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Abstract The ablation mechanism of solids due to a short

laser pulse energy deposition is a complex phenomenon,

which depends on both the laser input parameters and the

material properties. In particular, when moving toward

pico-second and even femto-second pulses, the irradiated

material can be driven to extreme conditions, when its

properties are not strictly defined and a number of transient

inter-related processes determining a further material’s

evolution are occurring simultaneously on the nanoscale.

Some of the processes were successfully studied experi-

mentally and resulted in numerous publications. The diffi-

culties of the experimental measurements, however, and

often the impossibility to isolate those processes for their

detailed study, make theoretical investigation beneficial.

Here, we are targeting the determination of the working

ablation regimes in technological terms of quality and

production. The utilized atomistic–continuum model com-

bines the advantages of the molecular dynamics method in

description of the laser-induced non-equilibrium phase

transition processes at atomic level with the ability of the

two temperature model in the continuum description of the

photo-excited free carrier’s dynamics. On the example of Al

and Au metal targets, the model is applied to study the

ablation regimes induced with laser irradiation of different

fluences and pulse durations. The obtained photo-thermal

and photo-mechanical modes are related with quality and

production terms from the point of industrial applications.

1 Introduction

Short laser pulse ablation is a widely used phenomenon in a

number of industrial applications. The possibility to deposit

a large amount of energy into a very localized volume with

short laser pulses has been proven as an efficient tool in

short laser pulse drilling, cutting, and welding experiments

[1–3]. The resulting features, however, especially from the

point of their quality appeared to be a strong function of

laser irradiation parameters. For instance, it was shown

experimentally and theoretically that both the electron–

phonon coupling strength and the pulse duration can play

an important role in the laser damage mechanism [4, 5].

According to these works, the character of damage in tar-

get’s evolution, including processes of melting, spallation,

evaporation, and ablation in general, is essentially deter-

mined by the question whether the pulse duration is long or

short as compared to the characteristic electron–phonon

relaxation time. In other works, the material properties

were assumed also as important for the characterization of

the final structures [6, 7]. Thus, in a number of experi-

ments, two clearly distinguished modes in the ablation rate

have been found at low and high fluencies for some

materials such as Au and Ag [8, 9]. The corresponding low

and high ablation rates, as they scaled with the applied

fluence, were suggested to originate from the fact that

either regimes of thermal or stress confinement is domi-

nant, and whether the resulting damage and its quality is

achieved due to photo-thermal or photo-mechanical

mechanism accordingly [10, 11].
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Theoretical calculations with molecular dynamics

(MD)-based approach provided similar observations and

figured out that the photo-mechanical and photo-thermal

regimes are related to quality and production. In particular,

the conditions of inertial stress confinement, realized in

short pulse laser-matter experiments, have been identified

as a main driving mechanism for the onset of spallation,

which bears mechanical character of the incurred damage

rather than thermal one [12, 13]. In this case, the observed

material removal depth was greater, which is the indicator

of the ablation efficiency, whereas the induced thermal

damage of the new generated surfaces was minimized,

which is the indicator of the ablation quality. The corre-

sponding condition of the laser heating to attain such the

regime was suggested in the following relation [14, 15]:

max spulse; se�ph

� �
� sheating� smech �

Le�diff

Cs

ð1Þ

where the characteristic mechanical relaxation time, smech,

due to internal stresses occurs to be greater than the heating

time, sheating, which is determined by either the pulse

duration, spulse, or the characteristic electron–phonon

relaxation time, se–ph, whichever is greater. The mechani-

cal relaxation time, on the other hand, is a function of the

effective depth of the laser energy deposition, Le-diff, and

the speed of sound in the material, Cs.

Providing appropriate conditions for the onset of the

spallation mechanism, however, Eq. (1), due to uncertain

value of Le-diff, is barely applicable in the material pro-

cessing prediction, if speaking about efficiency and quality.

There are two essential mechanisms of the laser-deposited

energy channelization in the material: the fast electron heat

conduction due to hot electrons, determining the depth of

the energy deposition, and the electron–phonon energy

exchange, determining the rate of lattice heating [16]. Their

inter-relation as a function of the irradiation parameters

together with the materials properties was in particular

considered with the help of two temperature model (TTM)

[17, 18] in a recent simplified theoretical approach [14].

