPs formation process starts. For example, Fig. 3 

reports the temporal evolution of emission intensity and of plasma temperature as determined by 

Planck plot analysis during metal ablation under water (Ti and Cu bulk targets immersed in water). 

These data reveal two important features of the plasma cooling process: 1) the plasma emission 

intensity increases very fast and then exponentially decreases until the plasma extinguishes; 2) on 

the contrary, the plasma temperature holds a more or less constant value throughout most of the 

plasma persistence time , i.e. 500 ns. Later on it is not possible to measure the electronic 

temperature because the emission signal is too low and the spectral bands due the molecular 

recombination at the border of the plasma are the predominant emission signal [26]. The images 

taken with a fast camera and reported in Fig. 2 show that the plasma cooling proceeds from the 

front head to the interior, and we can suppose that during this process the plasma core keeps its 



internal energy, at least in the initial part of the cooling process (500 ns), when most of the ablated 

mass undergoes phenomena responsible for NPs formation. In other words the plasma is cooling 

down shell by shell, starting from the external ones, and the total amount of emitting species 

decreases because atoms aggregate to generate the nanoparticles and are thus subtracted from the 

collisional plasma. Moreover, since the plasma core holds the same temperature throughout its 

persistence time, the cooling process occurs in constant thermodynamic conditions and, whatever 

the mechanism of formation, the produced nanoparticles are generated with very similar size and 

shape, which depend on the experimental conditions. 

Finally, as a consequence of the high thermal capacity of the surrounding liquid, the energy 

exchange between the plasma itself and the adjacent compressed liquid layer proceeds extremely 

fast. Thus, the ablated material in the plasma cools down, at first by reducing ions to neutral species 

by recombination and then by producing the nanoparticles, which occurs almost immediately, 

within the first tens of nanoseconds after the laser pulse, until the complete extinction of the plasma. 

 

 

2.2 Cavitation bubble evolution. 

In the previous section we focused on the plasma cooling process promoted by the fast release of 

energy from the plasma to the surrounding liquid. Due to this transfer of energy, the liquid at the 

contact zone with the plasma front undergoes a phase transition that causes the formation of a thin 

layer of vapour around the plasma volume [27 - 35]. The thin water vapour layer can be clearly seen 

in Fig.2 as a dark zone around the plasma, due to the change of the refractive index caused by the 

high vapour pressure making the medium opaque. This vapour layer is the early cavitation bubble. 

The vapour layer forms at high temperature and, due to its high pressure, it expands in all 

directions, both against the liquid, thus generating the cavitation bubble, and against the plasma, 

thus causing the plasma confinement (Fig.1). The cavitation bubble radius can be estimated by fast 

shadowgraph, and the temperature and the pressure of the vapour inside the bubble can be 

determined with the Van der Waals state equation, as described in details in [6]. Fig 4a and b show 

the typical bubble dynamics in liquid environment when a laser is focused on a wire and on a bulk 

target, respectively. The bubble lifetime is usually in the order of hundreds of microseconds, i.e. 2 

orders of magnitude longer than the duration of the plasma itself, and depends strongly on laser 

pulse characteristics such as wavelength, output energy and focusing condition, pulse duration, 

external pressure [36]. The bubble dynamics comprises an expansion stage and a subsequent 

compression stage, which can be repeated several times like a damping oscillator [20]. Between the 



expansion and the compression stages, when the pressure inside the bubble reaches the saturation 

pressure at the liquid temperature, the bubble equilibrates with the surrounding liquid. In this 

condition, the bubble reaches the maximum radius and persists in this quasi-equilibrium status 

longer than it does in the compression and collapse stages, so that the produced NPs have longer 

time and a larger volume to diffuse, thus decreasing their local concentration. Fig 5 shows three 

frames of a time-resolved shadowgraph (a) and scattering images (b) obtained in the case of wire-

shaped and bulk targets. These frames were chosen so to give examples of the early expansion, of 

the maximum expansion and of the collapse of the cavitation bubble. 

Pressure and temperature in the bubble can be calculated by experimentally determining the bubble 

radius from the fast shadowgraph images [6] and by applying the Van der Waals equation. Table 1 

lists the values obtained with this method at different times of the bubble evolution, which show 

that during the expansion and collapse phases both temperature and pressure change very fast, while 

near the maximum of the expansion only moderate changes occur.  

