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ABSTRACT We have performed simulations of laser energy deposition in an engineered absorbing defect (i.e. metal nanoparticle) and the surrounding fused silica taking into account various
mechanisms for the defect-induced absorption of laser energy
by SiO2 . Then, to simulate the damage process in its entirety, we
have interfaced these calculations of the energy absorption with
a 2-D Lagrange–Euler hydrodynamics code, which can simulate
crack formation and propagation leading to craters. The validation of numerical simulations requires detailed knowledge of the
different parameters involved in the interaction. To concentrate
on a simple situation, we have made and tested a thin-film system based on calibrated gold nanoparticles (600-nm diameter)
inserted between two silica layers. Some aspects of our simulations are then compared with our experimental results. We
find reasonable agreement between the observed and simulated
crater sizes.
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Introduction

In order to advance our understanding of laserinduced damage in optical glass (fused silica), it is necessary
to confront experimental results with simulations. At fluxes
of 1010 W/cm2 , damage initiation is not deterministic, but is
rather linked to the presence of surface or sub-surface defects
in the silica [1–4]. Phase transitions and plasma formation
caused by laser absorption in defects may induce shocks in the
surrounding silica. Failure and fractures of the silica may then
occur, depending on the particular experimental conditions:
fluence and pulse shape of the laser, type of defect, diameter
and depth of the defect. The history or conditioning of the
sample may also influence failure and fracture events. In powerful laser devices, defects, either superficial or embedded not
too deeply, may absorb laser energy and expand violently,
leading to the formation of craters on the surface. The diameter of these craters may range from 1 to 100 µm, depending
both on the size of the defect and its depth. The distribution of
craters on an optical surface after a laser shot is random [5–7]
u Fax: +33-1/69267106, E-mail: florian.bonneau@cea.fr

and is correlated with a defect distribution which is at present
undetectable before the laser irradiation. In order to investigate the damage phenomenology, calibrated targets, in which
inclusions of definite size and composition are embedded in
ultra-pure silica at a well-known depth, have been studied by
several groups [8–11].
The failure scenario of glass by laser illumination of
metallic inclusions essentially involves two distinct physical
processes: first the deposit of radiant energy in the inclusion, which causes the expansion of the inclusion, leading
to both compressive and tensile stresses in the surrounding
glass matrix. When these compressive or tensile stresses exceed, respectively, the fragmentation and the fracture limits
of the glass, the second process, fragmentation or crack formation, will occur. While this seems to be a straightforward
problem, it involves electrodynamics, thermodynamics and
mechanics of continuous media. In addition, there are external constraints imposed by the duration of the laser pulse,
a few nanoseconds in our case, and its typical fluence, a few
J/cm2 . The time scales for the thermal relaxation and mechanical deformation of both the inclusion and the surrounding
silica are typically shorter than nanoseconds, so it becomes
necessary to study the problem in a time-dependent way during the laser pulse. The size, density and temperature of the
inclusion change with time, causing the deposit of energy
by the laser to be time dependent as well. Melting or even
boiling of the metal may also occur. Heat can be transferred
from the inclusion to the surrounding glass by both conduction and radiation, possibly leading to the formation of a dense
plasma, which can itself absorb energy from the laser [12].
The aim of the modeling is to take into account the main effects, using as much of the available knowledge as possible
on the electrical, thermal and mechanical properties of the
two media. We address this problem with the help of two
codes, one 1-D (called DELPOR) principally designed to describe the deposit of energy in the inclusion, and the other 2-D
(called HESIONE) which is used to study the initiation and
growth of cracks in the surrounding silica. These are proprietary codes of the Commisariat à l’Energie Atomique. The
former is in FORTRAN, and typical running times are a few
minutes on 1-GHz processors. The latter includes both FORTRAN and C components, and typical runs require a few
hours.
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With the aim to evaluate the modeling approach, we study
engineered samples in which calibrated gold defects are embedded in pure thin films of deposited silica. We used gold
spheres with diameters of order 600 nm, which are much
larger than inclusions used in previous studies [10, 11]. It is
clear that real damage-inducing inclusions are much smaller
than these spheres [13], but the physics used in our codes
should be valid at this scale, making it a good place to validate the codes before proceeding to simulations of smaller
inclusions. Moreover, by using such a large sphere, we can locate its position and observe it (with an optical microscope)
both before and after the laser shot. This allows us a to make
a comparison with simulations.
This article is organized as follows: in Sect. 2 we briefly
describe the codes DELPOR and HESIONE used to perform
the simulations, and the main results are discussed in Sect. 3.
Our experiments on these engineered defect-bearing samples
are related in Sect. 4, and the results are compared with numerical simulations.
2

