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ABSTRACT: In this work we perform molecular dynamics simulations to investigate the thermodynamic mechanisms of amorphous

polystyrene ablated by a femtosecond laser pulse. The utilized width and fluence of the laser pulse are 10 fs and 1012 W/cm2, respec-

tively. Furthermore, the effect of chain length on the microscopic material removal mechanisms and related macroscopic evolutions

of system quantities is studied. Simulations results indicate that the ultra-short laser pulse irradiation introduces significant instabil-

ities into the target material because of the lattice perturbation, which leads to the relaxation of lattice destabilizations after the

pulse through evaporation from the top surface and expansion within the bulk. It is found that the competition between the two

mechanisms of evaporation and expansion is strongly influenced by the chain length. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

2015, 132, 42713.
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INTRODUCTION

The polystyrene hollow microsphere is one of the most impor-

tant targets used for the inertial confinement fusion, because it

can decrease the instability of preheated fuel and hydrome-

chanics in the course of radiant drive implosion.1–3 Particularly

in the fast ignition scheme, a small gold cone is imbedded into

a polystyrene microsphere to provide a clear pathway for ultra-

tense laser to reach central region.4 Thus, a hole with microme-

ter dimensions is needed to be fabricated on polystyrene micro-

sphere in advance of the imbedding of a gold cone. To avoid

radial laser propagation in plasma, the machining accuracy of

the hole is crucial to achieve accurate mating between the gold

cone and the polystyrene microsphere. Therefore, how to accu-

rately fabricate the hole on polystyrene microsphere becomes

challenging.5–7

Recently, the technique of femtosecond (fs) laser ablation has

been proposed to fabricate a hole on polystyrene microsphere.8,9

However, till now the underlying physical mechanisms involved

in the femtosecond laser ablation of polystyrene remain poorly

understood, which greatly hinders the development of the

machining ability. Typically, the femtosecond laser ablation is

composed of two sequential stages, as (1) laser pulse irradiation

with time scale of fs, in which laser energy is adsorbed by elec-

trons, and (2) absorbed energy dissipation with time scale of

picosecond (ps), which leads to material removals.10,11 Given

the involved ultra-short time scale, it’s extremely difficult for

experiments to monitor the phenomena occurred during the

ongoing process of laser ablation. Furthermore, understanding

the fundamental deformation behavior of polystyrene specimen

under laser ablation processes requiring identification and dis-

tinguishing of inter-chain and intra-chain interactions, which

are occurred in the atomic length scale. Therefore, the capability

of monitoring and analyzing motions of single chains at atomic

scale is critical to elucidate the thermodynamic mechanisms of

polystyrene specimen under femtosecond laser ablation. On the

theoretical side, the time steps used in molecular dynamics

(MD) simulation are on the order of 1 fs, which fall into the

length scale of the femtosecond laser ablation. Furthermore, it

has been demonstrated that MD simulation can provides atomic

information of the ongoing laser ablation processes.12–15 Partic-

ularly for the polystyrene, which is one typical long chain vinyl

polymer with a phenyl group attached to every other carbon

atom, the capability of monitoring and analyzing motions of

single chains at atomic scale is critical to elucidate the underly-

ing mechanisms of polystyrene specimen under laser ablation.

However, MD simulation of the femtosecond laser ablation of

polystyrene is rather scarce. Therefore, in this work we perform

MD simulations to reveal the thermodynamic atomic mecha-

nisms involved in the femtosecond laser ablation of amorphous

polystyrene. The influence of chain length on the femtosecond

laser ablation is further studied.
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EXPERIMENTAL

Figure 1 presents the MD model of femtosecond laser ablation of

polystyrene, which consists of an amorphous polystyrene target

and an external laser field, which was also used in our recent

work.16 The target consists of randomly assembled Atactic poly-

styrene chains, and has a dimension of l1 5 8 nm, l2 5 16 nm,

and l3 5 8 nm in X, Y, and Z direction, respectively. The density

of polystyrene target can be calculated using eq. (1):

q5
m

V
5

N3 Cm38n1Hm3 8n12ð Þð Þ
l13l23l3

(1)

