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Abstract The formation and the interaction of mul-

tiple cavities, induced by tightly focused femtosecond

laser pulses, are studied by using a developed numer-

ical tool, including the thermo-elasto-plastic material

response. Simulations are performed in fused silica in

cases of one, two, and four spots of laser energy depo-

sition. The relaxation of the heated matter, launching

shock waves in the surrounding cold material, leads to

cavity formation and emergence of areas where cracks

may be induced. Results show that the laser-induced

structure shape depends on the energy deposition con-

figuration and demonstrate the potential of the used

numerical tool to obtain the desired designed structure

or technological process.

1 INTRODUCTION

Modifying the properties of dielectric materials, by in-

ducing designed structures on the surface or in the bulk,

is interesting for various industrial and technological

applications [1,2,3,4,5,6,7,8,9,10,11,12]. Due to the

nonlinear mechanisms of the laser energy absorption

and the low thermal diffusion during the laser irradia-

tion, femtosecond laser pulses are an attractive tool for

microprocessing such kind of materials.
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By using tightly focused femtosecond laser pulses,

3D nano-structures such as cavities can be induced in

the bulk of dielectrics [13,14,15,16,17,18,19,20]. Dur-

ing the laser-matter interaction, nonlinear processes lead

to a significant absorption of the laser energy in the fo-

cal volume. The heated material is confined, creating a

warm dense matter surrounded by a non-modified solid

cold material. The induced high pressure and tempera-

ture, in the heated volume, then launche a shock wave

which propagates in the surrounding matter, followed

by rarefaction waves which dig the material. Plastic and

elastic deformations are then induced in the surround-

ing matter depending on the irradiation conditions. For

absorbed energy densities above the material damage

threshold, a significant permanent structural modifica-

tion may appear due to the generated plastic deforma-

tions induced by the compression and traction waves in

the solid matter [21,22,23,24].

To understand the physical processes taking place

during the heated volume relaxation, in the particular

case of tightly focused beams, a thermo-elasto-plastic

model has been recently implemented in a lagrangian

hydrodynamic code [25]. A model for the predictions of

the critical areas, where cracks may appears, has been

also presented. Results have shown the importance of

the solid response (the elasto-plastic behavior) in the

cavity generation process and the effect of the energy

deposition geometry on the potential cracks formation.

In the present paper, this previous work and the de-

veloped numerical tools are used to simulate the genera-

tion of multiple-cavity structures in the bulk of fused sil-

ica. A short description of the theoretical model [26,27]

is presented in Section 2. The simulations are performed

by assuming an instantaneous energy deposition. The

single-cavity case is first considered, as it corresponds

to the simplest configuration, to understand the main
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phenomena at play. It is then generalized to the study

of double- and multiple-cavity generation, where the

interaction between sub-structure is investigated. Es-

pecially, various cases will be studied to highlight the

cooperative mechanisms responsible for the formation

of particular nano-structures and micro-structures, use-

ful in many applications [28,29,30,31]. The case of two

cavities, separated by a few tenth of micrometers, shows

an increase of the compressive and shear stresses, com-

pared to the single cavity generation, which leads to

critical areas by compression during a time larger than

the single spot one. This case also induces critical areas

associated to shear. Furthermore, the influence of the

distance between these two cavities is studied. Finally,

the interaction between multiple cavities is presented

in two different cases (simultaneous and delayed energy

depositions). Different shapes of the formed cavities and

spatial repartitions of the critical areas are obtained,

depending on the considered case. The results and dis-

cussions, for the different studied cases, are presented

in Section 3. Conclusions and perspectives are drawn in

Section 4.