Description of simulations

To numerically represent the interaction between
the laser beam and the metallic sphere surrounded by silica
we used a 1-D hydrodynamic Lagrangian code [11] (called
DELPOR). In Fig. 1a we show an illustration of the problem that is treated by DELPOR, that of a spherical inclusion
in a larger silica sphere. In this code, the laser energy deposition is determined by solving the Helmholtz electromag-

FIGURE 1 Configurations of two different geometries studied in this work,
both with gold spheres of 600-nm diameter: a the inclusion is embedded in
a spherical bulk silica substrate, b the inclusion is deposited on a thin silica film deposited on a bulk silica substrate, and is then covered by a second
silica thin film

netic equation [14]. To take into account the laser absorption
in a spherical nanoparticle and the surrounding ionized silica, we use the code in spherical geometry and we solve the
Helmholtz equation thanks to the Mie theory [15, 16], generalized to media where the indices of refraction may depend
continuously on the radius [17]. The electric field amplification in the silica close to the particle can induce local ionization, which involves laser absorption in initially transparent silica [18]. The electromagnetic fields and the deposit of
energy in the inclusion are calculated in a fully 3-D manner. However, the energy input to our 1-D code at a given
interval in radius is in fact the integral of the electromagnetic energy density deposited in the corresponding spherical shell. The DELPOR code can simulate ionization and
induced absorption of the surrounding silica with effective
frequencies and ionization frequencies obtained by means of
a specific Monte Carlo calculation program [19]. Thermal
conduction, radiative transfer, ionization by UV light emitted
by the hot metallic particle and the mechanical propagation
of shock waves are also simulated in DELPOR. These simulations need accurate data such as multi-phase equations
of state [20] and transport coefficients in solids, liquids, vapors and dense or diluted plasmas (refractive indices [21],
electric and thermal conductivities [22, 23], opacities, collision and ionization frequencies [24], multi-photonic ionization coefficients [25], . . . ) and mechanical properties (material strengths, . . . ).
The problem of a gold inclusion embedded in a thin-film
silica matrix irradiated by a laser is depicted schematically
in Fig. 1b. Gold spheres, of diameter 600 nm, are deposited
and covered by a film of silica. The laser pulse is incident on
the air–silica film interface as shown in the figure. The effect
of the dome, which results from the deposit of silica, is included in the simulation, and the silica matrix is assumed to
be uniform throughout the sample. To resolve this problem
of mechanical effects of a gold inclusion in the silica matrix, DELPOR can be used at each time as the preprocessor
of our hydrodynamics code HESIONE which includes brittle
fracture. HESIONE is a 2-D code (assuming axial symmetry), which means that it predicts fracture lines that are in fact
surfaces of revolution. It combines both a Lagrangian (with
mesh attached to the moving media) and an Eulerian (fixedframe) description, passing from one description to the other
as needed. We use a damage model to describe the effects of
cracking (damage occurring in silica under tensile stresses)
and for what we call fragmentation (damage occurring in silica under compressive stresses) in the framework of the mechanics of continuous media. The medium is represented by
a discrete set of lattice points. At each point, the model allows
the formation of up to three orthogonal fracture surfaces, characterizing the fracture triad. The formation of these fracture
surfaces involves tensile failure, when a tensile stress applied
perpendicularly to one of these fracture surfaces exceeds the
dynamic tensile strength of glass (0.5 GPa). The formation of
a fracture surface is also accompanied by the relaxation of the
stress vector, which is perpendicular to this surface. We use
the model proposed by Rubin and Attia [26, 27] to represent
the effects of oriented cracking. Another source of damage
is fragmentation, which occurs when the silica is subjected
to very high compressive stresses (3 GPa). We defined the
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FIGURE 2 The pressure in the gold inclusion as a function of time t in the
laser pulse, as calculated by the 1-D code DELPOR (solid curve) and the 2-D
code HESIONE (dashed curve), for a fluence of 0.1 J/cm2