But what is more important, the material properties such as

the electron heat conduction, electron heat capacity, and

the strength of the electron–phonon energy coupling are

functions of the electron temperature [17, 19, 20]. Here, we

neglect the possible dependence on the electron distribu-

tion [13, 21, 22]. Figure 1a and b show that the strength of

the electron–phonon coupling is increasing with the elec-

tronic temperature for both metals. For Au material, this

increase is more pronounced due to significant d-band

electrons contribution. The variations in the electron heat

conductivity functions for both materials are more differ-

ent. Due to a much greater Fermi temperature (135,000 K)

of the Al material, its conductivity linearly scales with the

electronic temperature at least up to 30,000 K, whereas for

Au material, possessing relatively low Fermi temperature

(56,000 K), the conductivity mechanism is strongly influ-

enced by the electron–electron collisions already at

20,000 K that leads to decay of the conductivity function,

resulting in the onset of thermal confinement. The electron

temperature dynamics, in turn, is strongly affected by the

pulse duration and the applied fluence. Therefore, with

such complex dependencies of the material properties on

the electron temperatures, we can consequently achieve

one or another working ablation regime or mixture of them

for the same material depending on the irradiation

parameters.

In the present theoretical research, we are trying to

clarify the validity and applicability of the previously made

estimations, given by Eq. (1), in order to isolate these

regimes and attain the optimization of the laser parameters

to find optimal working modes in the industrial applica-

tions for short laser pulse materials processing.

2 The model

Targeting our research aim, we use a hybrid atomistic–

continuum model that has been proven as an effective

numerical tool in the microscopic analysis of non-equilib-

rium phase transition processes during an ultra-short laser

pulse interaction with thin and thick metal targets [5, 12,

13]. The idea of hybrid modeling is based on the ability of

the MD approach to track down the kinetics of ultra-fast

laser-induced processes in the solid at atomic level on one

hand, and the continuum description of free photo-excited

carrier’s dynamics with the help of TTM model on the

other hand. In the combined MD–TTM model, the equation

for lattice temperature in TTM is completely substituted

with the MD equations of motion, and the energy exchange

between lattice and hot electrons is accounted for in the

MD part via an additional frictional term. The detailed

description of the MD–TTM model can be found elsewhere

[5, 23]. The parameterization of the interatomic potential,

however, has been shifted to Zhakhovskii’s representation

[24] due to its more accurate representation of material

properties as they are given by the experiment. The con-

structed model, therefore, apart from the inherent kinetics

at the atomic scale, is capable of describing the laser light

absorption, fast electron heat conduction, strong laser-

generated electron–phonon non-equilibrium, and can be

applied to study short pulse laser-induced processes

including melting, vaporization, spallation, and ablation

[25].

To fulfill our investigation tasks, we chose two very dif-

ferent metal representatives: Al and Au that belong to the so-

called transitional and noble metallic groups, respectively,

with relatively short and long electron–phonon relaxation
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times respectively. Their values are in general functions of

the excitation parameters, but for the chosen materials and

under similar irradiation conditions, they differ at least by

one order of magnitude. Under moderate conditions,

reproduced in our calculations, the corresponding relaxation

times averaged over the time of electron–phonon equili-

bration process can be roughly estimated as *1 ps for Al

and *20 ps for Au [4, 14, 26]. The MD–TTM computa-

tional cell for both Al and Au samples consists of

20 9 20 9 400 lattice units in X-, Y-, and Z-axis, respec-

tively, accounting for 640,000 atoms in total. Consequently,

with the lattice parameters of 0.406 nm for Al and 0.408 nm

for Au, the MD part of the constructed computational cells is

representing a film of about 160 nm thickness with lateral

sizes of the MD cell of about 5 nm. However, if dynamically

behaving pressure-transmitting boundary conditions are

applied at the bottom of the MD part [27], we can assume our

targets as thick, as it was demonstrated in recent works [28].

The continuum part of the combined model provides the heat

flow drainage away from the excited volume to a distance of

more than 20 lm. The thickness of the MD part, however,

must obey the conditions of no phase transition occurring

deeper than the non-reflective boundaries, which is fulfilled

for all the simulations presented in this paper. The compu-

tational setup is divided into approximately 1-nm unit cells

that leaves high enough spatial resolution for the TTM part

of the model and still satisfies the size of the statistical

ensemble for a reliable determination of thermo-physical

properties determination in the MD part (such as

temperature, pressure, and density), which are averaged over

neighboring cells accounting, therefore, for about 4,000

particles. Finally, we apply free boundary conditions atop of

the sample for its exposition to a laser pulse and periodic

boundary conditions in the directions perpendicular to the

laser pulse propagation (X and Y).