2 THERMO-ELASTO-PLASTIC MODEL

The hydrodynamic response of the material, locally sub-

mitted to a fast heating, can be described by a general-

ized lagrangian form of the hydrodynamic conservation

laws [27,25], where the thermodynamic pressure is sub-

stituted by the Cauchy stress tensor ¯̄σ [32]:

ρ
d

dt
(
1

ρ
)−∇.V = 0 (1)

ρ
dV

dt
−∇.¯̄σ = 0 (2)

ρ
dE

dt
−∇.(¯̄σ.V) = 0 (3)

ρ, V and E are the density, the velocity and the specific

total energy, respectively.

The Cauchy stress tensor can be decomposed into

two terms:

¯̄σ = −PId + ¯̄S (4)

where the first term, depending on the thermodynamic

pressure P , accounts for the fluid response of the matter

(Id is the identity matrix). The second term, depending

on the deviatoric part of the Cauchy stress tensor ¯̄S,

accounts for the solid behavior, especially by including

the shear stresses.

The thermodynamic pressure is evaluated through

an equation of state (EOS), while ¯̄S is evaluated by

solving a differential equation depending on the shear

modulus, the strain rate tensor and the antisymmetric

part of the velocity gradient [27]. Since the strain rate

tensor depends on the regime of deformation, a yield

criterion is required. In the present study, the von Mises

yield criterion is used [33]. In this case, an equivalent

stress can be defined as:

σeq =

√
3

2
Tr(¯̄S. ¯̄S) (5)

By comparing this local effective stress to the yield

strength of the material, i.e. its elastic limit, the regime

of deformation is deduced. The plastic regime takes

place for equivalent stresses exceeding the yield strength,

while the elastic regime occurs for equivalent stresses

lower than the yield strength [25].

From the knowledge of the Cauchy stress tensor, the

present thermo-elasto-plastic model allows one to per-

form the laser induced principal stresses in compression-

traction and the maximum shear stresses, in each spa-

tial position. That permits to determine different criti-

cal areas where potential cracks (fractures) may appear

by comparing them to the intrinsic mechanical limits.

The strength limits of the material can be defined by

the resistance in compression Lc, traction Lt and shear

Lt/2 (the shear stress is the most efficient mechanism to

induce cracks in materials) [34]. If the principal stresses

or maximum shear stress exceeds the associated previ-

ous limits, then the material may break, i.e. cracks may

appear [25].

Finally, a thermal softening is introduced in the

model to account for the solid-liquid phase transitions,

depending on the specific internal energy. For an inter-

nal energy larger than the energy of melting, the solid

behavior is removed (¯̄S is canceled) and the classical

Euler’s equations are retrieved.

Based on this model, a second order cell-centered

Lagrangian numerical scheme has been developed in a

2D planar geometry [27]. It has been implemented in a

hydrodynamic code [35] to study the formation of cav-

ity, induced by tightly focused femtosecond laser pulse,

in dielectrics [25].

3 RESULTS AND DISCUSSION

In the present study, the formation of different nanos-

tructures, based on the generation of cavities in the

bulk of fused silica, are considered. For each energy de-

position, a gaussian shape is assumed with a radius set

to 0.13 µm at half maximum [15] (such a small size for

the energy deposition is possible due to nonlinear ef-

fects). A single absorbed energy is set to 6 nJ to get

a final cavity radius around 0.4 µm, according to the

experimental observations. Note that a change in the
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amount of energy deposition leaves unchanged the gen-

eral trends provided hereafter, the main influence being

to modify as usually the amplitude of waves, their dy-

namics, etc... The EOS used in the simulations, giving

the pressure and the temperature from the knowledge

of the density and the specific internal energy, is the

SESAME table 7386 [36] for fused silica. Within these

conditions, the EOS predicts initial pressure and tem-

perature around 0.3 TPa and 105 K, respectively, for

each energy deposition area. The initial density is equal

to 2.2 g/cm3. The yield strength and the shear modulus,

for initial standard conditions, are Y0 = 7.1 GPa and

µ0 = 22.6 GPa, respectively [25]. The strength limit in

traction Lt and in compression Lc are set to character-

istic values (microscopic scale) of 8 GPa and 10 GPa,

respectively [37] (resistance in compression is generally

larger than resistance in traction for brittle materials as

fused silica[38]). The full cartesian mesh size for simu-

lations is set to 18 µm×18 µm, with initial cell size set

to 50 nm×50 nm. All the previous parameters are used

throughout the paper.