threshold for plastic flow as a function of both the mean stress
and the fragmentation intensity. A scalar damage variable D
is defined in order to quantify the fragmentation intensity. It
ranges from 0 (undamaged) to 1 (fully damaged). During the
simulation its value as a function of space and time depends
on the deformation tensor at the same point. The shear modulus and the yield strength are parameterized as linear functions
of D.
Our major innovation consists in interfacing these two
codes in order to treat the damage problem in its entirety.
At each time step, the space–time evolution of internal energy in the inclusion and the surrounding silica as obtained
with DELPOR is injected into HESIONE, which then calculates the evolution of the two media. This process is repeated throughout the pulse. The presence of the free surface leads to reflection and interaction of the shock waves,
which play a very important role in generating and propagating cracks. In order to assure some measure of consistency between the two codes, we impose the following
conditions.
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1. The same initial temperature and density at time t = 0.
2. The same equations of state are used in both codes (multiphase for the inclusion and Mie–Grüneisen for the silica).
3. Both codes use the same constitutive relationships for silica. For this, we have to implement the shear modulus
µ and the elastic limit Y as functions of the internal energy density E . (When the melting temperature is reached,
µ( E ) and Y(E) vanish.)
Although imposing these conditions is essential to making
our results roughly self-consistent, there are intrinsic differences between the two codes. The first is the dimension (1-D
and 2D), and another is the capacity for HESIONE to correctly treat fissure formation and fragmentation in the silica.
In order to illustrate the consistency, we show in Fig. 2 the
pressure (in the inclusion) as a function of time, according
to the codes DELPOR (solid curve) and HESIONE (dashed
curve) for a fluence of 0.1 J/cm2 . Both curves are quite similar. At this low fluence, no significant cracking occurs, and
the pressures calculated inside the inclusion by the two codes
are in good accordance. However, at higher fluence, the capability to represent the effects of cracking and fragmentation means the pressure is no longer isotropic in the inclusion and does not attain the same level as that predicted by
DELPOR. This is at present a defect of our approach. We
point out, however, that once the fissuring mechanism begins, the effect of subsequent energy deposition is not very
important for the final size of the damage that is simulated.
This point of view is supported by our experimental results,
which indicate that the size of a crater does not vary with
the fluence, provided the threshold has been exceeded. Crater
size does, in contrast, depend strongly on the depth of the
inclusion.
3

Simulation results

The aim of this work is to simulate the damage produced by a well-defined gold spherical inclusion. As a first
step, we studied the damage caused by the laser interaction
with a gold sphere of diameter 600 nm embedded in bulk sil-

FIGURE 3 Simulation of stresses
in bulk silica, at different times,
produced by laser irradiation of
a gold sphere of radius 600 nm. The
fluence is 6 J/cm2 , the wavelength
355 nm and the pulse duration 3 ns
FWHM
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FIGURE 4 Simulation of the fracture propagation produced by irradiation of the gold inclusion located near a free surface, at different times following the
arrival of the laser pulse. The fluence is 6 J/cm2 , the wavelength 355 nm and the pulse duration 3 ns FWHM