 

 

2.3 Nanoparticle diffusion in the cavitation bubble and release in solution. 

 

As the bubble forms at the plasma front, the produced material is sucked inside the cavitation 

volume during the bubble expansion, and then it diffuses inside the bubble. The initial rate of 

bubble expansion is much higher than the diffusion rate of nanoparticles, thus most material is 

contained inside the bubble. At the maximum of its expansion, the bubble volume is about two 

orders of magnitude larger than at the beginning of its evolution (i.e. right after the plasma cooling 

is complete). Consequently, in this condition of maximum expansion the local concentration of NPs 

in the bubble is the minimum throughout the whole bubble evolution. After the maximum 

expansion stage, the bubble starts to progressively shrink, and the radius changes with the same rate 

as during the expansion (but of course it decreases instead of increasing). During the collapse stage, 

the NPs that were filling the whole bubble volume are now pushed against the target, following the 

vapour stream, and thus accumulate at the bubble boundary. This is shown in Fig.5 (in particular in 

the collapse stage images) which compares the shadowgraph and the scattering images, and it has 

also been observed in small angle X-ray scattering experiments, reported in [9]. Moreover, the 

formed NPs act like a cloud of gas particles, but obviously they have higher density than the water 

vapour and are partially charged, thus resulting less compressible than the water vapour. Thus at the 

end of the collapse stage, when the bubble is sharply decreasing its volume, they occupy a larger 

volume than the bubble itself. This implies that the compressed vapour bubble is not able to drag 



nanoparticles while shrinking towards the target and passing through the cloud of NPs, thus the NPs 

themselves are released in the liquid, as shown schematically in fig 6. 

Studying the distribution of NPs in the bubble is rather difficult from the experimental point of view 

because at high pressure the bubble is opaque and the laser scattering technique is not sensitive 

enough. Recently small angle X-ray scattering has been employed for studying the formation of Au-

NPs and their distribution inside the cavitation bubble [9]. These experiments have shown that, in 

agreement with the proposed description, most NPs contained in the bubble are close to the target, 

due to the slower drift velocity with respect to the front head of the bubble vapour. A simpler way 

to check qualitatively the location of the NPs in the bubble is to shoot a second laser pulse focussed 

inside the bubble volume in order to produce a secondary plasma from the material ablated by the 

first pulse. In this case, changing the interpulse delay between the first ablation pulse and the second 

one, it is possible to probe the ablated material inside the bubble by inducing the material 

breakdown, and to image the position of the plasma. The energy of the second pulse partly induces 

the breakdown of the ablated material and partly reaches the target surface generating a new 

ablation. The amount of laser pulse energy that reaches the target depends on the concentration of 

NPs in the focal volume. This experimental technique has been already applied for controlling the 

particle size and concentration during DP-LAL (Double Pulse – Laser Ablation in Liquid) [7] and 

can be efficiently used with the described approach, also as a diagnostic tool for understanding the 

distribution of NPs in the bubble volume. Fig. 7 shows different shadowgraphs of the plasma 

induced by the second pulse, taken at different time delay after the first ablation pulse. The temporal 

trend of the bubble radius (as obtained from the shadowgraphs) is reported for highlighting the 

bubble condition at which the second probing laser pulse is shot. Fig.7 indicates that the plasma has 

two components: one close to the border of the bubble due to the NP breakdown and one close to 

the target due to the secondary ablation of the target itself. During the bubble expansion phase, as 

the volume of the bubble is small and the NPs are in front of the target, most energy of the second 

laser pulse is spent in the NP breakdown , thus the second laser pulse generates an extended and 

luminous plasma in the interior of the bubble and only a minor plasma directly on the target surface. 

On the contrary, when the bubble is in equilibrium with the surrounding environment, its volume is 

larger and, as discussed in the previous section, this stage lasts comparatively longer than any stages 

of the bubble expansion and collapse, thus the particles have enough time to diffuse inside the 

bubble volume and strongly decrease their local concentration. The result is that in this situation 

NPs are not concentrated enough as to undergo the breakdown from the second laser pulse, which 

therefore deposits most of its energy on the target surface, generating a secondary ablation and a 

secondary plasma located mainly at the target surface. During the bubble shrinking phase the 



situation is similar to that described in the early expansion phase. Finally, after the bubble collapses 

(200 s) NPs are released in water in front of the target, thus the second laser pulse is shielded and 

prevented from reaching the target, producing the breakdown at the position where the NP cloud is 

placed. Thanks to the increase of concentration during the collapse phase, the NP release can be 

detected also with laser scattering, as shown in Fig.5 in the case of ablation of bulk and wire-shaped 

targets. 