Where N is the chain length, Cm 5 1.9927e226 kg and

Hm 5 1.6606e227 kg are atomic masses for single carbon and

hydrogen atoms, respectively. Accordingly, the as-created poly-

styrene target has a density of approximate 814.7 kg/m3. Peri-

odic boundary conditions are imposed in the lateral X and Z

directions, while the Y direction of the target is kept free. Fur-

thermore, the bottom of the target with the length of 1 nm is

fixed during the whole laser ablation process. As depicted in

Figure 1, the length of the laser irradiated region is 12 nm. To

investigate the influence of chain length on the laser ablation

process, three targets with different chain lengths of 5, 10, and

20 are considered. Table I lists the detailed configurations for

each target. The inter-molecular and intra-molecular interac-

tions in the simulated polystyrene target are described by using

the well-established AIREBO (Adaptive Intermolecular Reactive

Empirical Bond Order) potential,17 which has been successfully

used in our previous studies.18

The femtosecond laser ablation of polystyrene consists of two

stages, as short-duration stage of laser pulse irradiation and subse-

quent long-duration stage of adsorbed energy dissipation. In the

first stage, the femtosecond laser pulse irradiates the target from

the top. The width and the fluence of the laser pulse are 10 fs and

1012 W/cm2, respectively. In this work we mainly focus on the

thermodynamic phenomena of the polystyrene target induced by

laser ablation. Therefore, the laser energy is deposited into the

laser irradiated region of the target homogeneously through

velocity scaling, and the case of ionization is not considered. After

the laser pulse, the polystyrene target is allowed to perform energy

dissipation for 10 ps in the second stage. All the MD simulations

are completed with the LAMMPS (Large-scale Atomic/Molecular

Massively Parallel Simulator) code with a timestep of 0.1 fs.19 The

VMD (Visual Molecular Dynamics) is utilized to visual MD cal-

culation date and generate MD snapshots.20

RESULTS AND DISCUSSION

Mechanisms of Femtosecond Laser Ablation of Polystyrene

Before subjected to laser pulse irradiation, the atoms in the tar-

get has reached their equilibrium configurations at pressure of 0

bar and low temperature of 30 K, and the velocities of the

atoms and the kinetic energy of the system are both kept as

zero. In the stage of laser pulse irradiation, kinetic energy is

added to the atoms in the laser irradiated region of the target

with constant rate. Figure 2 plots the evolution of the scaled

Figure 1. MD model of femtosecond laser ablation of amorphous polysty-

rene. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. Configuration Parameters for Polystyrene Targets with Different

Chain Lengths

Chain length Number of chains Atom number

Target1 5 976 80032

Target2 10 488 79056

Target3 20 244 78568

Figure 2. Evolution of scaled laser intensive during laser irradiation of the

Target2. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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laser intensive by the velocities of irradiated atoms with the

duration for the Target2. The intensive first increases linearly to

its maximum of 1.64, then drops precipitously upon further

irradiation, and finally reaches a stable value approaching 1.0.

To reveal the possible reasons for the observed characteristics of

the intensive evolution, Figure 3 presents the evolutions of sta-

tistical quantities of the simulated system. It is seen from Figure

3(a) that the temperature of the Target2 increases approximately

linearly under the laser irradiation, and finally reaches a value

of 3218 K after the laser pulse. On a microscopic scale, the tem-

perature increase corresponds to an increase of atomic kinetic

energy. Accordingly, Figure 3(b) shows that the kinetic energy

also increases dramatically.

The addition of the kinetic energy excites the atoms in the top-

layer of the target, the velocities of which first increase rapidly

from zero to their maximum values in the ultra-short duration

of 0.2 fs, leading to the linear increase of the laser intensive

shown in Figure 1. Upon further irradiation, however, the sub-

layer of the target is also irradiated by the laser pulse, the

increase of the number of averaged atoms leads to the decrease

of the laser intensive, in spite of the monotonous increase of

the kinetic energy. It is seen from Figure 3(c) that the irradia-

tion leads to considerable compressive stress existed in the

material, evidenced by the positive value of pressure. However,

Figure 3(d) demonstrates that the irradiation of single laser

pulse doesn’t result in significant modification of the target, due

to the ultra-short time scale of the laser pulse.10,11

The irradiation of the short laser pulse introduces instabilities

into the target because of the perturbation of the target lattices.

After the laser pulse, those lattice destabilizations are relaxed

accompanied by the ablation of the target material. Be similar

with the stage of laser pulse irradiation, Figure 4 presents the

evolutions of statistical quantities of the simulated system dur-

ing the stage of adsorbed energy dissipation. Figure 4(a,b) show

that both the temperature and kinetic energy of the system first

decrease precipitously within the initial duration of 0.1 ps, fol-

lowed by gentle evolution. Furthermore, in the later duration

both the temperature and the kinetic energy of the system

increase slightly. Accompanied with the dissipation of adsorbed

energy, Figure 4(c) shows that the pressure of the system first

drops dramatically, and then gradually reaches stable value that

approaches zero, indicating the complete relaxation of the com-

pressive stresses accumulated in the stage of laser pulse irradia-

tion. It is seen from Figure 4(d) that the evolution of the length

Figure 3. Evolutions of statistical quantities of the simulated system during laser irradiation of the Target2. (a) Temperature; (b) Kinetic energy; (c) Pressure;

(d) Length. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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can be divided into two zones, according to the characteristics

shown in the length-duration curve. In the first zone the length

increases with strong fluctuations, which in accordance with the

significant change of the system quantities in the initial period

of the adsorbed energy dissipation. After the first zone, the

length increases approximately linearly in the second zone. The

length of the system finally reaches 32.0 nm, increased by 50%

in comparison with its initial value before the adsorbed energy

dissipation.