3 Results

In order to show the difference in the evolution between

two chosen materials following laser excitation, we expose

the Al target to 0.2 and 6.0 ps pulses and Au target to 6.0

and 60 ps pulses. Thus, in both cases, we have the laser

pulse well below and well above the characteristic elec-

tron–phonon relaxation time. Moreover, according to the

behavior of the conductivity function with the electronic

temperature, specifically for Au, two limiting cases from

the point of the effective laser energy deposition depth are

expected, see Fig. 1: the heat confinement in the vicinity of

the material surface due to suppressed conduction process

and a strong increase of the energy deposition depth at high

degrees of excitation. Sequentially, the materials will be

exposed to the laser irradiation at different absorbed flu-

ences in order to identify different working modes from the

point of damage mechanism.

We begin with a simple case of the laser ablation of an

Al target. Since this material has a characteristic electron–

phonon relaxation time of only *1 ps, the incident pulse

Fig. 1 Conductivity (solid) and the electron–phonon coupling

(dashed) for Au (a) and Al (b) materials as function of the electron

temperatures [17, 19, 20] at constant lattice temperature of 300 K.

The rectangles indicate the laser parameters applied in the productive

simulations discussed in the Results section. The areas they cover in

horizontal direction (electron temperature axis) roughly correspond to

the ranges of electron temperature change during the processes of

most active laser-deposited energy dissipation. The green and red

color correspondingly refer to the better or poor efficiency of the

material removal and the quality of the final damage (see text)
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of 0.2 ps can be considered as short, whereas the pulse of

6.0 ps is accepted as a long one. The results of these pulse

interactions with the Al sample are presented as contour

plots of lattice temperature and pressure in Figs. 2 and 3

for the short (a) and long (b) pulses, respectively. One can

see that they are notably different for the same absorbed

fluence.

The interpretation of these calculations can be assisted

with Fig. 1b, where the functions of electron conductivity

and electron–phonon coupling strength for Al material are

plotted with respect to electronic temperature. In particu-

lar, the short pulse induces a higher electronic temperature

(*30,000 K), Fig. 1b green rectangle, which in turn

results in the higher value of the conductivity function.

Therefore, in case of the shorter pulse, the effective

energy deposition proceeds to a greater distance on which

the temperature and pressure gradients are established

with lower value of the temperature in the surface region,

Fig. 2 Lattice temperature contour plots of the 0.2 ps (a) and 6 ps (b) pulse interaction with a thick Al target at an absorbed fluence of 2.6 J/cm2.

Dashed line is the maximum spallation depth

Fig. 3 Pressure contour plots of the 0.2 ps (a) and 6 ps (b) pulse interaction with a thick Al target at an absorbed fluence of 2.6 J/cm2. Dashed

line is the maximum spallation depth
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as compared to the longer pulse. Furthermore, for the

pulse duration shorter than the electron–phonon relaxation

time, the material has no sufficient time for thermal

expansion in response to its fast heating. The formation of

high internal stresses, therefore, is trapped within the solid

that leads to the so-called conditions of the inertial stress

confinement, usually characterized by high internal stres-

ses and relatively low temperature established over Le-diff

distance. As a result, the relaxation of internal stresses

will proceed as an unloading pressure wave that run across

the material and can cause its rupture (spallation) at a

certain depth (or in several places), where tensile stresses

are strong enough at the given lattice temperature. This

kind of damage is related to the photo-mechanical one and

apparently is more desirable from the point of efficiency

(ablation rate), due to deeper rapture development, and

from the point of quality (clean material removal), since

less thermal damage of the surrounding material parts.

This can be justified when comparing the results depicted

in Figs. 2 and 3. The maximum depth where spallation

(ablation) occurred is indicated by a dashed line here and

on all following contour plots. One can see, therefore, that

the maximum ablation depth per pulse is greater for the

shorter pulse, and at the same time, the damage is bearing

less thermal character.