ica. We found that, in this case, the size of the damage depends
on the laser fluence, but does not grow indefinitely in time.
To illustrate this we display in Fig. 3 a time sequence of damage at a fluence of 6 J/cm2 and a wavelength of 355 nm, which
shows that the growth of damage decreases after 8 ns and
ceases after 14 ns. The reason for this cessation is that the expanding spherical shock wave is sufficiently attenuated (by
distance and damping) that the stress falls below the fracture
limit. In this figure the lines of fracture are clearly illustrated,
but it should be kept in mind that cylindrical symmetry is assumed, and lines are really cones. In order to simulate real
damage to the optical surfaces, the inclusion should be placed
somewhere near the surface.
In Fig. 4 we present the results of a simulation of the
effects produced by irradiating the configuration shown
in Fig. 1b with a laser pulse of fluence 6 J/cm2 and a wavelength of 355 nm. The fracture lines are shown at several times
t since the beginning of the pulse. Since the code assumes
axial symmetry, the results shown concern a section through
the damaged zone. At t = 2 ns, the expansion of the heated
and compressed particle induces radial fractures in the brittle material. At t = 4 ns, when the laser intensity is close to its
maximum value, these fracture surfaces have grown considerably. In fact, the crossing of the shock wave reflected from
the surface with that coming from the inclusion increases the
tensile stresses, which lead to the failure of the silica (the dynamic tensile strength is estimated at 0.5 GPa and 3 GPa is the
dynamic compressive strength [28]). At the end of the calcu-

lation (t = 6 ns), the heavily damaged zone is represented by
a crater of diameter 8 µm, from which matter may be ejected.
Thus we see that in contrast to the inclusions in bulk (Fig. 3)
the inclusions near a surface can produce considerable damage in the form of craters on the surface.
4

Experimental results and comparison with
numerical simulations

All the samples we used were prepared by the Laboratoires d’Electronique de Technologie et Instrumentation
of the CEA. The parameters and geometry of our samples
along with a detailed description of their preparation are given
in [29]. Prior to tests of laser damage resistance, the samples were characterized with optical microscopy and atomic
force microscopy (AFM) measurements in order to define the
nanoparticle size [30]. In Fig. 5a we show one such observation, for a sample where the thickness of the upper coating is
2 µm. The left-hand part of this figure depicts a Nomarski microscope image, which clearly shows the dome rising above
the inclusion. This observation gives us the capability to detect the particle’s position before the irradiation. An AFM
scan of a small square of the surface around this dome is
shown at the center of the figure. To the right of the scan, the
height of the dome as a function of distance along the horizontal line is displayed. Note that while the height of the
dome corresponds roughly to the diameter of the inclusion
(550 nm for this example), the width is much greater. In fact,
it depends on the thickness of the outer silica film.

FIGURE 5 Nomarski microscope
image and AFM scan of the same
surface of our 2-µm-thick upper
film sample, showing a the dome
situated above a gold inclusion and
b the crater formation after irradiation. Plots of vertical heights vs.
horizontal distances show dome
and crater profiles
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Our samples were irradiated at λ = 355 nm [31]. The laser
spot size was about 9 µm at 1/ e2 , so that it was possible to illuminate domes individually. The facility was equipped with
an optical microscope, which enabled us to point the laser accurately onto the desired dome. It was thus possible to select
different dome sizes, thereby reducing the dispersion in the
size of the inclusions. Since the target dome can be chosen sufficiently far from its neighbors, collective effects are thereby
avoided. In Fig. 5b we show a Nomarski micrograph of a damage site, together with an AFM scan of the same site. This
typical damage results from an inclusion, again embedded at
a depth of 2 µm, irradiated with a single laser shot at a fluence
of 6 J/cm2 . To the right of the scan, the graph presents vertical
depth along the horizontal line shown in the AFM image. We
see that the generic form of the crater appears to be a cone with
a depth of 3.1 µm for a width of 9 µm.
To be able to compare experiment with simulations, we
have to determine experimentally the threshold for producing craters. To do this we have performed a statistical analysis of distinct nanoparticle sites, where the thickness of
the upper coating is 2 µm, irradiated with different laser fluences (30 sites per fluence) at wavelength 355 nm. The first
crater threshold, defined as the intensity that produces at least
one crater when 30 identified inclusion sites are irradiated, is
found to be 0.8 ± 0.1 J/cm2 . The deterministic aspect of our
simulations is difficult to compare with this value, given the
random nature of the damage phenomena. Therefore, we define another threshold: the intensity needed to obtain craters
on half of the irradiated sites. We found this threshold to be
1.5 ± 0.2 J/cm2 . This is somewhat greater (but of the same
order of magnitude) than the value of 1.3 J/cm2 predicted by
the simulations to be the fluence at which crater formation
occurs. In general, we can claim that our simulations are in
reasonable agreement with the threshold defined above,
At sufficiently large fluence (above 4 J/cm2 ) craters are always observed on a given inclusion site. In this situation the
use of the 2-D code allows us to predict the size of craters,
which may then be compared to the measured sizes. Figure 6