3.1 Single energy deposition

Here is considered a single energy deposition in the cen-

ter of the 2D domain.

Fig. 1 (a) 2D density map and (b) associated radial density
profile at 1 ns.

Figure 1 presents the 2D spatial map of the den-

sity (Fig. 1(a)) and its associated radial density profile

(Fig. 1(b)), given by the simulation at 1 ns after the en-

ergy deposition. Within these conditions, a cavity with

a radius around 0.4 µm is formed, surrounded by an

overdensity shell, stabilized at this time. The void and

the overdensity have a density lower than 0.25 g/cm3

and larger than 2.25 g/cm3, respectively.

The temporal evolution of the cavity radius is pre-

sented in Fig. 2. It is mainly composed of three steps:

an expansion, a contraction (shrinking) and a stabiliza-

tion [25]. The first step is due to the formation of a

Fig. 2 Evolution of the cavity radius as a function of time.
It can be decomposed into three steps as shown by the hori-
zontal arrows.

strong shock, followed by rarefaction waves which form

the void. In the same time, plastic and elastic deforma-

tions are induced (elasto-plastic wave) in the surround-

ing material and stresses are accumulated. When the

shock transforms into a pure elastic wave (stresses has

decreased after the shock), the expansion stops and the

cavity radius reaches its maximum value (which does

not correspond to the maximum stressed state). Then,

corresponding to the above-mentioned second step, the

decompression of the previously compressed material

by the shock, i.e. the relaxation of the elastic defor-

mations, close partially the cavity. Finally, the cavity

stabilizes (third step) due to the previously induced

permanent deformations (plastic deformations).

Within these conditions, an evaluation of the prin-
cipal stresses has been performed. Maximum stresses

are observed 200 ps after the energy deposition, during

the expansion of the cavity. However, only compressive

Fig. 3 (a) 2D map of principal stresses in compression σII .
(b) Critical area in compression around the cavity.

stresses can induce a critical area, where their values

are greater than the strength limit in compression Lc.

Shear stresses are not high enough to induce a critical
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zone due to the homogeneous distribution of the com-

pressive wave in the present case. Principal stress in

compression σII , with its associated critical area, are

presented in Fig. 3. Due to the isotropic energy de-

position, the compression is homogeneously distributed

around the created void (Fig. 3(a)) and the associated

critical region is a ring (Fig. 3(b)). Finally, this critical

region disappears around 220 ps, when the amplitude

of the shock wave is lower than Lc.

3.2 Double energy deposition

The case of a simultaneous double energy deposition

is now considered. The total energy is set to 12 nJ,

which is twice the previous absorbed energy, distributed

within two main spots separated by 0.72 µm. In this

case, two cavities, separated by a slightly denser region,

are created. The interaction between the two shock

waves, launched by each energy deposition, leads to

a particular behavior. In the horizontal direction out-

wards the cavities, the shock waves mainly propagate

as in the previous single cavity case. In the inward di-

rection, the shock waves collide, leading to a daughter

wave in the perpendicular direction with a larger am-

plitude.

Fig. 4 (a) 2D map of the density and (b) the density profile
along the x axis at 250 ps.

Figures 4 presents the 2D density map and the den-

sity profile along the x axis, at 270 ps after the energy

deposition. The two formed cavities are surrounded by

an inhomogeneous overdense zone, where two symmet-

ric regions are highly compressed in the vertical direc-

tion due to the daughter wave. Moreover, the asymmet-

ric propagation and shape of the shock waves lead to

an elongation of the two cavities in the vertical direc-

tion, as observed experimentally by Zimmermann et al.