A different situation is seen when considering 6.0 ps

pulse interacting with the same sample at the same absor-

bed fluence. Since the pulse is long in this case, the highest

generated electronic temperature due to low laser pulse

intensity will be relatively smaller (*20,000 K), that in

turn keeps the conductivity function values lower as well,

Fig. 1a red rectangle. As a result, the temperature and

pressure gradients are formed on a shallower depth as

compared to the previous case and the conditions of inertial

stress confinement are not fulfilled here, or at least, do not

play a dominant role. Instead, the higher temperature

spawning over shorter depth results rather in the estab-

lishment of conditions of thermal confinement. In this

regime, the relaxation of internal stresses running across

pre-surface regions results in active splashing of the molten

material leading to a lower spallation depth, a lot more

vapor and much more serious thermal damage in the

remaining material than it is in case of the mechanical one,

see Figs. 2a and 3a. Apparently, Figs. 2b and 3b show a

poor working mode in industrial applications from the

point of efficiency and quality.

Next, we consider the 6.0- and 60-ps laser pulse inter-

actions with Au material at the absorbed fluence of 2.0 J/

cm2. Since the characteristic electron–phonon relaxation

time of Au is about 20 ps, the former pulse is now con-

sidered as short, whereas the latter is a long one. The

results of these calculations are presented in Figs. 4 and 5

as contour plots of lattice temperature and pressure. From

the first glance, we do not observe anyhow similar results

with that we have just had on Al material. These results can

be interpreted, however, if we carefully consider the ranges

of the electronic temperatures achieved this time for both

pulses in relation with the conductivity and the electron–

phonon coupling strength function of Au, Fig. 1a. One can

see that although significant stresses are developing within

Fig. 4 Lattice temperature contour plots of the 6.0 ps (a) and 60 ps

(b) pulse interaction with a thick Au target at an absorbed fluence of

2.0 J/cm2. Dashed line is the maximum spallation depth. The blue

fields between spalled layers in (a) indicate volumes containing small

clusters, i.e., droplets rather than vapor
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the surface area as a result of fast heating, the shorter pulse

at the given fluence leads rather to the conditions of the

thermal confinement, Figs. 4a and 5a. The induced elec-

tronic temperatures (30,000 K) due to electron–electron

collisional processes result in decay of the conductivity

function with simultaneous increase of the electron–pho-

non coupling strength due to d-band excitation, which

physically means high lattice temperature at a limited laser

energy deposition depth, Le–ph, Fig. 1a, red lower rectan-

gle. The relaxation of the internal stresses over shorter

Le–ph distance results in active splashing of the molten

phase and significant thermal damage of the sample. Note

that under the applied laser parameters, the short laser

pulse results in even smaller material removal depth as

compared with the long one, which technologically means

a smaller ablation rate. The 60-ps pulse, although inducing

lower electronic temperatures (20,000 K), results in higher

values of the conductivity function and yet lower strength

of the electron–phonon coupling, Fig. 1a, lower green

rectangle. Despite the fact that, according to Eq. (1), the

conditions of inertial stress confinement are not fulfilled in

this modeling, the more active laser-deposited energy dis-

sipation via conductivity channel results in not significant

thermal damage of the irradiated target and even a bit

deeper onset of the spallation, as compared to the character

of damage incurred in the case of the shorter pulse,

Figs. 4b and 5b.

The situation changes, however, with the absorbed flu-

ence increased up to 4.3 J/cm2, Figs. 6 and 7. The same

pulse durations this time induce higher electronic temper-

atures (correspondingly 30,000 K in case of 60 ps pulse

and 40,000 K in case of 6.0 ps one), which in turn bring the

conductivity function of Au into the plasma-like scaling

regime for the shorter pulse, Fig. 1b upper green rectangle,

whereas the longer one leaves it at the lower values, Fig. 1a

upper red rectangle. Meanwhile, the strength of electron–

phonon coupling is approximately same in both cases.

The intensive laser-deposited energy dissipation via the

conductivity process along with strong heating due to

electron–phonon coupling results in the inertial stress

confinement regime playing a dominant role. A much

deeper onset of the spallation mechanism for the short

pulse indicates the photo-mechanical character of the target

damage with high production rate and quality, Figs. 6a and

7a. On the other hand, the long pulse does not trigger the

development of high internal stresses and leads to the

thermal-confinement regime that results in photo-thermal

damage of the irradiated sample with low production rate

and poor quality, Figs. 6b and 7b.

4 Discussion and conclusion

To summarize our research, we can finally generalize the

formulation of the inertial stress confinement regime sug-

gested by Eq. (1) and, utilizing the relation Ge–ph * Ce/

se–ph [17] over the electron–phonon equilibration period,

expand this expression in the following way:

Fig. 5 Pressure contour plots of the 6.0 ps (a) and 60 ps (b) pulse

interaction with a thick Au target at an absorbed fluence of 2.0 J/cm2.