Figure 5 presents MD snapshots of the Target2 undergoing

adsorbed energy dissipation at different durations. Figure 5(a)

shows that the polystyrene chains are assembled closely,

although there is considerable adsorbed energy existed in the

top layer of the target. Figure 5(b2e) demonstrate that the evo-

lution of the target material induced by the energy dissipation

can be divided into two types, as evaporation from the top sur-

face and expansion within the bulk. While the evaporation of

the material introduces tensile stress into the system, the expan-

sion within the bulk leads to further increase of the compressive

stress. In the initial period of the adsorbed energy dissipation,

the evaporation rather than the expansion dominates the abla-

tion of the material, thus the pressure of the system drops

dramatically as indicated by Figure 4(c). The close inspection of

the evolution of individual chains demonstrates that accompa-

nied with the evaporation, the chains also undergo significant

evolution such as interchain-sliding and intrachain-change. Par-

ticularly, the intrachain-change enables the chains reaching their

energy favorable local equilibrium configurations, which conse-

quently leads to the fluctuations of the increased length.19 How-

ever, upon further propagation of the adsorbed energy from the

top surface to the rear bottom of the target, the expansion of

chains within the bulk becomes more pronounced. Further-

more, the increased number of evaporated chains increases the

possibilities of collisions between each other. Therefore, both of

the temperature and the kinetic energy increase slightly in the

latter period of the adsorbed energy dissipation. The strong

competition between the evaporation and expansion erases the

fluctuations observed in the initial period, leading to a linear

increase of the length.16

Influence of Chain Length

With the insights into the mechanisms of femtosecond laser

ablation obtained in the Section 3.1, the influence of chain

length on the femtosecond laser ablation is investigated.

The detailed configuration of the three targets is presented in

Figure 4. Evolutions of statistical quantities of the simulated system during adsorbed energy dissipation of the Target2. (a) Temperature; (b) Kinetic

energy; (c) Pressure; (d) Length. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Influence of chain length on the evolutions of statistical quantities of the system during laser ablation of different targets. Stage of laser pulse

irradiation: (a) Temperature; (b) Kinetic energy; Stage of adsorbed energy dissipation: (c) Temperature; (d) Increment of length. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. MD snapshots of the Target2 during the stage of adsorbed energy dissipation. Duration: (a)0 ps, (b) 2.5 ps, (c) 5.0 ps, (d) 7.5 ps, and (e) 10.0

ps. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table I. Figure 6(a,b) plot the temperature-duration curves and

kinetic energy-duration curves for the three targets during the

stage of laser pulse irradiation, respectively. It is seen from Fig-

ure 6 that the evolutions of both temperature and kinetic

energy has similar characteristics, as monotonously increase

with increasing duration. However, the larger the chain length,

the higher the slopes of both the temperature-duration curves

and the kinetic energy-duration curves.

Figure 6(c) plots the temperature-duration curves for the three

chain lengths under adsorbed energy dissipation. For each chain

length, the temperature first drops precipitously due to significant

evaporation from the top surface of the target, and then increases

slightly due to more pronounced expansion within the bulk. Fur-

thermore, the temperature-duration curve for the large chain

length is above of that for the small chain length. In contrast,

Figure 6(d) demonstrates that the increment of the length is

smaller for the larger chain length. We note that the rapid increase

of the length for the Target3 with the largest chain length from

the duration of 5.8 ps is caused by the formation of separated

atoms because of the broken of polymer chain bonds, which

escape far away from the top surface. However, since the quantity

of the separated atoms is rather limited, in this work we do not

consider its impact on the evolution of the system quantities.

Figure 7 presents MD snapshots of the three targets after the com-

pletion of adsorbed energy dissipation. It is seen from Figure 7 that

evaporation from the top surface and expansion within the bulk are

the two mechanisms operating in the three targets. However, the

competition between the two mechanisms is strongly influenced by

chain length. For the small chain length, the evaporation dominates

the ablation of the material because of the small molecule weight.

For the large chain length corresponding large molecule weight,

however, large energy is required for the evaporation of the chains

from the top surface due to the entanglement of the long polysty-

rene chains.21–24 Furthermore, the bulk material with larger chain

length is more difficult to be excited within the bulk. Figure 7 also

demonstrates that the density of the bulk material in the vicinity of

the fixed bottom increases with increasing chain length.

CONCLUSIONS

In summary, in the present study we elucidate the thermody-

namic mechanisms operating in the amorphous polystyrene

under femtosecond laser ablation by means of MD simulations.

The utilized laser pulse width and fluence are 10 fs and 1012 W/

cm2, respectively. Our results demonstrate that MD simulation

with full atomic resolution is powerful to elucidate the fundamen-

tal thermodynamic mechanisms of polystyrene under laser abla-

tion at the atomic scale. Although the target volume remains

nearly unchanged in the short-duration of laser pulse irradiation,

there are considerable instabilities associated with compressive

stress existed in the material, due to lattice perturbations. The

subsequent relaxation of those lattice destabilizations after the

pulse is achieved by the two competitive mechanisms, as evapora-

tion from the top surface and expansion within the bulk. It is

found that the chain length has strong influence on the ablation

of the target. When chain length is small, the evaporation domi-

nates the ablation and consequently the volume change is large.

For the large chain length, however, expansion becomes more

pronounced than evaporation because of larger molecule weight.
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