[39]. In this case, shear stresses may be high enough to

induce potential cracks.

The evaluation of the principal stresses in compres-

sion and the maximal shear stresses, with their asso-

ciated critical areas, are presented in Figs. 5 and 6,

respectively. Two different times are considered for the

principal stresses in compression. At 200 ps after the

Fig. 5 2D spatial profiles of the principal stresses in com-
pression with their associated critical areas at (a,b) 200 ps
and (c,d) 270 ps.

Fig. 6 2D spatial profiles of (a) the maximum shear stresses
with (b) its associated critical area at 250 ps.

energy deposition (Figs. 5(a) and (b)), the contribu-

tions of both the mother and the daughter waves are

visible, leading to a critical area by compression in Fig.

5(b) relatively isotropic, as in Fig. 3(b). However, as

discussed in the previous section, the mother wave am-

plitude is lower than Lc after around 220 ps and no

longer contributes to induce potential cracks. At 270 ps

after the energy deposition (Figs. 5(c) and (d)), only

the contribution of the daughter wave induces a high

enough compressive stress in the vertical direction, re-

sulting in both the upper and lower regions of max-

imal stress in excess of the strength limit, as shown

in Fig. 5(d). Moreover, the asymmetric distribution of
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compressive stresses, at this time, leads to an elonga-

tion of the cavities in the vertical direction. It induces

strong enough shear stresses (maximal at 270 ps) on the

left and right sides (Fig. 6(a)) to create two symmetric

associated critical areas in the horizontal direction, as

depicted by Fig. 6(b).

The evolution of the critical regions depends on the

distance d between the two centers of the energy de-

position spots. If the two spots are too close (d ≤ 0.43

µm within the present conditions), the two generated

cavities merge during their growth, ultimately leading

to only one cavity. The distribution of the compressive

stresses, in the surrounding matter, is almost homoge-

neous as in Fig. 3. The amplitude of the shear stresses

becomes too low to induce any associated critical area.

If the distance d is too large (d ≥ 0.81 µm), the ampli-

tude of the daughter wave, resulting from the two shock

waves collision, is not high enough to lead to an impor-

tant inhomogeneous repartition of compressive stresses.

The resulting shear stress is then not high enough to

induce any critical area and potential cracks.

3.3 Application to laser-induced multiple cavities

The double cavities are now generalized to the multiple-

cavity case. The formation of four cavities is investi-

gated here, this number being sufficiently large to ex-

hibit complex waves interaction. The total energy is set

to 24 nJ and the distance between two neighbor spots

is 0.72 µm. In a first case, four simultaneous energy

depositions are considered. Four shock waves are then

launched simultaneously. Their interaction leads to var-

ious daughter waves, with a larger amplitude than the

double-cavity case, propagating in the vertical direc-

tion. In a second case, the four energy depositions are

absorbed with a delay of 100 ps between two subse-

quent spots. This delay value ensures that each energy

deposition takes place in the non-modified material. In

this case, the four shock waves, which are launched at

different times, interact mainly in the horizontal di-

rection with an accumulation of compression waves in

this direction. In the vertical direction, the formation

of daughter waves cannot appear due to the delayed

launching of the shock waves.

Figure 7 shows the 2D spatial maps of the final den-

sity profiles in the case of the simultaneous (Fig. 7(a))

and the delayed (Fig. 7(b)) four energy depositions. In

the first case (Fig. 7(a)), four elongated cavities are

formed, with roughly the same size and the same as-

pect ratio. They are surrounded by an inhomogeneous

overdensity area, larger in the vertical direction. As ex-

plained previously, the interacting shock waves induce

daughter waves with a larger amplitude in the vertical

Fig. 7 2D maps of the final density profiles in the case of (a)
the simultaneous and (b) the delayed energy depositions.

axis. Thus the matter is more strongly compressed in

this direction, leading to the observed overdensity zone.

