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Abstract. We investigate ablation of Aluminum nanoparticle due to ultrashort high-intensity laser pulse. 
Molecular dynamics simulation is used to follow the evolution of the system and observe thermodynamics 
together with cluster properties. The energy given from the laser to the system is 1.5 eV/atom which is 
above ablation threshold and modelled using instantaneous and homogenous energization at the beginning 
of simulation. The evolution of the system shows a highly non-equilibrium state after the irradiation. 
Expansion of the sphere indicated that the system cannot survive from the temporary high tensile pressure 
that leads to ablation. While the high temperature consecutively responsible for the formation of cluster, it 
also indicated that the system is relaxed at the end of the simulation. 

1 Introduction  
The development of ultrashort high-intensities laser such 
as performed in FLASH or LCLS could bring a material 
into new regime thermodynamics state. It happens in an 
ultrafast time scale which leads to destruction of the 
materials [1]. The mechanism of interaction between a 
high-intensity laser with materials is still an open 
question. Since the system will be brought up to non-
equilibrium state, the materials itself will not survive for 
energy above ablation threshold [2–7].    
      When a material irradiated by ultrashort high-
intensities laser, the evolution of the system will be, in 
general, depend on the energy that are deposited onto it 
surface [3]. For small energization, the material will melt 
and if it was given higher energy that constitutes a 
tensile pressure, then voids start to form. If the 
energization is even more energetic to produce stronger 
tensile pressure then voids will grow, material could be 
spallated and clusters will be formed. Molecular 
dynamics simulation gives the opportunity to follow 
these processes since the trajectory of the system is 
completely described by means of atomistic modelling.    
      Molecular dynamics simulation has been done for 
the case of thin film [2–6], Lennard-Jones 
nanoparticles [8] also the comparison between these two 
forms [9]. While for the case of smooth energization, 
such as two-temperature model, the energy transferred 
from the electronic to the atomic system have been done 
in bulk [10,11] and thin film [5,12]. In this article, we 
explore the effect of instantaneous and homogenous 
energization applied to Aluminum nanoparticle.  
 
 

2 Simulation Method 

To study the mechanism of the materials due to 
ultrashort high-intensities laser irradiation, we use 
molecular dynamics (MD) simulation. Large-scale 
atomic/molecular massively parallel simulator was 
employed to carried out the simulation [13]. The 
material chosen for this simulation is Aluminum with 
interatomic potential are described by Liu, Ercolessi and 
Adams with cut-off radius 6.06 Å [14].  
      The Aluminum nanoparticle has a diameter of 9.5 
nm which consists of 28894 atoms. The initial 
temperature and pressure before the energization 
simulation are 0 K and 0 GPa which has been relaxed for 
20 ps. We employed instantaneous and homogenous 
energization to the system and follow the simulation up 
to 30 ps.  
      The laser considered to heated up the system in an 
ultrashort duration. This can be done for the case of 
XUV/X-ray laser where the energy transfer from the 
laser is in order of fs to ps. Within this simulation we 
considered the nanoparticle is energized at the beginning 
of the simulation with energy absorbed (E0) by the 
system is 1.5 eV/atom, which correspond to  = E0/Ecoh 
= (1.5 eV/atom) / (3.39 eV/atom) = 0.44, where it is 
already above ablation threshold [6]. 
      We present the atomistic point of view of the 
simulation where we could observe all the mechanism 
mentioned before using OVITO [15]. Temperature and 
pressure as a function of time are also given to 
understand the evolution from thermodynamics point of 
view including virial term [16]. As a complementary we 
also provide the cumulative cluster distribution at the 
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end of simulation using algorithm by Stoddard [17] and 
presented as in Upadhyay [18]. 
 
 
3 Results and Discussion 
The evolution of the irradiated Aluminum nanoparticle 
are presented in Figure 1. At the beginning of the 
simulation, the nanoparticle is already heated up with 
initial temperature of 11500 K correspond to 1.5 
eV/atom. After 1 ps, the system melts and some small 
clusters are escaped. At 4 ps, void started to form and 
grows larger until 8 ps. After all the sequences, system 
breaks up (spallated) at 20 ps. By the end of the 
simulation, t = 30 ps, clusters are formed with different 
sizes. This atomistic point of view is comparable to what 
have been done for the general case in Lennard-Jones 
material [8]. 