 

 

3. Conclusions 

 

In this paper the fundamental processes occurring during PLAL (Pulsed Laser Ablation in Liquid) 

for NPs formation were studied by applying different time-resolved diagnostic techniques, i.e. 

optical emission spectroscopy, shadowgraph, laser scattering imaging, and DP-LAL (Double Pulse 

Laser Ablation in Liquids) for laser-induced breakdown detection. The results show that NPs are 

produced in the first stage of the PLAL process, i.e. during the plasma cooling. The plasma cooling 

starts from the external shells of the plasma and proceeds to the interior, thus the temperature in the 

plasma core remains constant, allowing NPs to be formed in constant thermodynamic conditions. 

This observation clearly explains the narrow distribution of size generally observed in NPs obtained 

by PLAL. Moreover, the transport and diffusion of the produced NPs in the cavitation bubble was 

studied with the same approach. In particular it was shown that the NPs are released in the solution 

during the cavitation bubble collapse phase, since the bubble itself shrinks to a smaller volume than 

that of the NPs cloud. The laser scattering experiments and the DP-LAL for laser-induced 

breakdown detection show that, as a consequence of the bubble compression during the shrinking 

phase, the NP cloud is concentrated in a small volume. After the bubble collapse, the NPs transfer 

in solution  and diffuse in the liquid environment producing the colloidal solution. The study of the 

sequence of these processes can be useful for improving the PLAL yield and selectivity because it 

can allow selecting which specific stages of the overall process are most suitable for the desired NP 

production. 
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 Table 1 

t (µs) T (K) P (Pa) 

10 609.6 2.04e+06 

30 383.4 3.69e+05 

50 343.9 2.34e+05 

70 297.9 1.30e+05 

90 343.9 1.91e+05 

110 350.4 2.61e+05 

130 358.4 8.41e+05 

150 833.7 2.01e+07 

160 913.3 5.71e+07 

 



Table caption: 

 

Temporal evolution of temperature and pressure values of the water vapour in the cavitation bubble 

as calculated with the Van der Waals equation (the bubble radius value was determined from the 

shadowgraphs shown in Fig. 4b). Experimental set-up is described in ref. [6]. 

 



 

Figure Captions: 

Fig. 1: Time sequence of the processes involved during the pulsed laser ablation in liquid 

Fig. 2: Shadowgraph images coupled with image taken with fast camera of laser-induced plasma 

and cavitation bubble on a Pt wire in water (wire diameter = 545 m, laser= 532 nm, irradiance = 12 

GW cm
-2

 , camera gate width = 500 ns). Experimental set-up is described in ref. [6]. 

Fig. 3: Temporal evolution of the plasma continuum intensities and of the plasma temperatures as 

determined by a Planck-like distribution during ablation of Ti and Cu bulk targets immersed in 

water (laser = 532 nm, irradiance = 140 GW cm
-2

, camera gate width = 200 ns). Experimental set-up 

is described in ref. [6]. 

Fig. 4: Time-resolved shadowgraph images of the laser-induced bubble on a) a Cu wire target and 

b) Ti bulk target in water (laser = 532 nm, irradiance = 12 and 34 GW cm
-2

 respectively, camera 

gate width = 38 and 5 s respectively, wire diameter = 250 m). Experimental set-up is described in 

ref. [6, 7]. 

Fig. 5: Three frames of time-resolved shadowgraph (a) and laser scattering (b) images of laser-

induced bubble on a Ti bulk target and on a Cu wire target in water, respectively (laser = 532 nm, 

irradiance = 12 and 34 GW cm
-2

 respectively, camera gate width = 5 s, wire diameter = 250 m). 

Experimental set-up is described in ref. [6]. 

Fig. 6: A schematic behaviour of the bubble volume and the NPs cloud during the different stages 

of the bubble lifetime: r and R are the bubble and the NPs cloud radii, respectively.   

Fig. 7: a) Shadowgraph images of bubble and plasma induced by P-PLAL on an Ag bulk target in 

water at different interpulse delays (and with different camera gate width): the images show the 

plasma induced by the second laser pulse inside the bubble induced by the first laser pulse, at 

different moments during the bubble lifetime. b) The temporal evolution of the laser-induced bubble 

radius as measured from shadowgraph images during a single-pulse LAL experiment is reported by 

comparison. (laser = 532 nm, irradiance = 17.5 GW cm
-2

, gate width is reported on each frame). 

Experimental set-up is described in ref. [7].
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