Dashed line is the maximum spallation depth. The blue fields between

spalled layers in (a) indicate volumes containing small clusters, i.e.,

droplets rather than vapor

2138 D. S. Ivanov et al.

123



max spulse; se�ph

� �
� sheating� smech �

Le�diff

Cs

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dese�ph

p

Cs

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
se�phke Flasð Þ

�
Ce Flasð Þ

q

Cs

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ke Flasð Þ

�
Ge�ph Flasð Þ

q

Cs

ð2Þ

where De, ke, Ge–ph, and Ce are the electron diffusivity, the

electron heat conductivity, the electron–phonon coupling,

and the electron heat capacity functions correspondingly.

At the given pulse duration, spulse, they all depend on the

electronic temperature, the characteristic values of which

(achieved upon laser energy absorption and essentially

affecting the temperature-dependent parameters) in turn are

defined by the applied laser fluence, Flas. It now becomes

clear that in order to achieve high efficiency and quality

regime in the production lines involving the ablation phe-

nomena, one has to minimize the left side of the inequality

Fig. 6 Lattice temperature contour plots of the 6.0 ps (a) and 60 ps (b) pulse interaction with a thick Au target at an absorbed fluence of 4.3 J/

cm2. Dashed line is the maximum spallation depth

Fig. 7 Pressure contour plots of the 6.0 ps (a) and 60 ps (b) pulse interaction with a thick Au target at an absorbed fluence of 4.3 J/cm2. Dashed

line is the maximum spallation depth
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by simply shortening the pulse (below the electron–phonon

relaxation time) and maximize the right side of the

inequality by means of playing with the applied fluence in

regards with the material properties, as they are depicted in

Fig. 1.

The suggested theory fits very well to the data, obtained

in the experimental works [8–10], and replotted here,

Fig. 8. In that research [9], two applied pulse durations

were short, moderate, or long depending on the properties

of material under ablation process. Both pulses, 0.2 and

10 ps are short for Ag material and the ablation rate

exposes the more or less linear behavior with fluence

indicating the photo-mechanical character of the damage

mechanism due to realization of the inertial stress con-

finement conditions. For Al material, 10-ps pulse is a long

one. Therefore, the conditions of inertial stress confinement

will not be realized even at high fluences. Its damage

mechanism, therefore, will expose the photo-thermal

character, whereas the short 200-fs pulse will trigger the

photo-mechanical one. Finally, the Ni material with the

characteristic electron–phonon relaxation time of about

10 ps is a bordering case so that both characters of the

damage mechanisms are involved. Depending on the

applied fluence, photo-mechanical or photo-thermal

mechanism will be in play or a mixture of them.

The deduced formula also correlates with our recent

theoretical calculations [14], where laser-deposited energy

channelization interplays between the electron–phonon

collisions and the electron heat conduction were considered

from the point of optimal pulse duration for achieving the

maximal temperature on the material’s surface upon the

laser irradiation. The interplay between those two channels

of laser-deposited energy dissipation is also reflected in

Eq. (2). One can see that, regardless the pulse duration, the

stronger the electron–phonon energy exchange function

Ge–ph and the smaller the values of the conductivity func-

tion Ke, the shallower effective depth of the laser energy

deposition Le-diff, and the higher temperature will be

achieved at the material’s surface as a result. However, as

Eq. (2) shows, this situation is the indication of thermal-

confinement regime, not desirable in the industrial appli-

cations in general.

Finally, it is also necessary to mention that depending on

the particular material properties and even on the applied

model to simulate them, the obtained results can slightly

vary in determination of the working ablation regimes. For

example, the effect of surface roughness and polycrystal-

linity of the irradiated target, considered in [15], can

increase the range of the photo-mechanical damage zone,

whereas a more sophisticated model on electron thermal

conductivity discussed in [20] or the model on the elec-

tron–phonon coupling function presented in [19], can

slightly decrease it. Anyway, the essential message of this

paper is that for the given pulse duration, shorter than the

electron–phonon relaxation time, there exists such a flu-

ence range, where due to strong scaling of the thermal

conductivity function with the induced electron tempera-

ture, one can achieve a laser energy deposition depth suf-

ficient for the onset of the inertial stress confinement

regime. The latter leads to the high production rate with

simultaneously sharp quality in technological applications

of short laser pulse machining of solids.
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