FIGURE 6 Comparison of AFM measurements and code HESIONE simulations for an inclusion at depth 2 µm. The upper part shows the initial
configuration, while the lower part corresponds to damage produced by laser
irradiation (6 J/cm2 , 355 nm). The simulation indicates the vertical velocity
field a few ns after the end of the pulse
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shows comparisons of simulated and observed crater profiles
for 2-µm depth of the inclusion. The laser fluence was 6 J/cm2
at the wavelength of 355 nm. In the upper part of the figure, the
profile of the dome (on a section passing through its center),
as measured by AFM, is shown on the left, and the corresponding initial condition for the simulation is indicated on the
right. The lower part of the figure shows an AFM profile of
the crater on the left (passing through the deepest point of the
crater) and the predicted crater shape on the right. In fact, the
simulation indicates the vertical velocity field of the material
that will be ejected to form the crater. For this inclusion depth
there is a good agreement between simulated and observed
values of the widths and depths of the craters.
5

Conclusion

Previous work has shown that the use of engineered
defects of known size, shape and composition is well suited
for investigating laser-induced damage in silica. In the present
work we used numerical simulations to describe more precisely damages resulting from the interaction of an UV laser
with spherical gold inclusions. We have developed a 1-D
hydrodynamic code (called DELPOR) to take into account
numerous phenomena which occur in the particle and the surrounding silica (laser energy deposition, breakdown, shock
waves). In particular, the deposit of energy by the laser is
treated following the theory of Mie applied to a medium,
which is radially heterogeneous. However, the phenomenon
of fracture is not adequately represented by a 1-D spherically
symmetric model, and we also use a 2-D Lagrange–Euler hydrodynamics code (called HESIONE). It has been modified to
include models for crack initiation and growth, and the 2-D
simulations emphasize the importance of the air–glass interface for the formation of craters. The 1-D simulation is used to
calculate the energy deposited in the inclusion, which is then
used as input to the 2-D code.
Since agreement between numerical and experimental
results, obtained on spherical gold inclusions of diameter
600 nm, is relatively good, we claim to have validated our
modeling approach. Although these spheres are certainly
much larger than the sort of defect that occurs naturally in
optical glass, they have the advantage that the individual inclusion sites can be found prior to laser irradiation. It is then
straightforward to illuminate them one at a time, observing
the resulting damage directly after each shot and to avoid collective effects between two or more inclusions. If the fluence
is high enough, we show that when the inclusion is near the
surface of the sample damage occurs in the form of crater
formation on the surface. Although the 2-D Lagrange–Euler
hydrodynamics code HESIONE is not capable of providing
a complete description of the morphology of the craters we
observe (since 3-D effects are sometimes visible), it does furnish an adequate description of their widths and depths.
The perspectives for continuing this work may proceed in
the directions of improvement of the damage-process modeling and refining the experimental approaches. For the simulations, since the large spheres have permitted us to validate
the codes, the aim is to correctly simulate successively smaller
inclusion until ‘realistic’ nanometric-sized defects can be adequately treated. We point out that preceding work with smaller
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gold nanoparticles [8, 10, 11] indicates that the absorptivity of
the silica surrounding the inclusion increases and contributes
to the total absorption of laser energy. To take this into account, a description of the increase of absorptivity during the
irradiation is being introduced in DELPOR. On the experimental side, with the aim of retaining the advantages of using
large inclusions, but still approaching smaller sizes of greater
empirical interest, we plan to use silica samples with embedded gold spheres of about 50 – 100-nm diameter.
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