In the second case (Fig. 7(b)), four elongated cavi-

ties are also generated (from the left to the right as in-

dicated by the arrow). However, their sizes and aspect

ratios are slightly different. The first cavity (on the left),

which expand freely during 100 ps, is roughly similar to

the single energy deposition case, but the last cavity (on

the right) is smaller and more elongated in the vertical

direction. This is due to the progressive accumulation

of shock waves, leading to a stressed state more impor-

tant for each new forming cavity. Indeed, the expan-

sion is more strongly slowed down because each new

cavity is submitted to the shock waves of the previous

energy depositions. Furthermore, for the same reasons

(accumulation of compressive stresses), the overdensity

regions, around each cavity, slightly increase from the

left to the right.

Figure 8 shows the 2D maps of the evaluated prin-

cipal stresses in compression (Fig. 8(a)) and the max-
imum shear stresses (Fig. 8(c)), with their associated

critical areas (Fig. 8(b) and (d)), in the case of the

simultaneous energy depositions, at 280 ps after the en-

ergy deposition (time exhibiting the largest shear stress).

As in the double cavities case, the formation of daughter

waves leads to two symmetric highly compressed zone in

the vertical direction (Fig. 8(a)), inducing a large criti-

cal regions by compression (Fig. 8(b)). This is followed

by an increase of the shear stresses in the horizontal di-

rection (Fig. 8(c)), leading to two critical areas induced

by shear (Fig. 8(d)). No shear stresses appear between

the cavities due to the presence of softened glass remov-

ing the solid behavior. An increase of the distance be-

tween the energy deposition spots should conserve more

solid matter between the cavities and should lead to the

apparition of shear stresses in these regions. However,

as seen in the previous section, for too large distances

(d ≥ 0.81 µm within the present conditions), the effect

of the daughter waves is not important enough to in-

duce shear stresses greater than the material resistance
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Fig. 8 In the case of the simultaneous energy depositions: 2D
spatial profiles at 280 ps for (a) the principal stress in com-
pression with (b) its associated critical area; (c) the maximum
shear stress with (d) its associated critical area.

in shear Lt/2 and potential cracks between the cavities

cannot appear.

Fig. 9 In the case of the delayed energy depositions: 2D spa-
tial profiles at 550 ps for (a) the principal stress in compres-
sion with (b) its associated critical area; (c) the maximum
shear stress with (d) its associated critical area.

Figure 9 presents the principal stresses in compres-

sion and the maximum shear stresses, with their as-

sociated critical area, for the case of the delayed en-

ergy depositions, at 550 ps after the first energy de-

position (time exhibiting the largest shear stress). The

accumulated compression waves in the horizontal direc-

tion (Fig. 9(a)), leads to create only one critical area by

compression, located on the right side of the last cavity

(Fig. 9(b)). An increase of the shear stresses in the ver-

tical direction is induced (Fig. 9(c)) and two symmetric

critical areas by shear stresses are generated in this di-

rection (Fig. 9(d)). Cracks are then expected in these

zones, perpendicular to the formation direction of the

cavities, as experimentally observed [39].

Thus, by only changing one parameter, here the dy-

namics of energy deposition, the interactions between

the generated cavities can be controlled and tuned in

order to obtain the desired designed structures.

4 CONCLUSION

An application of a developed numerical tool, includ-

ing a thermo-elasto-plastic model, has been carried out

to study the formation of complex nano-structures, as

multiple-cavity, induced by femtosecond laser tightly

focused in the bulk of fused silica. First, the case of

a single deposition has been presented to explain the

dynamics of a cavity formation. The evolution of the

cavity radius, closely linked to the surrounded solid re-

sponse, is defined by mainly three steps. The evaluation

of the principal stress in compression and the maximum

shear stress, during the cavity formation, has shown

that cracks may only be induced by compression dur-

ing the first step. The shear stress is not high enough in

this case, due to the spherical symmetry of the system.