 
 
Fig. 1. System evolution with energization 1.5 eV/atom. Atoms 
are colored based on local temperature in K (temperature color 
scale are given). Size are not to scale. (a) Aluminum 
nanoparticle at t = 0 ps, initial temperature 11500 K. (b) t = 1 
ps, melting. (c) t = 4ps, void started to form. (d) t = 8, void 
grows. (e) t = 20 ps, spallation. (f) t = 30 ps, cluster.  
    

Figure 2 shows the evolution of temperature with 
inset figure are for profile up to the first 1.5 ps. As can 
be seen from the figure, after the energization, the 
nanoparticle temperature is homogenized throughout the 
system. The initial temperature of 11500 K are already 
far away beyond critical temperature of Aluminum, Tc = 
5410 K [19]. Within this regime of temperature, the 
nanoparticle is brought up into non-equilibrium state.  

      The first 1.5 ps of the evolution, indicated that the 
system suffered for extreme temperature and pressure. 
After 1 ps, it melted completely, and some small clusters 
are moving away from the main body as in Figure 1(b). 
At this condition the temperature range are highly above 
the melting temperature of Aluminum, Tm = 933 K. In 
this period also, the temperature is slightly oscillating 
above critical point where the system are boiled in an 
ultrashort time (up to 0.6 ps), Tb =2623 K [20]. 
Approaching t = 1 ps, the system is heading to relax 
condition and maintain its temperature below critical 
point but above boiling temperature.               
 

 
Fig. 2. Temperature evolution as a function of time. Inset: up to 
1.5 ps profile. 
 

 
Fig. 3. Pressure evolution as a function of time. Inset: up to 1.5 
ps profile. 
      

As presented in Figure 3, at the very beginning, the 
nanoparticle system is suffered by compressive pressure 
which increasing up to more than 14 GPa. Hence, the 
nanoparticle is compressed, and the rarefaction wave 
started to travel into the system. This pressure then 
reaches the inner-part of nanoparticle and produce 
backward pressure. While this rarefaction also 
contributes in melting the nanoparticle, it also interacts 
with the upcoming rarefaction wave and create tensile 
pressure inside the system.    
   It can be seen from the pressure profile, at t = 0.5 ps, 
pressure passes the value below 0 GPa which indicated 
tensile pressure. This pressure is responsible for the 
system to spallated. As it was mentioned by Upadhyay  
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and Urbassek [3], if the tensile pressure are strong 
enough then void will be formed. At t = 4 ps, void is 
formed inside the nanoparticle and continue to grow. 
This indicated that the tensile pressure is strong enough, 
so the material cannot handle it. Evolving until 8 ps it 
can be seen from Figure 1 (d) that multiple voids are 
created. As it was the case of thin films [3], when several 
voids are formed then the system will be spallated.  
      Continuing to follow the evolution of the system up 
to 20 ps, it can be recognized that the nanoparticle is 
spallated. The temperature at this time is around 3800 K 
which indicated that the system is boiled although it was 
in relax state. The pressure also relaxes at around 0 GPa, 
but since the nanoparticle is stable at this pressure, it 
continues to expand.  
 

 

Fig. 4. Cumulative cluster distribution at the end of simulation, 
t = 30 ps.  
 

At the end of simulation, t = 30 ps, the system at the 
final state already fragmented into five big clusters 
(number of clusters (m) > 1000 atoms) and several 
smaller clusters (m < 100 atoms). The main big clusters 
contribute to 70 % of the nanoparticles, while the rest of 
smaller clusters is occupied the system especially the 
monomers (m = 1). The energy that is deposited into the 
system in the beginning of the simulation is responsible 
in forming this clusters. Within this simulation, where 
energy absorbed by the system is 1.5 eV/atom, the 
nanoparticle is fragmented into several big clusters, 
while for even higher energization the system tend to 
boil up and bigger cluster cannot survived  [8].   

In summary, we studied the laser ablation of 
Aluminum nanoparticle by means of molecular 
dynamics simulation. The thermodynamics analysis 
which includes temperature and pressure evolution 
indicated that the system enters the regime of non-
equilibrium state. As the energy absorbed by the laser is 
above the ablation threshold then the nanoparticle is 
spallated. Following the evolution of the system until the 
end of the state, it was indicated that the nanoparticle is 
fragmented resulting in several big clusters as well as 
small clusters around.     
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Negeri Jakarta. 
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