The case of a simultaneous double deposition has

then been investigated. It turns out that the collision

of the two shock waves between the cavities leads to a

daughter wave, with a larger amplitude in the perpen-

dicular direction. The latter induces an inhomogeneous

distribution of compressive stresses and two elongated

cavities, surrounded by an inhomogeneous overdense

region. Within these conditions, due to the formation

of daughter waves, the shear stress is high enough to

induce critical areas where cracks may form. Further-

more, the principal stress in compression is larger than

the strenght limit in compression of the material during

a longer time. This behavior is observed as soon as the

distance between the two energy deposition areas is not

too close or too far.

The multiple-cavity case is also considered by sim-

ulating four energy depositions. First, the four energy

depositions are simultaneous. That leads to the interac-

tion and collision of four shock waves generating daugh-

ter waves. Within these conditions, four slightly similar
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elongated cavities are formed, surrounded by an inho-

mogeneous overdense region. As in the previous case,

high compressive stresses are induced in the perpendic-

ular direction to the energy depositions line, inducing

two symmetric critical areas by compression in this di-

rection and two symmetric critical areas by shear in the

perpendicular direction. Then, the four energy deposi-

tions are delayed. This regime has shown that the shock

waves interact mainly in the direction of alignment of

the energy depositions with an accumulation of com-

pressive stresses in this direction. Four cavities are then

generated, with slightly different sizes and with a dif-

ferent aspect ratios due to the increase of stress (accu-

mulation of compressive stresses) around each new cav-

ity. The high compressive stresses accumulated induces

only one critical area by compression in the front of the

scanning direction. An increase of the shear stresses in

the perpendicular direction leads to two symmetric crit-

ical areas. Thus, depending on the energy deposition

configuration, the location of critical areas changes sig-

nificantly.

The results obtain in this study can be generalized

to other dielectric materials. They show the importance

of the choice of energy deposition setup to obtain a de-

sired structuration of a dielectric material. Depending

on the configuration, elongated or spherical cavities can

be formed, while cracks may appear in different local-

ized areas. They highlight also the strong potential of

a numerical tool including hydrodynamic and thermo-

elasto-plastic material responses, to predict and design

laser-induced nano-structures.
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Tikhonchuk, Phys. Rev. Lett. 96, 166101 (2006)

15. E.G. Gamaly, S. Juodkazis, K. Nishimura, H. Misawa,
B. Luther-Davies, L. Hallo, P. Nicolai, V.T. Tikhonchuk,
Phys. Rev. B 73, 214101 (2006)

16. L. Hallo, A. Bourgeade, V.T. Tikhonchuk, C. Mézel,
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G. Duchateau, accepted for publication in J. Appl. Phys.
http://arxiv.org/abs/1709.09632 (2017)

26. M.L. Wilkins, Methods in Computational Physics, volume
3, chapter Calculation of Elastic-Plastic Flow, pages 211-

263 (Academic Press, 1964)
27. P.H. Maire, R. Abgrall, J. Breil, R. Loubere, B. Re-

bourcet, J. Comput. Phys. 235, 626 (2013)
28. F. Courvoisier, J. Zhang, M.K. Bhuyan, M. Jacquot, J.M.

Dudley, Appl. Phys. A 112, 29 (2013)
29. M. Sakakura, Y. Ishiguro, N. Fukuda, Y. Shimotsuma,

K. Miura, Opt. Express 21, 26921 (2013)
30. A. Courvoisier, M.J. Booth, P.S. Salter, Appl. Phys. Lett.

109, 031109 (2016)
31. Y. Bellouard, A. Champion, B. McMillen, S. Mukherjee,

R.R. Thomson, C. Pépin, P. Gillet, Y. Cheng, Optica 3,
1285 (2016)

32. F. Irgens, Continuum Mechanics (Springer, 2008)
33. R. von Mises, Math. Phys. 1, 582 (1913)
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